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(iii)

SYNOPS IS

The stability of hydraulic structures founded on
permeable soil has to be ensured ageinst forces caused by
percolatiné water, The seepage water exerts uplift pressure
below the structure and tends to remove the soil particles at
the exit and which may ultimately lead to piping. - Intermediate
filters or drains can be provided below the floor of hydraulic
structures founded on permeable soil to reduce uplift pressures
resulting in appreciable savings. A-solution was obtained by
Chawla (6) for a drain of any dimension located anywhere
between two cutoffs of a flat fiocor founded én permeable soil
of infinite depth, Until now no solution was available to
determine the effect of plane drainage located anywhere betiween
two cutoffs of a flat floor founded on permeable soil of finite
depth,

\

In many cases an impermeable layer exists at shallow
depth and downstream sheetpile cutoff may extend upto
impermeable layer due to inadequate subsurface investigetions
or as a safe gaurd agminst scour. In sueh a situation uplift
pressures egual to upsiream water head would develop below the
central portion of the floor unless the upstream sheet pile is
also driven upto the impermeable layer or an alternative
arrangemént is made to release the pressure. It is impossible
to provide a verticaf.;utdff completely free ffom leakage,
unless it is made of concrete and is monalithic with the
floor. In steel sheet-piles leakage may occur due to improper

interlocking or corrosion of sheet-pile and therefore even



(iv)

providing a complete cutoff at the upstream end of the floor to
intercebt seepage cannot be relied upon. In such a situation,
an intermediate filter could be provided to release the uplift

pressures,

In the present work, the problems of seepage below a
flat floor, with a partial cutoff at the upstream end and a
partial or complete cutoff at the downstream end, founded on
permeable soil stratum of finite depth with an intefﬁediate
filter of any dimension located anywhere in between héve heen
solved with the help of conformal mapping. In addition the

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

::mtermediate filter founded on subsoil underlain by sloping
impermeable layer.

The uplift pressures at key points end exit gradient'at
the end oflthe floor have.been ¢alculated for various combina-
tions!of the perameters involved. The results have'been plott~
ed in the form of curves which can be corveniently uséd for

design.

The results indicate that the uplift pressures on the
floor and exit gradient at the end of floor reduce considerably
with the provision of an intermediate filter of even very small
length., Further reduction in pressure and exit gradient with
increase in length of the filter is less as compared to the
initial reduction. The uplift pressures decrease on the down-
stream and increase on the upstream side of the filter as the

location of filter is shifted downstream.
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The uplift pressures on the floor and exit gradient at
the end of floor decrease with decrease in the depth of
pervious stratum and increase with increase in the inclination
of the impervious layer., The upiift pressures decreése with
increase in the depth of upstream cutoff. The eff;ct of depth
of the downstream cutoff on uplift pressuré is very small,
however, the exiﬁ gradient reduces significantly with increase

in depth of the downstream cutoff,

An illustrative example of Narora barrage, using the
design curves developed in the present work has also been
included in Appendix A=l,The redesign with intermediate

drainage shows 44% reduction in sectional area of concrete.

+
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NOTATIONS

VT S TR b v

Areca of flow region
Ares of zn element

Transformation parameters

Length of £lourwith end cutoffs

Distance of filter from upstream cutoff
Depth of upstream cutoff

Depth of downatrgam cutoff

Elliptic integral of first kind

Flux vector for al element

@lobel flux vector

Factor of safety a@ailnst heave
Length of filter

Exit gradient at end of floor
Constant

Head in filter measured ahovo downstream
water level

Head in upstream bed moesured above downstreem
water level

Hoad at any point measwred above downetrecanm
veter level :

Average head
Piczomtric heed at any point

Head vector for an element

Globel head vector
Gradient at sny point
Nodal point #f an eloment
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(vii)
F(n/2;m} = complete elliptic integral of
: ’ firs; kKind

F(n/am ) = complete elliplic integral of
. first Xind

F(n/2,m') = Associated complete ¢lliptic integral
) .. of first kind

Element of stiffness metrix ot it'h rov and
j¥B column

Stiffness matrix of an eiement

Global stiffness matrix

Gocfficient of pexmeability

Coefficient of permeability of upper layer of soil
Coefficient of permeesbility of lower layer of soil
Coefficiech of permeability in xldirection

Coefficient of permeability in y direction

. Constant

Modulu.; of ellipldic integrals

2
ﬂll-m = comodulua of elliptic integrals
Constant ' |

Interpcletion function (Shapé function) for
the ith node

x end y component of wnit vector normal to
boundary : '

Discherge per it width across a boundary surface

Seepage discharge per wnit width normal to
direction of flow through filter )
Total secpage digcharge pér unit width normal
to direction of flow

th ncde

Regidual et i
Jurface area of flow region _ )

Depth of pervious stratum
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{viii)
r+ig complex verilable representing semi
infinite plane
Addition weight per wilt sres over filter |
@g+iy = complex verisble represcenting flow field
Weightage function of ith node

Coordinate of point j (point of meximum uplif%
pressure downstresm of filter)

xtiy = compléx variesble representing physical
plane :

Substitution parameter, (Ghaptgr-?)
Paremcters of elliplic integral of the third kind
Trensférmation peremeters
Unit weight of water
Submerged weight of soil

2 ! - _
ay,m'), [T (Ppaz,m) = Elliptic integrals thixl kind

{x/2,00 ,m) = Complete elliptic integral of third kind

2
g =?T(n/2,a§,m) = Complete elliplic integral of third kind

A substitution paremeter (Chapter 2)

Inclination of impervious stretum with
horizontzl (Chapter 4)

Potentizl function

Arguméent of elliplic integrels

Argument of elliplic intcgrels at point D’
Argument of elliplic integrals at point F

Argument of ellipiic integrals at poing &

Stream functiom.
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downstream end, The upstream cut-off is provided to sefe-
gaurd sgainat §058ib1e scour aﬁd to reduce uplift pressure
below the floor end the downstream cutoff is provided to safe-
gaurd sgainst piping and scour st the downstream end, Inter-
mediate filters or drains cean be provided below hydraulic
struotures to reduce the uplift pregsure resulting in eppreci-

able saving,

1,4 -A.spiutiqh of congiderable importence wag obtained-by '
Maleshchenko (11) and Numerov {13) in which they included the
effepf of ane‘cp two dfainage holes in the impervious floor,

The effect of plang drainsge connected fo doynetréambed in
case of geepage bqlow a flat apron or a aingle overfall founded
on infinite depth of permeable soll wae obbained by Zamerin(19).
Sangal (16) detErmined‘tha extent of reduction in preasure "
affected by & flat and deep filter of parﬁicular dimensions
below the foundation of a barfage with the ﬁelp of electrical
anology model, Chawla (6) determined the effect of drainage
of any dimensiqn located anywhere between two cut-offg of a )
flat floor founded on infinite depth of permeable soil, Until
now, no solution was aveilable to determine the effect of plane

drainsge located anywhere between the twe out-offs of a flat
floor founded on permesble soil of finite depth,

1.5 In meny cases where an impermesble layer exists at shallow
depth, it ie not hecessary to take the dbwnetream cut=0off upto
impermesble layer from piping consideration, However, in some

cases the sheet pile cut-off might heva been driven upto
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CHAPTER = 1

INTRODUGTION

i}i The deaign of hydrauvlic structures-foupded on permeable
56116 presents problems of complex nature, Beaidee teating‘
suoh #tructures for forces dve to surface flow; their stability
has to he ensurad against forees caused by percolabing water,
The secpage water exert.e uplift pressure below the structuxe
and tends to wash away 890il wnder it leeding to piping, In
ngat of the cesesy the @amage to guch structures may e atiri-
buteﬂ to the destructive effect of the seepage, The impor-
tanoce of proper design and Planning of hydfaulic structures

founded on permeable soil is, therefore, obvious,

1.2- General solution tb the problem of geepsge belqw gstruc-
tures, which is a confined flow prodlem, by conformal mapping

~ was indicated by Pavlovsky (14) and EKhogle(i0). Based on con-
fo;ma; ﬁranaformaticn, geneéal sclutions fér various boundar@es
have been given by Mﬁsket (12), Haxr (9);Aravin and ﬁumerov(l).
?oluﬁrarinova ~- Kochina (15) end Chawls (6). Theae aélutians
are applicable for flat flo&r with an as&mmetrical out-off,
1nciin0d floors, inclined cut-oifs,dipressed floor with symw
metrio orlasymmetr;c qutuoffs, with iﬁfinitg and finite per-
vious reaches, Some of these solutions have been obtained for

aniesotropic aoils also,

1.3 It is-geen thet generally the design'engineer has to
pfovide two out~offs, one at the upstream end and other at *““-



downstream end, The upstream cut-off 18 provided to safe-
gaurd ageinst ﬁOSsible s¢our aﬁd to reduce uplift pressure
below the floer end the downastream cutoff is provided to gafe=-
gaurd sgainsi piping and scour at the downstream end, Inter-
mediate filters or drains cen be provided below hydraulic
structures to reduce the uplift pregsure resulting in sppreci-

able eaving,.

1,4 -A‘aolutiph of considerable importance wasg obtained by
Maleghehenko (11) end Numerov (13) in which.the§ included the
effept of qne’Op two diainage ﬁoléa in the impervious floor,

The effect of plane drainage connected io downéiréam bed in
case of geepage below a flat apron or a single overfall founded
on infinite depth of permeable soll was obtained ﬁ& Zamérin(l9).
Sangel (16) determined the extent of reduction in pressure -
affected by a flat and deep filter of parficular dimensions
below the foundation of & berrage with the help of electrical
anology model, Chawle (6) determined the effect of drainage
of any dimension located snywhere between two cut-offs of 2
flat floor founded on infinite depth of permeable soil, Until
now, nc golution was available to determine the effect of plane

drainage located anywhere between the two cut-offs of a flat
floor founded on permesble goil of finite depth,

1.5 In meny cases where an impermesble layer exists at shallow
depth, it ig not necessary to take the downstream cut-off upto
impermeable layer from piping consideration, However, in some

cases the sheet pile cut=off might hava been driven upto



impermeadble layer due to inadegquate sub-surface investigations
or to gafe guard egainst scour, In such a situatiqn uplift _
preeggures equivalent 10 upstream water level would develop be-
Low the floor unless an arrangement is made to release the preg-
sure, Alternately a fully‘penetrating cut=0ff may be provided
at the_upstream end of the floor gls0 to oheck the seepsge be-
low the*floor thergby reducing uplift pressures, However, mro-
viding a fully penetrating cut-off st the upstresm end for
intercepting ﬁhe geepage below floor is not a pegitive and fool-
proof measure and therefore, cannot be relied upon, in such a
situation, intermediate filiers could, however, be provided to

relegae uplift pressure,

-

1,6 In the present study; an attempt has been mede to stwdy
the effect of intermediaste filter with different boundary con-
ditions, The cases with the following bowndary conditions have

been gtudied?

(1) Flow wnder & weir with wnequel pertial cut-offs at both
ends af the floor and an intermediate filter founded on

permegble goil of finite depth (Chapter 2 ),

(ii) Flow under g weir with a pertial cut-off at upstreamn
o end, a complete cut-off at downstream end of the flpor
end an intermediate filter founded on permeable 8Qil
of finite depth (Chapter . 3 ),

(ii1) Flow under a weir with unequal partial cut-offs at both
ends of tho floor and an intermediate filter founded on
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permeable soil underlain by a aloping impervious
stratum (Chapter 4},

1;7 The solution of the problems of first two cases has been
obtained with the help of conformal mapping. The trenaforma—
tion equations have been integrated ﬁumerically using Simpson's
formula. A computer programme has been developed to evaluame‘
the j.qtermediate transformation parameters smd uplift pressure

2ll slong the floor and alsC exit gradient at the end of floor,

The solution of the problem in the third case is Obtsined
by solving the Laplace equetion using finite élemant method,
A computer_grOSramme Eas‘been aeve;oped to compute the uplift
pregsure all along the floor and exit gradient at the end of
the floor, The factor of safety against h@ave below the filter
ig also determined to study the safety against piping below the
filter,



CHAPTER - 2

THEORETICAL SOLUTION FOR INTERMEDIATE FILTER WITH
HORIZONTAL IMPERVIOQUS LAYER

2,1 - INTRODUGCTION

The stability of hydreulic structure founded on permeable
goil has to be ensured against ﬁplift presgsure and piping. Intef-
mediate filters Or drains can be provided below hydraulic
gtructures founded on permeable goil to reduce uplift pressures
resulting in apprecisble savings, Chawla (6) determined the
effect of drainage of any dimension Located anywhere between
two end cutoffs of a flat floor foumded on infinite depth of
permeable goil, Until now, no solution was available to deter-
mine the effect Of plane drainsge located anywhere between the
two end éutoffs of a flat floor founded on permeable goil of
finite depth, In this chapter, a golution hes been obtained
using conformal mepping for seepsge below a flaet floor with two
mequal cutoffs and & plane drainage located anywhere between the

two cut offs and founded on permeable soil of finite depth,

2,2 LAYOUT, BOUNDARY CONDITIONS AND METHOD OF SOﬁUTION

Consider an imperviocus floor AB of lengith b founded on a
homogene ous permeable soil of depth T, The floor has a cutoff,
c'D' of depth d) abt the upstream ond and a cutoff ED of depth
do at the d0wnstfeam end of the floor, The floor is drained by
an intermediate filter FG of length f at distance by from the

upstream cutoff, The structure is founded on permeable goil of
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- depth T under~leain by an impervious stratum MMi. The profile

is represented in the z~ plane as shown in Fig, 2.1(a).

The steady seepage through the pervious foundatiun of

the structure that causes uplift ie governedby TLaplace equation

g% =o an(2.1)

‘in which ¢ = velocity function = ~kh, h = the head,and k = the

hydraulic conductivity.

' Without loss of generality, the head h along the down~
gtream bed can be taken as zero and head measured above this

h = E &g the head in the filter and b = H, as the head in the
ﬁpstream bed, Then along the wupstream bed MA, @ = ;kHz and
along the downstream bed'BMl, ¢ = 0, The foundation profile
AD'C'F, forms the inmer boundary of upstresm flow and therefore
cen be taken as the stream line ¥ = Q, in which ¥ is stream
function, The lower profile of filter FG, is an equipotential
lipe, ¢ = -K§;, The foundetion profile GEﬁﬁ forme the inner
boundary of downstream flow and may bé taken as stream line,

¥ =9 in which 9 = discharge per unlt width normal .to direc-
tion of flow, drained through the filter, Starting from some-
where at the upstream end the streamline y = Y » would meet
the floor GEDB, at .some point J where it would divide into
two stresmlines, one along JG emerging at G and otherslang JEDB .
emerging at B, The potentiel along the floor G-J’EDBwou]_d be
maximum at J, The impervious boundary Mﬁl forms another
streamiine ¥ = g in which 9 = totel discherge seeping bel ow
the foundation, The complex potential is represented by
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w = ¢ + iy, The layout of various boundaries in the w-plane
is shown in Fig, 2.1(c). The region of complex seepage poten-
tial is the area in ﬁ—plane between the two vertical lines

AM (¢ = -kHp) end BM (¥= 0) emd bounded on the upper side by
the lines AF(y = 0), F&(¢ = -XH ) and GJEDB (¥ = a,) and on
the lower side by MM, (¥ = g,).

To obtain the solution, both the profiles of structure

- in the z-plane end the complex seepage potential in the w~plane
heve been transformed into lower half of same semi-infinite
t-plane using the Schwartz-Christoffel transformation., The

following relationsare thus obtained:
z = £(t) veo(2.2)
v = B(t) | A
combining Eqs, 2,2 and 2,3 ‘
z=f(t) = £F L (w) | ..a(2.4)
and v = F(t) = Ff7(z) " eee(2.5)
in which z = x + 1y represents the physicai plane; t=1r +is

represents the intermediate semi-infinite plene, and w = @+y

Tepresents the flow field,

2,3 THEORBTICAY, SOLUTION
2,3,1 Pirst Operation z = £(t)

In this operation the profile of the hydraulic structure
in the 2-plane is transformed onto the real axis of the t-plane.
On the t-plane, the points A and Ml’ are placed at O and 1 and
the points D,C', F,G,E,D, end B lie at » , 6 , ap, 85y Oy O



-
end 4 respectively. The values of these parameters are t0 be
determined, The S3chwarz-Christoffel transformation that gives

the afore-mentioned mapping is:

az .. (t=A) (£-P)
at ‘

. : ese(2.6)
(1-%) 4t (t=5)(t-0) (t=it) o

This equation has been integrated in verious poriiona of the

geepege boundaries,
Along Upstream Cutoff AD'C' (0 < t £ §)¢

For integration of Bq., 2.6 along the upstreem cutoff

AD'C', a substitution t = §3in° © is nade and the Eq, 2.6

yiélés
)
y =2y j ex( il B (2.7)
"-0 ?;(—B‘T . ek e .
Iin which
£,(0) = (6Sin29—;\) (6Sin29-ﬂ) | ees(2.8)
£,(8) = (1-591n°e) -J (0-891n°8) (1-534n"0) ve(2.9)

At point D', y = d, and t =Ai.e, 0 = in™* /3/6 , the Ban.2,7
reduces to
o gin™! A
! £y(e)

—_— = — 2

0

At point C', y=0 and t = 6 i,e, © = /2, the Ban, 2,7 re~

ducesg %0
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e = 0 | eee{2,11)

O

Bq, 2,11 can be written as

x/2 ) n/2 ,ﬂn/z .
63in 6 | a8 = é Sin o
O\+p)J ?E—(-e—)—de-h QI fé—(g-) ——f—t—o-)—— dG.,.(2 12)
o . o

Along the downstream cutoff BDB (o <t € u)g

For integrating Bg, 2.6 along downsfream cutoff EDB the
gubstitution t = uSinze + 000529 is mede and Eq, 2,6 reduces to

: :

f

y= M = 3(6) de ] as 0(2013)
£,(6)

o)

in which
_ 2 2 . 2. 2
f3(6) = (USin" @ + 0Cos“@-A)(uSin“e+0Cos“0=-p) ...(2.14)

£, (6)= (L-151in°8~0C0s0) J (181n°0+0008°9) (4Sin°6+3C08°0-5)

ees(2.15)
; At point D, y = d, and ¥=p i.e, @ »'8in" " 417 , the
. Bq, 2,13 reduces to,
Sin P-0
in = A Uu=0
d 15(8) -
b=~ — - do po.(2.16)
M f4(g).

At point B, y =0 and t = u i,e, & = #/2, the Ban, 2,13 re-

duces to
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=/2

. f=(® - '
J 58 we-0 sve(2.17)
el f4(e)

Bqa, 2,17 can be written as

L
A 4(6) % f4(9)

;..(2.18)

/2 '
=fﬂ (uSin20+c 00520)2 ae
£,(8)
Q .

Along the floor G'E (8 < t € 0)3

For integrating along the floor the substitution t =
o Sin29+600329 is mede and Eq, 2,6 reduces tog
e

i (8) | _
o | M i - (2.19)
2M J b e e L I I 3 -
4 fs(e) ;
in.which
£5(8) = (081n°8+5C0s°8-1)(08in%6+5 Coa?8-p) .. o (2.20)

£,(8) = (1-081n°6-5005%)  (3810°6+5008%8) (=081n79-5C0s70)
."(2.21>

At point B,x = b eamd t = 0 i,e, =1/2, the Bq, 2,19 reduces to

/2
b _ £5(8)

~ —— — -

— a6 E veef2,22)
2M : fs(e)
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At point Ml(t =1)s
At point;Mi, a8 t p2sses around a semi-circle of small

e

rodiue r = (-1) et , the cbrresponding change in z is iT,

The Bq, 2.6 can be written as

O . . .
M(L+re oy ) (14 e1€mp)ire®®
iT= Tim | —————— _ - a9
50 s -reie-4(l+reig)(l+re19-5)(1+reig;a)(l+re£§h)

On simplification, this equation reduces to

I 0.5 s(1=))(1-p) T (2.29)
2M 4(1-6)(1-0)(1-;:.)

On dividing the Eqs, 2,10, 2,22, 2,23 and 2,19 by Eq, 2,16,

these are reduced to

Sin™t {76
4, 1 . 1, (e) -y »
a - F(Q)J i i W de o.o( . 4)
o]
/ ’1'5/2
- : - w5 2,25
EE“ = TG | *§ET§I' de eeu(2,25)
S | 0.5(1=A) (1= )% ' ...(2.?’6)
2 @) i) ao)0w
2
X 1 f.(8)
S /AN va(2,.2
T, 70 J fs(g de eeal(2,27)
> (o]
-l oo
‘Sin _IT-% f}(g) o
in which F(e) = f ' P Ty ae ees(2,28)
J 4
Q

H

At point F, xﬁbl - f and + = ap therefore, Bq, 2,27 gives
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-1 —
Bin  ap=0
wef ‘J—a':a" £5(0)

a, = F(e) | C £(8)
o

ae ...(2.59)

dt point G, x = hi, and ‘t = 8, therefore Eq, 2,27 gives
=1

8in ’J’aG~a

O=8

b1 £5(8)
= o) 2 (@) ae es.(2,30)

Q

Bqs, 2,12, 2,18, 2,24, 2,25, 2,26, 2,29 and 2,30 meke it
possible to determine the value of ,,0,6,0,u, ap and a,

- Since these equationsg are not explicit in transformation
paremeters, direct solution of phea;'equations for the values
of ﬁhese pgrameters_is pot cogvenient. Thege equations can,
however, be conveniently solved for physical dimensions b/d,,

dl/az, x/d, end T/d, for assumed values of §,0,u =nd t,

2.3,2 BSecond Operation w =F(t)

| In this operation the flow field in the w-plane, shown
in Fig, 1{c) is transformed on the sepi~infinite t-plane,shownin
Fig, 1(b), The transformation of the polygon in w-plane on
the t-plane is given by -

dW (t-aj)
L, dy —

ees(2,31)

N -
At (t-ap) (t-gg ) (4=t ) (1-1)

Integrating Eq, 2.31 along 9B (ay €t < u)l

, .
Making gubstitution t =u 8in a + 8, 0092a to remove the
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gingularities at points G and B and integrating the Bg, 2,31
algng GJB, it yields

/2 '
| . o
d = -2 p () da ...(2.32)
£,(a)
%
: -1
in which @, = 8in | t~a,
H~an

2
- fl(a) = (aj-uSin % -8 Ccsza)

fé(a) = 'J(MSinza + ﬁ;COsaa) R
i 5 |
R = (uSin2a+aG'Goa oc-aF)(l-uSinza-aG 0032(::)

At point &, ¢ = ~kH) end t = &,, therefore

2
w/ ;l(a)

kHl = 2N *[ Ezzaj' da | vee(2,34)

Integrating Ba, 2,31 along AF (0 < t & 8@):

Integrating the Eq, 2,31 along AF after -eybatituting

2 . .
t = Sin"«a , we obtain \
°F sin™ v /ag
| f3(¢)
f4(ﬂ)

g+kH, = 2N da s+ (2,35)

in ﬁhich .
fz(a) = (ap sin°e - ay) es(2,36)

fu(a) = J(aFSinza-aG) (u-a?Sinza)‘(l-aFSinza). ;..(5.37)

At point F, t = ey end ¢ = —kH, , therefore

(Hp-Hy) = 2 fn/a f3(a)
C . Nw f4(¢)

da  .e.(2,38)

0
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From Bgs. 2,34 and 2,38

/2
fi(a)
Hl EETET— da | .
o= - -0 - - .ea(2.39)
H2-H1 B _‘-}1;/2

fo(a)
f4(d)
o
Solving for,aj, we obtain

-

12
n/2 aFSinzcx da - (M8m2a+a Goszac) do
r + - )

.u\‘n:i_é' TI:./2
rJ _d_E..- +f _.._........-d «

o0 s(2,40)

From Bq, 2,40 value of ay can be determined

2,4 UPLIFT PRESSURES

_ Uplift pressures below the upstream floor AD'C'F can
be determined from Bg, 2,35 after substituting the value of N

from Bq, 2,38 as below
-1

~3in ajt7aF f3(a)
. ) _
¢ + kH, _ o Lt (2.41)
k(Hy=H, ) Y e () R -
‘] 3 da
5 f4(a)

Uplift pressure below downstream floor, GJEDB can be determined

fromrEq, 2,32 after subatituting the value of N frem Bq, 2,38

ag below



- 1:/2
£ . (a)
“1 .
' : .J fg(a) da
¢ oo 2.42)
-1-;(‘-1_{#;}{_.1) \TE/E LI ] [ ]
) - f3(a)
da
o) f4 QC)
in which
| I t b=
] -1 §{ "%
@ = 3in T

Knowing the values of apr Gns aj, 4, the uplift pressure
can be determined at eny point below the floor by substituting
the corresponding value of t in Bq, 2,41 or 2.42 depending
whether point is upstream or downstresm of filter FG,

2,5 BXIT GRADIENT

In eddition to the uplift pressure, it ig algo imporitant
to kmow $he hydraulic gradient at the downstream end of the

floor i,e, at point B,

Gradient I at any point is given by

- dn

I '_'ds .ll(2.43)

in which h = the head at any point along the floor or the cut-
off and § = digtance measured along the streamline pasging that

point, Eq, 2,47 cen be written as
. L1 W dt 4z
“ 1= %ds " k°*dt *dz * ds. - (2.44)
Along the outcr face of the dowmstream cutoff,

dz .: .
de . (2.45)
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Also along the floor and cutoff y = constent, therefore

a8 - g oo (2,46)

Substituting the values of constants M and N, the values of
dt/dz and dw/dt can be determined from Eqe, 2,6 and 2,31 reg-

pectively, therefore

dt n(l-t){l-;\)(l-p) '(t(t-é)(t—oj(t-u) (2,47
3z D(t=r) (£=P) (1-6)(1~0 ) (1) e (247)
a , ) el

aw 0.5 k(Hy-K ) _ ]

dt /2

2
Sin -8.) d
(ap ra aa) x

fr‘( aFSinza-aG ) (u-aFSj.nzoc ) (1-3@Sin2“ )

" .. (2,48)

| (=) (t-gg ) (8-1 ) (1~t)

-~

Combining the Bgs, 2,44 to 2,48 and simplifying the value ofGE the
exit gradient at point B (t=u) is given by

0.5n(By=Hy )(1=3)(1-P) (u~a,) (u=56) (o) (14t

GE = v ;
(=N (a=P) IG (1-8)(1-0) (1) (u-ag) (L~a;)
vee(2,49)
in which . -
w/2
e = Tt/ {aFSinza - aj) de

.0 a(2.50)
. (a,FSin2a-aG ) (u-aFSin2 a)(l-aFSin2c:) |

Exit gradient GB cen be expressed in terms of downstream cutoff

depth d, also by combining Eqs, 2,49 and 2,26.
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2.6 RESULTS

The equations der;ved herein have been used for computa-
tions of uplift presgsures and exit gradient, These calculations
involve the evaluation of many integrals which were computed
on digital computer by numerical methods, For assumed valuea 
of 6, ¢ and & the pbysical dimensions dy/d,, b/d, end T/dy are
worked out from Eqas, 2,24, 2.25 and 2,26 respectively after
finding the values of Aand # from Bas, #.12 and 2,18, The
values of b, /dy and f/ﬁé are then worked out from Egs. 2,29,
and 2,30 for assumed values of ap and 8. The uplift pressure
at key points corresponding %0 these physical dimensions of the
gtructure are determined from Bqs, 2,41 and 2,42 after deter-
mining the yalue of aj from the Bq,. 2,40, rx:essu_re .at any point
along the floor can be obtained from Bq, 2,41 or 2,42 for as~
gumed value of t and the corresponding velue of x/aé ig obtaired
from the EqQ, 2,27 in which x is the distance of the point from
the upstre am cutoff, The_exit gradient et point B is then
worked out from the Eq, 2,49,

To facilitate the use of varioug equations for finding
out the uplift pressure and exit gradient, the values of uplify
pregsures at key points and exit gradient have been computed
- for different combinations of floor length, depth of upstream
and downstream cutoffs and depth of soll strats and have been
rlotted in $he form Qf curves, The resul ts obtained herein can
be used for practiqal design., ‘The curves cover thé values of
b/, = 2,5, 5 and 10, dé/ﬂi =1, 2, 3 and 4, £/dy, = 0,0 to 1.0,
enywhere between two cutoffs anmd T/d, = 1.5, 2 and 4, The
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uplift pressures at D', C', E , D and J have been plotted
in Figs, 2,2, 2,3, 2,4, 2,5 and 2,6 respectively, The

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

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

SOLUTION FOR INTERMEDIATE FILTERS WITH FULTY PBENETRATING
DOWNSTREAM GUTOFF

7,1 INTRODUCTION

Sheetpile cutoff is provided at the downstresm end Of
the impervious floor of structures founded on permeable soil
to ensure stability against piping and scour due to surface
- flow, Deeper cutoff, although, improves safety agaeinst piping
but results in incressed uplift pressures and higher cost of
the structure, Cutoff depth is,therefore, kept minimum to
engure adequate safety factor sgainst scour and piping. In
cage gn_impe;meab}e lager_exi§ts at shallow depth an@ the cut~
off penetrates the impermeable layer, uplift pressures below
the floor will approach pressures equilvalent to upstream water-
level, From piping congideration, it is not necessary to take
the cuﬁo?f upto impermesble layer, However, in meny cases the
sheetpile cutof £ might have been driven wupto impermemsble layer
due to inadequate subsurface investigations or to safeguard
against scour, In such a situation full uplifis would develop
unless an arrangement is made to0 release the pressures or a
fully penetrating cutoff is provided at the upstream end of the

floor t0 intercept the seepage” below the floor,

Providing a fully penetrating cutoff at the upstream end
for intercepting the seepage below floor is not a foolproof
measure, It cannot be rolied upon due to possible leakage

which would lead t0 increased pressures, Intermediate filter
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can be provided %0 releage the uplift'breésures. An analysis
has been presented in this Chepter to determine the uplift
pressure below a floor founded on permeable soil of finite deptn
with fully penetrating cutoff on the downstream end of the

floor and an intermediate filter for releage of pregsures,

3.2 TLAYOUT AND BOUNDARY CONDITIONS

Consider en impervious floor AR of length b founded on a’
homogenous permeable soil of finite depth T underlain by an ime
pervious stratum, The floor has a cutoff C'D' of depth 4 at
the upstream end and cutoff ED at the downstream end penetrat-
ing into the impervious stratum at a depth T. The floor has an
| intér?ediate filter FG of length f, at a distance by from the
upstream cutoff (i.e, AG=b£LPervious bed on the upstream and
- dowmstream Of the floor extends upto:infiniiy;._The profile is

represented in z-plane and 1s shown in Mg, ¥, 1(e),

We shall take head h = 0 on the downstream water level
and measured above it h = H as the heed in the filter and h=H,,
as the head in upstream bed, Then along AM, @ =-kHé end along
the filter FG, ¢ = ~kH, , where @ is the velocity fumction,

The upstreem foundation profile A D' ¢' F forms the inmer
boundary of the flow and therefore can be taken 28 gtream line
¥ = 0, where ¥ is the stream function, The lower profile of
filter FG is =an equipotential 1ine ¢ = -KH, . The downgtrean
foumdation profile M'IEG forms the enother boundary of flow and

may be taken as stream line v = % where % is diacharge drgined
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through the filter per unit width normal to direction.of flow,

= ¢ + iy represents the complex: potential, Layout in
the w - plane is shown in Fig, 3,1(c). The region of complex
potential is the area in the w -~ plane between the two vertical
lines &M (@ = -kH,) and FG(¢ = -ld{]_) end bounded by the lines

Gy ) s

AF (v = 0) 6M' (v = 1

3,3 THEORBETICAL SOLUTION
3.3.1 Firgt Operation z = f(t)

In this operation the profile of the structure in the
z -~ plane is transformed anto the real axis of the t - plane
(Fig. 3.1(b)}. The pbint 4 end 0 are pleced at O and 1, the
point?pf,'F,"G, E and D lie at ;_aF, 8;, & and o, The values

of these five tranaformation paresmeters have to be determined,

The Schwartz - Christoffel transformetion that gives the

above mapping is,

Mz Ly (t=g) eee(3.1)
At (t=1)(t=8) (t=0)

This equation can be integrated along various regions to

LY

determine the values of the constants,

Along upstreem cutoff A D' C' (0 <t §1)¢

~t
y =M [ b " dt—'J ACH
| f[kl-t)(a—t)(o-t) ) At (Lt ) (5=1) (0=t )

0

Making use of stendard formulae (Ru £.(3), Eaa, 252,00,252,14 and
337,01). '



31

J =
Mg
{

. 2
in which F(%fm) and'if(?val,m) are elliptic integral of first

(U-}\) F((&,Iﬂ) - GTT (qi!a'f!m) oon(B-Oé)

and third kind respectively, and ?

2

g = - o e(3,04)
+{o-1)
2 - 1 | eno(3,3)
% 1-0
Ly PPy
=8 ot A naol(3.6
YL e (o-%) (9.6)
ol = L9=8) _ «us(3.6)

{(0=1)8

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

) A = 0(1—- ‘_K'—l") -o-(3.7)
in which
TE_ = TT (g ' mi,m) = complete elliplic integral of

third kind,

K=F (% ,m) = complete elliplic integral of first
" - kind,

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

b 2
ﬁ'dgr = (g-pn) F (CPD,III) HOH(cPD'.-,Gl:m) o--(3f8)
in which
¢, = sin~t | {ezllA o ea(3.9)

D'’ (o)
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Along the floor ¢ FGE, (1 <t < 6)

Integreting the Eq, 3.1 along the floor

\ |
x=ﬁ%[ (JGJT&?TLﬂdt-thu p _J

i ~t) (&=t ) (o-%)

Making use of standard formula (Ref, (3) Bq, 254.00, 254,02)

- = AF(m') =Y (7, a5, n')- ...(3.10)
in which

Py = ,i%---%t | a..(301)

2= b o (3.12)

n ‘= 1-n® = {eclig +e(3.13)

At point B, x = b and t = §, therefore Eq, 3,10 gives

b _ v, T ‘
@ = }\ K - ﬁ2 . 0-0(3-14)
in which
K' =i F(glm') ¢¢¢(3015)
_t_'i . ! ﬂ 2 fl ‘
T!z —TT (2 [ ] a2’ m) . . .00(3016)

At point, ¥, x=1b - f and t = ap, therefore Bq.3,10 yiclds

= A% ) =T] (9p ab, o) cea(3417)

in which '_
‘6(& -1)
CPF = Sin-l "'""E"'"""‘" en e ( 3 ula )
(6-1)aF ,
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At point G, x = bi and t = 8y s therefore Ea, 3.10 reduces to

= ) F(¢G,m') =TT (?G,ag,mf) ern(3,19)

e

in which
la(a -1)
= qs=L 2G 2
¢G = Sln , Té-uiwjm 000(3. O)

Along downstream cutoff ED (6 < b o)

— — W 3 e - ey

~

Integrating Eq, 3,1 along downstream cutoff ED

] ' A7 )
N : % o __Adt -
e B ng ’J (E=T)TE=5T o=y 4° L ﬁ{t..l)(t-a)(o-t)J |

Making use of standard formulae R_f, (3), Bas, 256,00, 256,13

and 339,01)
2 2
Y 51112 6((13-11'1 ) 2
avpm W hum F -, SENIES. ; - .2
i Al v N T B
3
in which -
2 = 2:.6- . 'Y 3:22
T i ( )
¢_= 8in ~1 .(-o—llﬁ"él 500(3423)
3 (a—é)(t-l)

2
Putting the velue of oz and m in Eq, 3,21, it reduces

ﬁg = c\-i) F(gym)=(6-1)T] (‘E),,a%;m) | ---(3.54)

At point D, y =T, and t = 0, 9= = /2, Eq, 3,24 reduces o
| Mg = (\-1)K = (6-1)11s s (3,25)
in which

=1 & 50 m) een(3,26)
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From Eqs, 3.8,3.10,3,14,3.,17,3.19 and 3,25

(0-A)F (93 ,m)=¢ (Pt ,m)

g = Ll .e(3.27)
(A-1) K~(6-1)';T3

x  AR(Ppit') - [ (%,a5,m') | .o o(3.28)

PR e, |

1) _ A K" -TT; ‘

%= (A'-l)K-(a-l)n;— ene(3.29)

t 2
Bl.-:f I ;\F(CPFym)V-TTV (¢F’a2 :m)' | .5”(3.30)
I (A-1) E~(8-1)TT5
s
W AE(9,m)-Tl (9g,05,m) | cer(3.31)
e ] ,

(A-L)K = (8-L)TT4
Eqs, 3.7, 3.27, 3.29,3,30 and 3,31 enable us to determine the

values of A ,6,0, O'E and B o

3.3.2 8econd Operation w = p(t)

In this operation the flow field in w-pleme (Fig, 3.l(c))
is trangformed on to the same semi~infinite t~plene, The tfans-
formation of polygon AFGM in w-plane onto the t-plane is given

by ) o‘

= N P — -
At (t-ap) (t-ay )

L eea(3.32)

o
cH=

This equation can he integrated along various regions to deter-

mine the value of the uplift prcssures,

Along the portion AD' C'F (O t <&);,

S g i g I L T R S M T SR P (s e S g S (T (o (T S O S S — e e
i - -

Integrating Eq., 3.32 along portion AD'C'F
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N . dt

-

dw
- X ”‘lt {ap-t )(,aG_t )

il
ot

.

Meking use of standard Formulae {Ref, (3), 5q., 2B3,00)

¢ + ki = wg' F(P)m) cool(3433)
in which . ‘ .
g eee(3.4)
,{Ea :
qJ' = Sm-l _-\‘ EG(BF_EBW | 000(3.35) :
aF(aG"t .
of =X o (3.36)
1 aG

At &, J = - kH, and t = 0, therefore, Eq, 3,33 gives

K(Hp=H, )
Ng' =l i Sl 000(3037)
: i
where .
Kl = F(%E 3 Inl) 000(3038)

- Along GM' (% >a; > &p > 0):

T S Y - W TO T T N T T S A e T T -y ey,

Integrating the Eq, 3,32 along GM'

d ot
j dw =N -—.:E—lt—-'-"*:-_-—_
‘ . -{t(t-aF) (t-aG)
_k_Hl 2! : :

Meking use of Stendard Formule (Ref, (3), Bd,. 237.00)

¢+ wn =g B9),m) e (3.39)
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in which

e
.mi = sin~t /l-fg

oo (3,40)
t—aF ‘

'3.,4 UPLIFT PRESSURR
3.,4,1 Uplift Pressure Below Upsiream Floor AD'C'F

The uplift presgsure below the upstream floor can be

determined from Eq, 3,33 after substituting the velue of Ng'

: ik ) (3.41)
k o . s LR [
k(H- 1 K Hy=H .
In case the release in the filter is provided at the downgtreag
water level i,e, By = O, then the Eq, 3.41 reduces 10

¢ ooy . (3.42)
kH2 Ki

4,%3,2 Uplift Pressure Below Downgtream Floor GED

The uplift below downstream flcocor GED can be determined

from Eq, 3,39 after substituting the value of Ng'

d + lﬂ{l F(‘P]’-,ml)

B, -5) - T &
or
F(9!,
A U U S veo(3.43)
k(Hy- H)) B Ha-hy |

In case release in the filter ig provided at the downsireenm

level, Hi = 0, Ba, 5,43 reduces to
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E.g. __Hem) ()
2 K

Enowing the values of aps 2g» the uplift pressure can be deter-
" mined at any point below the floor by substituting the corrés-
ponding value of t in Eq, 3,41 or 3,43 depending upon whether

the point is upstream or downstream of filter FG.

3.5 RESULIS

The equations derived above have been used for computa-
tion. of uplift pressures, Since the equations 3,27 to 3,31
are not explicit in the transaformation parsmeters direct solu-
tion of these eguations for the velues ¢f these parameters is
not c¢onvenient, These equations, however, can be conveniently
uged for computing the physical dimensions b/T, d/T and x/T for
assumed value of parameters 6, ¢ and t, The uplift pressure
at fhe corrésponding point below the floor can be detérmined by

uging the Bg, 3,41 or Bq, 3,43,
: J

A computer programme wag written for computation of up-
lift pressuwre for verious combinations of the values of the
varisbles involved., The calculations involve the use of ellip-
tic functions of first and third kind which were computed by a

subroute EFUN,

The uplift pressure at key points wan calculated for

aggumed values of & end 0 and various values of o and aG 80
a8 10 cover all the possible dimensions of a structure and

plotted in the form of curves, The computations have been mede
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- for values of b/T = 2,5,5 and 10, T/B = 1,5, 2¢3 end 4, £/7

from 0,0 to 1,0 and various values of bl/T'

.The uplift pressures at D, E, C' and D' obtained for the
above values have been plotted in Figé. 3.2,‘3.3, 5.4 and 3,5
regpectively assuming water level in filter corresponding to
the downstream water level (i.e, 1= 0), The pressure at
point D is approximately same as that at point B for b/T =5
and 10, Therefore, uplift pressure at D in Fig,3.,2 are plotted
only for b/T = 2,51and can be teken same as for point E for
b/T = 5 and 10, '
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CHAPTER_- 4

NUMERICAL SOLUTION FOR INTERMEDIATE FILTEBR
WITH SLOPING IMPERVIOUS STRATUM

4,1 INTRODUCTION

In actual field problems, the impervious strata may not
be horizontal, They may be sloping either upstream or d own-~
stream, The golution of the problem by method of conformal
mapping involves a large number of transform paresmeterg and it
ié very difficult to solve the equation: which are not explicit
in transformation parameters., The equations are to be solved
indirectly for asgumﬁd values of transformation paraméters and
involve meny trialé to obtain the desirel values of physical
dimensions, In recent years, numericsl methods have been used
extensively for solving seepage problem:, Gelerkin's method is
a weighted residual numerical method for apprOximamé.solution of
a differential equation with some defired boumdary conditions,
This method with finite element technique is used here to solve

the Leplace equation which governs th: flow in this case,

4,2 TLAYOUT

Consider an impervious floor AB o° length b founded on
homegenious permeable soil underlain by wm impervious stratum
gloping at an angle 6 with the horizontei, The floor has a
cutoff ¢'D' of depth d; at upstTeam énd and a cutoff ED of
depth d2 at the downstream end of the flcor, The floor is
drained by an intermediate filter FG of length f at a distance
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bl from the upstream cutoff, -The thickness of pervious gtrats
is T below upstream or downstream end of the floor depending
upon whether the impervious laye:Ic is sloping downward Or upward
regpectively, The profile is repregented in the g~plane and is

ghown in Fig, 4,1,

4,3 FORMULATION OF THE PROBLEM

The velocity potential ¢ of the flow through the pervious

medium satisfied the two dimensional Laplace's eguation

2 2
2 g d
\7 d = a 2 + "w2 =O 000(4‘.1)
ax ay :

where ¢ = - kh, h is the head and k is coefficient of percola-
tion, In weighted residual method, the function ¢ is approxi~
mated by a series ag below

¢ =0 =3 b A (4.2)
= = N LI o
e M7y :

where Ny are undetermined perameters end ¢ are wnknown para-

A ' .
meters.® is called a trial function. Substituting the trial
function into the Eq, 4.1, it produces an error or residual R

such that

A
R = (@) ol (8.3)
The begt golution will be one which reduces the residusl R to
a least valué at all the points of regior under comsideretion,

An obvious way to achieve this ig t0 mak: use of the fact that

if R is identicelly zero every where, then
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il

or R, J‘vz (@) wad=o0 -oo(4,4)
A

where w ig a weightage function of the coordinates and 4 is
Area of the region wnder consideration., If the number of une
known parameters (Gi) is n, then n weightage functions (wi) are

chogen and the corresponding number of equationsare written as
follows

2

2
By = r () wy; dA =0 eeold.5)
i \_AV i

For enisotropic soil Eq, 4.5 ban be written as

2y 'aé h
A

o)
A y
Integrating this by perts

J [Ces gf'cl nyg) * (kw >y ny)]wids

3% X  YY3y 8y
or
R a o%i 2 5 92 yau = 0
i J Wy 4o = Mo 55 ax TNy 5T 6%
5 A
or

Qvi ' oW, . fa
Qi pb " 1jaa =
\i ( XX 61{ ax + kyyay y )d"1 J qu dS ooo(4a6)
>

where n_ and n, are the x and ¥y component of the wmit vector

normal to the boundary and ¢ is the boundary flux,
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Galerkin's chogen weight function W; is same as inter-

poletion fumction Ni (i.e. Wy = Ni) and'thereforé,

ean(4,T)

XX 3X 9x ¥y oy
S

ww ON N [
h © %4 h
A
in Bq, 4,2 and differentiating it with

Substituting ¢ = = kh

regpect t0 x and y, we have

dh £ 3N
dx 32;1 hJ dx TRSE )
av.
QQ = N h .. -‘-J 4
and ay _5'; | j éy | ewe ( 99) |
Substituting this in Ba, (4.7).
i n AN, B3N, n AN. AN
h, —tl L)+ {5 h, i & dl*j N.ds
J[k"x( Z’l 355 5% ) ! “ N5y 5 ] T
or
aNJ aNl N, bNi
——" + ‘ ara = d
ljéltxxax S5 Ky Tt 5 2y gk £ Ly
8
or
' n AN, 2N di oW '
n -d—-gr“ - —n--ul —P-ui'l' =
1= B r(kxx = a0 Py w v %h j a0y de
x. | s .
or
= 4,10)
JZ=:1 iJ hJ - Fi ooa( ol
1 =1,2,5 cemmmmas n
where
A i
aN. aN dNs  oN,
J "“'-'}") dl\ 000(4011)
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and Fi = \f\ g Ny ds ese(4.12)
8

Thus we can write n equations , which can be solved to
obtein the values of h at all the n points with known boundary

conditions,

4,4 SOLUTION BY FINITE ELEMENT METHOD

The main difficulty in direct epplication of Galerkin
method is the choice of the'-global_functions; : Thege
functions have not only %o éatiséy the essential bounﬁary Con=—
ditions of the problem but also to be adequate to describe the
geometry, material and other characteristics of the problem,
All these conditions are generally very difficult to fulfil,
Therefore, the method in classical sense has limited use. With
the advent of high gpeed digital computer, the idea of the
approximating functions being localised in & small region
(element) was developed, In this wa& simpler 1nterpolation
funetions can be uwsed, These localised functions can be etter
implemented if each element is considired separatély thug ori-
ginating the finite element technique, In this technique. we
congider each individual element mnrelated to the others and
then joined together, satisfying the necessary continuity and
the global boundary conditions. Therefore,‘the unknown func-

tion h is defined element by element,

In general triangular, rectangular and guadrilateral

¢

typées of elements are used, The choice of element shape and the

interpolation functions is an important part of finite element
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an2lysis and the accuracy of the resulis acbieved depénds 10 a
large cxtent on these factors, In general higher order poly-
nomials yield better resgults but are taxing to computer as well
ag diffiecult to handle, The choice is, thug, made by oversll
consideration of these factors, Simplegt elemenis in two
dimensional problems are triangular elements with linear inter=

polation funetion and are tgken for the analysis, in this case,

-Equation 4,10 can be discretized using finite element to

give a matrix notation =as

xF {u° = P . (8.13)
where '
€ =773 - | = -3
Pt Sl B |
-rKji K"jJ Kjk' ¢-9(4.l4)
S %3 Kkk_
e : .
{h} = Thi |
hj > '0.(4.15)
.
e ! =
'{F} = =B,
e . (4.16)
I.Fk‘

and

i, j, k are the nodal numbers of the element,

For a triangular element, the interpolation function

can be taken as,
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h = Cll + aa x + a’jy 000(4017)

which varies linearly in the triengle and produces three un~
knownsg ~per element, These unknownscan be related to the nodal

values at nodées i, j and k and we have

- -

hy L ox ¥ [“1
h, ® = . veool(4,18
¢ by [T x5 Ty %y (4.18)

The inverse of the Eqs, (4.18) gives relationship between
@; and hy as below 7

1
ay fea) 24y 2y by
32 =%‘B'e bi b;] bk hj i --1(4019)
3 B Bl ik

ay = X <~ xj,.aj Xy =Ky 8y T R~ %g

- = - = — . 4.2

o
| g
i

2Ry Xy Uy = X Ty 2R3 = X Fimxy Yo 20 = X3V 4m%3 ¥y

24, = by 8y - bj a;,(4, = Area of trienguler element )

|

Substituting the values of ay, dj end o in Ha, (4,17)
and collécting the térms of h,, hj and h; together we have,

L1 0 520 .
ho =g (24 *+ byx * 2 y)hy 2y byx +agyihy 4
(2A§ +b.x + aky)hk]

N, by + Nj hj N b eeo(4,21)

(=2
]

or
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wheére
= X 0
N; = L (éAo + b‘-’x + a.y) ' (4 22)
j E'E'e' j J 3 XK a -
N
N, = xie (220 + Dox + a.y)
U7 W S L Y
In matrix notations Eq, 4,21 can be writtén as
{n} = .{N}T {h}e | ...(4,23)
where ‘{I\#T = {Ni Ny Nk} oeo(4,24)
QH = ..!:,_. - —a:-l-'— .
Now {ax_ E&e {b} 2Ae hl
‘ bj »e .(4,25)
J bk «"'f‘-"ff‘t?.p
o e A
(: RQOBKEE))\)
QNR ellr Pl o TLD T aE NG b
and {ay 2h, te} 24, all AT
¢ ajl 000(4'26)
ak ‘ “
Substituting the values of ‘35%{- and %;l; from Bas, 4.25> and 4,26
in Bq, 4,11
r
1 J PR B S F A e e
e
' A
o1 — | '
o L SULETEES 427

The values of K,., can be gubstituted in Eq, 4.14 to

i
cbtain the value of the matrix [K]e for a finite element,
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Matrix equations for the complete gystem can be obtained by

systematic superposition as
[K] {h} = {m} ' eee(4,28)

with the degree of freedom of system M, equal to the f{otal
number of nodal points, At the boundary nodal pvoints,either the
pressure is defined and known (h =h, ) if the point is on a
constant potential line or the flow q and therefore F is zero
if point is on a flow line, The Bg, (4,28) cen be rearranged

¢orreaponding to active and bowmdary pointes as below

] [k, [B}] |48

mxp mxl{ -{ mxli '
I =l i eae(4.29)
[%1]  (K0d | Ydsop [ 4%}
pPXm pxp | PXy pxl

where ‘{bl} is the vector of unconstrained or frée nodes and
{hz}. ig the vector of specifid values of potentisl at boundary.
P is the number of boundary nodal point on which pressure is
. known and@ m is the number of free nodes on which préssure is

to be computed,

The problem ig now reduced to solution of the first set
of equations (4.29),

(5] fm} = {B} - [%,] {n} +ee(4230)

The valuwe of F2 at the constrained bour}daries can he

computed from the second set of equations(4,29)

Fop = (] mp + (o] {n} o0 (4.5
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A4 more practical way of forming the modified equilibrium
eguations is to write the equations in the following partitioned

form

|

(K] (01 [{m} .h RSN, - RLPYRLY

mxXm  mXp mxl mx1

(0] (1) {ny} oy}
 pxm pxp | | Px1 pxl }

o ]\ ' J

.. (4.32)

In order to preserve the banded nature of the equations,
the process is performed without reordering the eguations im-
plied by the partitioning. For a specified nodal potential hj
occuring at the jth degree of freedom, the above process is

summari zed as:

Py = Fp= Kjy hy o fori=1,2,3...N
ij 5 ij = 0 form = 1,2,3............;M oee(5,33)
o ), 2
Py H= b

hj iz Iknown value of potential at Jjth boundary node.
These operations ensure that the equilibrjum equations remain

symmetrical.

4.5 BOUNDARY CONDITIONS

Without loss of generality we shall take h = 0 on the
downstreamm water level, and measured above it h = Hl as the

head in the filter and h = H., as the head in the upstream bed..

2
Then on the upstream bed AM, ¥ = -kH, and on downstream bed

BM, @ = O. The foundstion profile A D' C' F forms the inner
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boundary of the stream line ¥ = O where ¢ is the stream func-
tions There will not be any flow across this and therefore

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

of the filter FG is an equipotential §# = - kH;. The foundation
profile GEDB forms the inner bouﬂdary of the downstream flow
and may be taken as the sstreamline y = qfwhere qlis the dis-
charge per unit width normal to the direction of flow drained
through the intermediate filter. Therefore, the value of F
along this boundary will also be zeros The impervious boundary
M'M'" forms another streamline ¥ ; P in which 9 is total
discharge seeping below the foundation. Therefore the value

of F along this is aslse zeros For finding the solution to the
problem the boundary MM'' is assumed as g Streamliney = 9, SO
that the velue of F is zero. This assumption is not likely to
involve substantial error as the pervious lengfh of bed is
assumed to extend, three times the floor length from thé floor
ende | |

446 MESH SIZE

The seepage problem with the boundary con@itions specified

as above has been = selved by using trisngular element. The -
accuracy of results achieved depends to a large measure on the
size of element. In general smaller size yields better results
but reguires more computer time. Thérefore, a detailed study
has been carried out to find the optimal size of the element

for the following case
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The uplift pressures for the different mesh sizes were computed
and compared with the results obtained by the closed-form solu-
tion in Chapter 2 (Table 4.1). It i1s found that as the mesh
size is reduced the uplift pressure approach to those obtained
by closed form solution, but the CPU time incresses. The dif-
ferences in the uplift pressures at the key points obtained by
FEM and thoOse obtained from closed form sclution are very small
with the mesh size equal to b/40 and further improvement in the
uplift pressure with the reduction in mesh size to b/50 is not
appreciable. Therefore the mesh size adopted for computing the -
uplift pressure for various combinationsof the floor lengths

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

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

Table-4s+1: Comparison of pressures with different mesh sizes

Uplift pressures in per- Loca~  Exit CPU
‘ ; cent of differential headH tion gra- Time
Mesh size | : - of dient in
pointJ d2 sec.
by har by hy, hj xa./'d2 GE T
b/30 B86e25 81le25 6416 4.89 6.28 9.31 0.0382 8+53
b/ 40 86+09 8072 6433 4.97 6.44 9.31 0.0381 11.70
b/50 86402 80445 6442 5.02 6455 9.17 0.0380 13.02
(losed 85.98 80.36 6.48 5.07 6.59 9.17 0.0379 -
form so-
lution
4.7 RESULTS

A computer programme has been written to generate the

mesh with given boundary conditions and #0. aaleulate the uplift
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pressure at all the nodal points. The values of exit gradient
and uplift pressuresat key points have been computed for dif-
ferent combinatiomsof floor lengthy depths of upstream and
downstream cutoffs, depth of soil strata and slope of imper-~
vious layer and have been plotted in the form of curves. The
results obtained here can be used for practical design. The
curves cover the values of b/d2 = 25, 5 and 10, c12/d.1 =1,2,3
and 4, f/d2 = 0.0 to 1.0, anywhere between two cutoffs, T/d2=
1.5, 2 and 4 and 0 = -15°, - 30°, -45%, 15°%, 30° and 45°.

At the filter the pressure would correspond'to the re-
lease level, which is normally the downstream water level,
but as all the streamlines are not intercepted by the filter
and some of them proceed to the downstream discharge surface,
pressure again buildsup on the floor between the filter and
the downstream discharge surface. Starting from somewhere at
the upstream, the stream-line y = Q) s would meet the floor
GEDB at some point J where it would divide into two parte,bne
along JG, emerging at G and o ther along JEDB ¥medging ab B; The
potential along the floor GJDB would be maximum at J.

The uplift preésure at D', ¢', E, D and J have been
plotted in figures 4.2, 4.3, 4;4, 4.5 and 4.6 respectively.
The location of point J is obtained in figure 4+7. The exit

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

sterting from filter towards upstream of floor,

2.2 FACTOR OF SAFETY AGAINST SUBSURFACE BROSION

Practicelly all piping feilures on record have been
caused by subsurface ercsion involving the progressive re-
moval of material through springs. The ercsion of gubsurfece
g0il is supposed to result by the high velgeities of flow of
water through it,.when such velocities exceed a certain limit,
But this concept of piping is incomplete, In 1925 Professor
Charles Terzaghi e¢xplained the causes of gubsurface erosion
by préessure -~ gradient, Water has a certain residual force
in the direction of flow and ig proportional to the pressure
gradient at that point, At the release point, this force is
upwards and will tend to 1ift up the goil particle if it is
more then the submerged weight of the latter, Once the sur-
face particleg are disturbed the resistence against upward
pressure of water will be further reduced, tending to pro-
gressive disruption of subscil, At the instant of just stable
condition the résidual force will have its critical value
which will be just resisted by downward weight of goil, The
glightest increase in the valuwe of residual force will lead
instability and soil particle will start to be lifted up,
Thereféfe, the exit gradien£ provides a design criterian
for the factor of safety with respect to piping caused

by subsurface ercosion initiasted at exit point.

At both the endst and G of the intermedieste filter the
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- ' CHAPTER - 5

SAFETY AGAINST PIPING BELOW FILTER

5,1 INTRODUCTION

4 number of structures founded Qn previous goil have
failed apparently by sudden formation of a pipe shaped dis-
charge channel or tunnel located between the soll and the
foundation, As the stored water rushed out of the reservoir
into the outlet passage, the width and depth of passsge in-
creased rapldly wntil the structure collépsed. in cvont of

this type is known as failure by piping.

Failures Wy piping can be caused by t#o different pro-
cesses, They may be due %0 subsurface eraglén that sterts
a2t springs near the downstream toe and procgéds upgtream along
the bzse of the structure or some bedding plane, Failure
" occurs as the upstream end of eroded hole approaches the
bottom of the reservoir, Piping failures have alsc been ini-
tiated by the sudden rise of = large body of soil edjoining
the ciownstream toe of the structure, A failure of this kind
occures only if the sctepage pressure of the water that pqr;
colates upward through the sodil feneath the toe becomes
greater than the effective weight of the soil; Failures of
the first category are referred %o es failures by sub-surface

erogion and those of the secomd as failures by heave (17,18),

In case of intermediate filter, percolating water excer-

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

starting from filter towards upstream of floor,

5,2 FACTOR OF SAFETY AGAINST SUBSURFACE BROSION

Practicelly all piping failures on record have been
caused by suﬁsurface erosion involving the progréssive re-
moval of material through springs., The erosion of gubsurfeoce
soil is gupposed to réesult by the high velgeities of flow of
water through it,.when such velocities exceed a certain limit,
But @his concept'of piping is incomplete, In 1925 Professor
Charles Terzaghi explained the causes of gubsurface €rosion
by pressurelm gradient, Weter has a certain residual force
in the direction of flow and is proportional to the pressure
gradient at that point, &% the release point, this force is
upwards and will tend to 1ift up the sqil particle if it is
more than the submérged weight of the latter, Once the sur-
face particles are disturbed the resigstence sgaingt upwerd
pressure of water will be further reduced, tending to pro~
gressive disruption of subsoil. At the instant of just stable
condition the residual force will have its critical value
which will be just resisted by downward weight of soil, The
glightest increesse in the valve of residual foree will lead
instobility and soil particle will start to0 be lifted up,
Therefd}e, £Re exit gradient provides_a design criterian
for the factor of safety with respect to piping ceused

by subsurface erosion initiated at exit point.

* At both the ends F and G of the intermediete filter the
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exit gredient will be very high (Theoretically it will be
infinite as the filter depth is teken zero for the anslysis)
but it rapidly falls down at the aﬂjacent. points, Thus the
factor of dafety with respect to piping by subsurface erogion
cannot be evaluated by any practicable means., However, if
the removal of subsufface matérial is relisbly prevented, the
conditions for the velidity of the theory are satisfied, The
foremost requirement is to avoid local concentration of flow
lines, The removal of subsurface materisl and concentreation
of flow lines can be avoided by well designed inverted filter

of sufficient depth with no sherp edges,

?,2 FACTOR OF SAFEIY AGAINST HEAVE

The piping by heave 1s initiated by an expénsion and
followed by o~n expulsion of the sgoil out of a2 zone, No such
phenomenon could occur wunless the weter pressure overcomes
the weight of the goil loceted within the zone of expulsion,
With sufficient accurecy we can essume that the body of soil
which is lifted up by t¥e water hes the shape of a prism with
a width EQuai to A# end & horizontal base st some depth y
below the gurfece, The rise of prism ia resisted bj the weight
of prism snd by the friction elong the verticel sides of priem,
At the instent of failure the effective horizontel pressurc on
“the gides of the prism and the corresponding frictional resis=-
tance are precticelly zero, Thersfore, the.pr}sm riges as
soon ag the total water pressure on its base 5é00mes equal to

the sum of the weight of the prism, soil =nd water combined,
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The newtrel stress at eny erbityary point within the
seepage zone at depth y from the surfece is equal to the
height h, to which the water rises above that point in =a
piezometrié tube multiplied by the wnit weight 1% of the water,
The height h, cen b divided into two parts y and h and then

the neutrsl stress i3 as below
u'W = hVYW o (¥+h)Yw aba(stl)

The first part‘y Y, répreesente the hydrostatic uplift, Tits
mechenical effect consists in reducing the effective unit
weight of the soil from satweted wit weight to submerged.
it weight, The second pert h Y, is the excess hydrostatic
Préessure in the water with reference to free weter level on
the downstreem side and h is hydrostatic hesd at the point
under considerstion, Therefore, the condition for the rise of
the prism of soil is that the total excess hydrostatic pressure
on the bage of the prism should be greater than the submerged
weight of the prism, If the average hydrostatic head on the
base of prism is hav,then the total eikceas hydrostatic pres-

gure on this base is

ue = Yw hav Ax ._”'(5“2)

end the submeérged weight of the prism is
1 - :
w- = ¥ ox Youp eues(9.3)
The factor of safety'FB ageinst heave at eny depth y

cen be determined by the retio between the submerged weight

W' and the excess hydrosteatic pressure, i,e,
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L IV qub
F = = =Y L ﬂ(6.4)
3 ue haVYW

| The distribution of hydrostatic pressure h and hence

the value of h__ cen be obtained from the analysis presented

in the preceeding chapters,  The stability must be investi-
gated at verioug horizontal sections at different depths to
determine the minimum factor of fsafety, Generally a factor

of safety of 4 to 5 is considered adequate, If the factor of
gafety io too smaell, it may be incressed by placing an addifion
weight W per unit area on the prism and then factor of gafety

will ‘be given by

Yy W -
F = .,“.S,BP-,- .50(555)

i Bav Yu

5,4 RESULIS

In order tc compute the factor of safety ageinst heavd
below the filter, the prism, may be agssumed of base width
equal to length of filter, The intensity of the excess hydro-
static pressure cen be detéermined at every point below the

bage of prism at any depth y by constructing o flowenet,

In the Chaptcr 4 the complete scepage region is divided
into g grid and the excess hydrostatic pressure as percent of
total head H is computed at every nodel point for different
combination of b/d,, by [dy, T/dy, ¢y /dp, £/d, and & by ueing
finite element technique, The aversge of excess hydrostatic
presgure at different depth9on the base of prism is then cal~

culated by dividing the totel uplift on the base by the base
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width., Total wplift pressure is calculated by using Simpson's
rule, The value of submerged wnit weight of eoil and wnit |
weight of water has béen teken as 1,0 gm/cc, The factor of
gafety against heave 1is celculated by equation 5,4 end have
been plotted at aiffercent depth for different combination of
b/dy, by /fay, T/,, /84, d2/d.l and © in Fig, 5.1.

The results indicete that the factor of safety egainst
he ave ;s minimum at the bottom of filter (ignoring weight of
fhe filter) snd increases as the depth of section under con-
siderstion increesses. Desired fector of safety below the filter

can be obtained by providing sdequete thickness of the filter,

The resulis imdicate that the factor of safety increcses
with increase in filter length, by shifting the filter towerds
the downetresm cut-off and by increasing the depth of upstresm
cutoff, The effect of downstream cutoff on the factor of
safaty sgainst heave 1g not significant, Factor of sgafety
egainst heave decresges with increasd in velue of inclination

(8) of the impervious layer.
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CHAPTER - 6

DISCUSSION

L

6.1 GENERAL

The pressure at the filter would correspond to the
release level which is normally the downstream water level,
but as all the stream lines are not intergepted by the filter
and some of them proceed to the downstream discharge surface,
pressures are again built up on the floor between filter and
downstream discharge surface, These pressures are lower than
those that would have deveiOped without the filter. The
extent of reduction depends upon the length and position of the
filter, Uplift pressures also depend upon the depth of cutoffs,
depth of permeable soil stratum and inclination of impervious
layer,

These aspects are discussed in succeeding paragraphs.

6,2  -EFFECT OF FILTER LENGTH

A perusal of figures 2.2 to 2,6, 3.2 to 3.5 and 4.2 to
4,6 indicates that uplift pressures at points D', C', E, D
and J decrease with increase in the length of filter., However,
to clearly -bring out the effect of increase in filter length
on the pressures along the entire length of floor, the uplift
pressures for b/d, = 10, d,/d, = 1, bl/d2 = 6, T/dy = 1.5,
@ = 0° and different lengths of filter viz, f/d, = 0;1, 0.5
and 1.0 have been given in table 6.1 and plotted in figure 6.1,

The uplift pressures without filter (5) have also been



TABLE - 6.1 |
EFFECT OF LENGTH OF FILTER
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Co-ordinate of the point
with origin at upstream

Uplift. pressure as percent of total head H o
for T/d, = 1.5, b/d, = 10, bl/d2 = 6,d2/dl=l

cutoft With Filter Without
Filter
Key X/d, v/d, £/d,= 0.1 0.5 1.0 -
Point -
0.0 0.25 96.98 96.76 96.53 98,11
0.0 0.50 93,61 93.14 92.66 96.01
0.0 0.75 89,12 88.33 87.50 93,20
D' - 0.0 1.00 80,57 79.17 77.70 R7.88
0.0 0.75 73.14 71.19 69.04 83.16
0.0 0.50 70.03 67 .86 65.49 81.23
0.0 0.25 68 .57 66.21 63.81 80.32
C' 0.0 0.0 68.13 65.81 63,31 80.04
2.50 0.0 46 .86 42.87 39.20 66.94
4,00 0.0 30.80 25,49 . 20,08 56,79
5,50 0.0 12.7% 0.0 0.0 46,65
6.00 0.0 0.00 0.0 ‘0.0 43.21
7.0 0.0 7.66 4,54 2.7 36.43
8.0 0.0 6.61 3.97 2,38 29,70
9.0 0.0 5.25 3,16 1.89 23,40
L 10,0 0.0 4,48 2,69 1,62 19.95
10.0 0.25 4,42 2.66 1.60 19.68
10,0 0.50 4,22 2.54 1.52 18.77
10.0 0.75 3.78 2.28 1.37 16 .84
D 10.0 1.0 2.73 1.64 0.98 12,12
10.0 0.75 1.53 0.92 0.55 6.80
10.0 0.50 0.90 0.54 0.32 3,99
1010 0.25 0,42 0.25 0.15 1.89
?; 7.67 4,54 2,71
X;/d, 6.80 7.00 7,00
Exit d
0.017 0.006 0,074

. gradient gg 2 )
H

—

0.010
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plotted in figure 6.1 for comparison. A perusal of this
figure indicates that uplift pressures decrease with the
increase in the length of filter, along the entire length of
floor and cutoffs. The decrease in pressures along the outer
faces of the cutoffs is very small. The maximum reduction in
pressure takes place neasr the filter. .With the provision of
filter of as small a length as 0.1 d,, the decrease in
pressure along the floor downstream of filter ranges between
29,01 and 15.5 percent of the total differential head, With
subgequent increase in filter lengths to 0.5 d, and 1.0 d,,

| the further decrease in pressure is less and reduction in
pressure rangesbetween 32% to 17% and 34% to 18% of total
differentialrhéad respectively., The uplift pressuresalso
decrease along the floor upstream of the filter, A perusal
of figures2.8 and 4.8 indicates thst the exit gradient at
downstream end of floor (point B) decreases with increase in
filter length.Figuré 5.1 (¢) indicates that factor of safety
against heave below filter increases with increase in filter

length,

6.3  EFFECT OF FILTER LOCATION

From figures 2.2 to 2.6, 3.2 to 3.5 and 4.2 to 4.6,
it is possible to evaluate the effect of filter location on
the uplift pressures at points 9',C', E4 D and J. -The
uplift pressures increase gt D' and C' and decrease gt E, D
and J as filter is moved downstream from a upstream position,

However, the decrease in pressure at D as the filter is moved



TABLE - 6.2 109
EFFECT OF LOCATION OF FILTER

Co~ordinate of the Uplift pressure as percentage of total head H for
point with origin T/d2 = 1,5, l:)/cl2 = lo’d2/dl =1
at upstream cutoff e .

with filter(gz = 1.0) Witﬁout
| _filter '
Key  X/d, Y/d, 2 =60 5.0 4.0 -
Point - 2 s
0.0 0.2 96,53 96 .04 95,38 98,11
0.0  0.50 92,66 91,61 90,22 96,01
0.0 0.75 87.50 85.72 83.35 93,20
D 0.0 1,0 77.70 74.53 70.31 87.88
0.0 0.75 69,04 64,63 58,76 : 83,16
0.0 0.50 65.49 60.57 54,02 81,23
0.0 0.25 63.81  58.66 51,78 80,32
c! 0.0 0.0 63.31 53.08 51,10 80,04
2.5 1 0.0 39,20 30,38 17,01 66,94
4.0 0.0 20.08 0.00 0.0 56,79
5.0 0.0 0.0 0.00 3.87 46,21
6.0 0.0 0.0 3.22 3.60 - 43,21
7.0 0,0 2.71 2,92 3.06 36,43
8.0 0.0 2,38 2.4 2.50 29,70
9.0 0.0 1.89 1.90 1.97 23,40
E 10.0 0.0 1,62 1.62 1.68 19.95
10.0 0.25 1.60 1.60 1.66 19,68
10,0 0,50 1.52 1.52 1.58 18,77
10.0  0.75 1.37 i Az 1.42 16.84
D 10,0 1.0 0.98 0.98 1,02 - 12,12
10.0  0.75 0.55 0.55 0.57 _ 6.80
10.0 0.5 0.32 0.32 0.34 3,99
10.0 0.25 0.15 0.15 0.16 1,89
ﬁj 2.71 3,22 3.88 -
Xj/d2 7.00 6.00 5.20 -
The Value of - . -
( GE ;3) 0.0060  0.0060 0.0063 0.074
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downstream continues upto a certain point beyond which the
pressure at D starts increasing if filter is further moved
downstream. To clearly bring out the effect of location of
filter on the uplift pressure all along the floor length, the
uplift pressuresfor b/d, = 10O, do/dy = 1, T/d, = 1.5, ¢ = O?
andlbl/d2 = 4,0, 5.0 and 6.0 have been given in Table 6.2 and
plotted in Figure 6,2, The uplift pressureswithout filter
have also been given (;)_ A perusal of the figure
indicates that uplift pressures decrease on the downstream
side and increase on the upstream side of filter as tﬁe
filter is movecd downstream from a upstream position. How- -
ever, the change in pressure on downstream of filter and
along outer faces of both cutoffs is less than that on the
floor upstream of the filter. Therefore, it is advantageous
£5 provide the filter as cleose to the gate line as possible
so that total uplift on the floor downstream of the.gate line
is minimum. A perusal of figures 2.8 and 4.8 indicates that
exit gradient at downstream end of floor decrease with the
shifting of filter towards downstream cut off upto a certain
point and it starts increasing if filter is further moved
towards E. Figure 5.1(b) indicates that factor of safety

against heave below filter increases as the filter is shifted

towards the downstream cutoff.
6.4 . EFFECT OF UPSTREAM CUTOQFF

A perusal of figures 2,2 to 2,6, 3,2 to 3.,% and 4.2 to
4,6 indicates that the pressures at key points D', C', E, D



TABLE - 6.3 112

EFFECT OF UPSTREAM CUTOFF

Co-ordinate with Uplift pressure as percentage of total head H
prigin at o - ~ N
junction of for T/d, = 1.5,b/d,= 10.0,b,/b,= 6,f /d, = 10

upstream cutoff

gg{nt X/dg Y/d, dy/d; = 1 d2/dl = 2 d2/c1l = 3
0.0  0.25 96.53 94,13 "~ 91.84
0.0  0.50 92.66 8501 -
0.0  0.75 87.50 - -
0.0 -+ 1.00 77.7C - -
D! ~ ., 77,70 85,01 88,10
0.0  0.7% 69 .04 o _ -
. 0.0 . 0.50 65.49 85.01 N
g.o"=" g o  63.81 79.06 85,54
o 0.0 0.0 63.31 77 .74 83.10
2.5 -0.0 39,20 . 45.78 47.47
4.0 0.0 20.08 23.43 24,29
E 5.0 0.0 Moo LLs 0.0 0.0
G 6.0 0.0 0.0 0.0 0.0
7.0 0.0 2,71 3.16 3.27
8.0 0.0 @, 36 2.78 2.88
9.0 0.0 '1.89 2.21 2,29
E. 10.0 0.0 1.62 1.89 1.96
10.0 0.25 1.60 1.86 1.93
10.0  0.50 1.52 1.78 1.84
10.0  0.75 1,37 1.59 1.65
D 10.0 1.0 0.98 1.15 1,19
10.0 0.75 0.55 0.6 0.67
10.0 0.5 0.32 . 0.38 0.39
1¢.0 0.25 _ 015 0. 18 ' 0.19
wj 2.71 3.16 3.27
Xj/d2 Y 7.00 7.00 - 7.00
o N -
Value of ( GE g~ 0.0060 0.0070 0.0073

H
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and J decrease with increase in depth of upstream cutoff.
To clearly bring out the effect of upstream cutoff on the

pressure all along the floor, the uplift pressuresfor

b
.g_z - 10, gz. = 1.5, a';' =6, f/dy = 1, =0 and 4, /d, =3.0,

20 and 1 are given in table 6.3 and are plotted in figure
6.3, The figure indicates that the pressures decrease all
along the floor and cutoffs with increase in depth of up-
stream cutoff. The pressure at junction eof floor with.up-
stream cutoff (point C') decreases from 83.10% to 77.74% and
63.31% of the total differential head if the depth of
upstream cutoff is increased from 0.33 d, to 0.5 d, and
1.0 d2 respectively, However, the decrease inm pressure on
downstream of filter is insignificant. VFigures 2.8 and 4.8
indicate that exit gradient also decreaseswith increase in
depth of upstream cutoff, The factor of safety against
heave below filter increases with increase in depth of up-

stream cutoff.

6.5 EFFECT Of DOWNSTREAM CUTOFF

To see the effect of downstream cutoff on the uplift
pressures below the floor, the uplift pressures for b/dl =
20, T/d; = 4, b /d, =12, f/d; =2, ®=0% and d,/d, = 1,
2 and 3 are given 1n table 6.4 and are plotted in figure 6.4,
The results indicate that uplift pressures increase all
along the floor with increase in depth of downstream cutoff,

though the increagse in pressure is very small, Figures 2.8



TABLE - 6.4 115
EFFECT OF DOWNSTREAM CUTOFF

(o~ordinate of point Uplift Pressure as percentage of total head H

with origin at - = - -
Lupstream cutoff for T/dl = 4, b./dl 20.0,bl/dl = lZ,f/dl— 2.0

gignt X/d,  Y/d, dy/d, = 1 d,/d; = 2 dy/d; = 3
0.0  0.33 95.88 ’ 95.88 95,88
0.0 0.66 91,15 91.16 91.17
D 0.0 1.0 84,2} 84,22 84.21
0.0 0.66 79.59 79 .61 . 79.63
0.0~ .0.33 77.67 | 77,69 77.11
C! 0.0 0.0 77.09 F7.18 77.14
4.0 0.0 54,30 53,44 53,49
8.0 0.0 24,86 24,91 | 24,98
10.0 0.0 0.0 0.0 0.0
120 "0.@ 0.0 0.0 0.0
14,0 0.0 T 4,60 4,88 5.23
16.0 0.0 4.00 4,46 5.03
18,0 0.0 2.91 . 3.62 4,41
E? 20,0 0.0 2,04 Swil2 f 4,09
20.0  0.33 1.82 3,10 4.08
20.0 0.66 1.99 3.05 4,05
20.0 1.0 1,41 2,95 | 3,99
20.0 2.0 - 1.99 3.64
20.0 3.0 ~ - 2.43
20.0 2.0 - 1.99 1.08
20.0 1.0 1.4) 0.70 0.48
20.0 0.66 C0.79 0.45 0.31
20,0 0.33 0,37 0.22 0,15
¢j 4,60 4,89 5 .29
xj/dl 14,00 14,40 14,40 _

Exit gradient
d
(GE) 0.0107 0.0065 0.0046
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and 4.8 indicate that the exit gradient at the end of the floor
(point B) decreases with increase in depth of downstream cutoff,
The effect of downstream cutoff on the factor of safely against

heave below filter is insignificant.
6.6 EFFECT OF DEPTH OF PERMEABLE STRATUM

A perusal of figures 2,2 to 2.6, 3.2 to 3.5 and 4.2 to
4.6 indicates that the uplift pressures at points E, O and J
decrease while those at D' and C' increase with decrease in
depth of permeable stratum. To clarify the effect of depth of
permeable stratum, the uplift pressure for b/d, = 10.0, dy/d,=
2.0, by /d, = 6.0, £/d, = 1.0, 8 = 0° and different depths of
permeable soil stratum viz, T/d2 = 1.1, 1.5, 2 and i"have
been given in table 6.5 and plotted in figure 6.5, The up-
lift pressure for infinite depth of soil stratum have also
been shown (6). A perusal of the figure indicates that
uplift pressures decrease along the floor except along the
upstresm cutoff and some portion of floor near it wiih
decrease in the depth of pervious stratum, The maximum reduc~
tion in pressure takes place downstream of filter. The reduc-
tion in pressure upstream of filter is less as compared to down-
stream of the filter. The maximum.pressure downstream of the
filter reduces by 7.2%, 11.8%, 13.5% and 15.2% of total
differential head, while increase in pressure at C' is 1.33%,
2,11%, 2.74% and 3.3%% of total differential head, if the
depth of pervious stratum is reduced from infinite to 4,2,1.5%

and 1.1 times of depth of downstream cutoff respectively,



TABLE - 6.5

EFFECT OF DEPTH OF PERVIOUS STRATA
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Cowrdinate with

origin at

Upstream cutoff

Uplift pressure as percentage of total head H

for b/d, = 10,b, /d,= 6,d2/gl= 2,0, f/d2 = 1,00

Key X/d2 Y/d2

T/d)=1.1 T/d,=1.5 T/d,=2.0 T/d,=4.0 T/d, =dC

Point
0.0 0.18 96,18 95.75 95.80 95,10
0.0 0.37 91,36 90,41 92,00 88,70 ;
D! 0.0 0.50  85.94 85,01 84,22 83.41 82,50
0.0 0.37 81,63 81,00 80,20 79,10
0.0 0.18 79,06 78 .50 77.80 77.00
c' 0.0 0.0 78.35 77.74 77,11 76.33 75,00
2.0 150 52,54 53.06 . 53,44 54,25
4,0 0,0 21,87 23,43 24,91 41,79
5.0 . 0.0 ~0.0 0.0, T OO 0,0
6.0 0.0 0.0 0.0 0.0 0.0
7.0 0.0 1.73 3,16 4,88 9.38
8.0 . 0.0 1.51 2,78 4,46 9.50
9.0 0.0 1.22 2,21 3,62 8.29
E 10.0 0.0 1.05 1.89 3,12 7.38 15.0
10.0° 0.25 1,04 1.86 3,08 7.30
10.0° 0.50 10.99 1.78 2,95 6.98
10.0  0.7% 0.91 1.59 2,64 6.63
D 10.0 1.00 0.60 1.15 1.99 5.18 12,0
10,0 0.75 0.30 0.64 1.18 3,40
10,0 0.5%0 0.17 0.38 0.70 2.50
10.0  0.25 0.09 0.18 0.33 0.96
95 1,74 3.16 4,89 9.73  19.0.
Xj/d2 6,80 7.00 7,20 7.40 7.70
dy ‘ _
GEmim 0.0030 .0070  0.0131  0.0381
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The figures 2.8 and 4.8 indicate that the exit gradient at
end of floor alsoc decreases as the depth of perviocus soil
stratum decreases. The factor of safety against heave below
filter increases with decrease in depth of pervious soil

stratum,

6.7 EFFECT OF INCLINATION OF IMPERVIQUS LAYER

The perusal of figuresd,2 to 4,6 imdicates that the
uplift pressure increases at all the key points pr, C',
E, D and J with increase in inclination of impervious layer,
To clerify the effect,the uplift pressures for b/d, = 10,
dz/dl =2, b /d, = 6, £/d, = 1, T/d, = 1.5 and different

© 20° and 30°

slopesof impervious strata, viz., 8 = OO, 10
have been shown in table 6.6 and are plotted in figure 6.6,
The results indicate that uplift pressureﬁ increase all
along the floor with increase in inclination of impervious
layer, . Thé increase in pressure upstream of filter is less
as comparéd to increase in pressure on downstréam of filter,
The maximum increase in pressure downstream of the filter is
4,3, 8.4% and 12% of total differential head while maximum
increase on upstream of filter is 5.2, 7.6% and 9% of total
differential head if the inclination is increased from'OO to
10°, 20° and 30° respectively. Figure 4.8 indicates that
exit gradient at end of floor also increaseswith increase in
inclination of impervious layer. The factor of safety

against heave below filter decreases with inerease in

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

Co-ordinate with - Uplift p.ressu_fe as percentage of total head H
origin at for /4, = 1.5, & /d2 = 10,b,/d, = 6.£/4,
upstream cutoff nd d2 dl = 2
Rey - x/d, Y/4, 6 =0 o =100 @=20 ©=30
Point .
0.0 0.20 X 94.80 94.80 -
D" 0.0 0.50 85.01 84.92 . 85.17 84.83
0.0 0.20 - o 79.32 79.60 -
c! 0.0 0.0 77.74 78.49 . 78.80 78.94
2.0 0.0 53.06 56,80 58.25 59,03
4.0 0.0 23.43 28.66 31.07 32,43
5.0 0.0 0.0 0.0 0.0 0.0
6.0 0.0 0.0 0.0 0.0 0.0
7.0 0.0 3, Tel T.41 § Latd1.07 A5
8.0 0.0 2.78 7.08 11,22 14.79
9,0 0,0 7 08 5,92 9,77 13.34
E 10.0- 0.0 '1.89 5.17 8.69  12.06
10.00  0.25 1.86 5,11 . 8.59 11,94
10.0 0.5 1.78 4,90 8.28  11.54
10,0 0.75 - 4,44 7.58 10.65
D 10.0 1.0 1.15 3,34 5.89 8,55
10.0 0,75 ¥ 1,80 3,19 4.70
10.0 0.5 0.38 1.07 1.91 2.81
10,0 0.25 0.18 9.51. 0.90 1.33
g, - . L
. 3.16 . ..7.50 11,48 14.89
x.j/d2 7.00 7.20 7.40 7.80
5 _ —
GE == . 0.0070 0.0201 g.0357 0.0525
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6.8 EFFECT OF STRATIFICATION
To see the effect of stratification on the uplift

pressure, the uplift pressuresbelowthe floor withintermediate
filter and two cutoff with b/d, = 10, d2/dl = 2, bl/d2 =5,
f/d2 = 1, founded on stratified foundation of two pervious
layersof equal depth (T = l.5d2), with different permeabi-
lity, (kl and k2) have been shown in table 6.7 and are
plotted in fiqure 6.7 for k2/k1 = 0.1, 1.0, 10.0 and 100.0
The results indicate that the pressures close to filter
increase while along upstream cutoff and in some.part of the
floor close to this cutoff decrease as the permegbility of
lower layer is incre;sed. The increase in pressure down-
stream of filter is very large as compared to-increase in
preésure upstream of the filter. The maximum pressure down-
stream bf filter is increased by 13% and 27% of total
differential head if the permeability of lower layer is
increased to 10 & 100 times of the permeability of the upper
layer and decreased by 4% if the permeability of lower layer
is reduced to 1/10 times of permeability of the upper layer.

This indicates that filter is not very effective if the
structure is founded .on stratified layer with lower layer

being more pervious as.compared to the uppte layer.



EFSECT OF STRATIFICATION

CO-oFdinate with Uplift pressure as percentage of total headH
E;ig;ZaatCutoff "for'T/dz = 3.0, b/d2 = 10, dz/dl = 2.0,
v/d, = 6.0 ’
ey . X4,  Y/4, Ry/ksy % Ko/ k¥
=0,10 = 1,0 - =10,0 = 100.0
0.00  0.25 93,78 93,01 91,06 88.81
D .00 0,50 84,94 83,35 79,38 74.67
0.00  0.25 79.43 77.90 74.14 69.29
c 0.00 0,0 78,00 76.51 72.82 67,97
1,00 .~ 0.0 67.56 66.70 64,60 - 60.59
2,00 0.0 53.35 53.95 55,50 54,07
3.00 . 0,0 38.91 41,01 46,37 47,89
4,00 0,0 23,91 26,80  34.21 37,78
5,00 0.0 0.0 0.0 0.0 0.0
6,0 0.0 0.0 0.0 0.0 0,0
7.0 0.0 3,68 7.59 19.84 30.54
8.0 0.0 3.3 o0 7.40 21.25 34.94 °
9.0 0.0 2,60 6.26 13.69 34,63 .
E 10.00 0.0 2.3 5,51 18.30 33.44 |
| 10,00 0.25 2,25 5.44 18.17 33.31
10,00 0,50 2.14 5.24 17.75 32.87
10,00 0,75 - 1.92 - 4.79 16,80 31.76 -
D 10.00 1,00~ 1.42 3,72 14.34 28,66 |
10,00 0.75 0.82 2.217 9.44 19.54
1000  0.50 0.49 1.38 5.96 12,58
10.00  0.25 0.23 0.66 2,92 6,21
ﬁj ' 3.68 7.74 21.33 35,14
X;/d, 7.00 7.40 7.80 8,40 -
op 2 ' 0.0091 .0262 0.1160  0.2473
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CHAPTER - 7
CONCLUSIONS AND R ECOMMENDATIONS

7.1 CONCLUSIONS

Exact solutions have been obtained for the problem of
fwo dimensiongl seepage flow brelow a hydraulic structure
founded on permeable scil of finite depth with the help of
conformal mapping for the following boundary conditions.

a) A flat floor with two partial cutoffs at ends
and a horizontal filter of finite length locat~
ed anywhere between the two cutoffs.

b) A flat floor with fully penetrating cutoff at
the downstream end of the floor, partial cutoff
at the upstream end of the floor and a horizonta-
al filter of finite length located anywhere

between the two cutoffs,

A numerical solution has also been obtained for seepage
flow below a structure founded on permeable soil under lain by
a sloping impervious stratum by finite element method for the

boundary conditiors specified at (a) above.

The equations derived have been used for the computa~
tion of pressures at the key points and exit gradient at the
end of floor. The results have been plotted in the form of
design curves for various combinations of parameters involved,
The effect of various parameters on the uplift pressures and

exit gradient has been studied.
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As discussed in Chapter & the uplift pressuresreduce
considerably along the entire profile of the structure with
the provision of filter of even very small length. The up-
lift pressures reduce with increase in the length of filter,
However, further re¢duction in pressures with subsequent
incresse in length of filter is less as compared to initialf
reduction. The exit gradient at end of floor alsc decreases
considerably with provision of filter. The uplift pressures
decreaée on the downstream side and increase on the upstream
of the filter as the filter is moved from upstream to the
downstream side. The filter should be located clese to the
gate line to minimise the uplift pressure downstream of the
gate line. Exit gradient at the end of the structure
decfeaées with shifting of filter towards the downstream cut-
off upto a certain point and then starts increasing with

further shifting towards the downstream end.

Uplift pressure decreases with increase in depth of
upstream cutoff while it is reverse for the downstream cutoff,
The increase in pressure with increase in depth of downstream
cutoff is very small, The exit gradient at end of floor
decreases with increase in depth of either cutoff., The effect

of downstream cutoff on the exit gradient is more pronounced,

The uplift pressure decreases along the floor except
along the upstream cutoff and some portion of the floor near
it, with decregse in the depth of pervious strata. The

maximum reduction takes place on downstream of filter.
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The exit gradient at end of floor also decreases with
decrease in the thickness of pervious stratum, The uplift
pressures all along the floor and exit gradient at end of
tloor increase with increase in the inclination of the lower

impervious layer.

The filter is less effective if the structure is found-
ed on stratified soil with lower layer more pervious than the

upper layer,

The design procedure based on present work has been
illustrated by an actusl example of Narora barrage in Uttar-
pradesh (appendix A=l) and the section proposed is compared
with the actusl section provided at site, The volume of
concrete is considerablY reduced by providing a filter of
2.5 m length. Because of reduction in eoncrete thickness
the excavation is also reduced Tesulting in considerable

savings.

7.2 RECOMMENDATIONS

- Intermediate filter should be provided below the
hydraulic structures to reduce the uplift pressuresand exit
gradient at downstream end of the structure and thereby
afford reduction in cost of structure, A lot of relliance
is placed on.proper functioning of filters in case of earth
and rockfill dam, though it is not possible to take any
remedial measure if the filter gets choked.lh the case of

hydraulic structures like barrages.it is possible to adopt
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some remfdial measures if the filter gets choked. It is
therefore reéommended that the filter should be relied upon
for release of uplift pressures below hydraulic strdctures
tounded on permeable soil. If the filter is properly design-
ed and constiructed, there should be no posgibility of failure,
In order to monitor the behaviour of the filter, piezoﬁetric
pipes should be.provided and a record of uplift pressure

below the structure and seepage discharge through the filter

should be kept.

In actual practice the filter would not be of negli-
gible depth as assumed in the analysis. However, for design
purposes it would be safe to assume the filter to be of

negligible depth.

7,3 SCOPE FOR FURTHER WORK

The work presented in the thesis may be extended as

follows:

3) Solution of seepage below a flat floor with two
end cutoffs and a deep drain founded on finite
or infinite depth of pervious soil strata.

b) Solution of seepage below s depressed floor with
a sloping glacis, two end cutoffs and a filter
founded on pervious soil of finite and inf;ﬁite
depth, |

c) Solution of seepage for anisotropic soil strata

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



APPENDIX = 1

ILLUSTRATVE EXAMPTE

A-1.1 Gonoral

The foundation of Nerora barrsge consists of fine sand
to ﬁedium gand underlain by a stiff clay layer at a depth of
about 7,0 m below river bed, The design procedure based on
the presént work hes been illustrated by redesigning the floor
of Narora Barragé with a horizontal filter. The uplift pressures
below the floor and the exit gradient with and without filter
have been workd out ond comparcd, The existing floor thickness
provided %o withstand sagainst uplift pfessure vithout filtcer
has been compared with those with filter to have an idea of
reduction in excavation and volumé of concrete with the pro-

vision of filter,

A.,l,2 Details of Bxisting Barrege

Narora berrsge is located across the river Ganga ot
Narora in Bulandshéher District of Uttar Pradesh, It is dew-
signed to pass a flood discharge of 14150 cumecs, It is 924 .2m
long end consists of T wndersluice bPeys €ach 15.2 m wide se-
parated by 3,1 m thick piers end 54 berrage bays 12,2m wide
geparcted by 2,4m thick piers, The canal hesd reégulator ic
inclined at an angle of 107? with the borrsge sxis end consists
of 7 bays of 7.6 m 8ach scparatud by 1.52 m thick piers. Thé

cens) cearriee s discherge of 165 cumecs,
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The barrage portion ig designed for a flood discharge of

lll320 cumecs with an afflux of 0,91 m, The oistern level 1is
worked out gsuch that hydraulic jump is forming on the gleacis
for all discharges, The length of cistern is itept apprY Oxi=-
mately equal to 5,5 times the height of hydraulic jump, Up-
gtream sheet pileée has been provided for the scéur corresponis-
ing to 1,05 times ‘of scour depth R below high flood level,
Downstream sheet pile has been provided for the scour corrcg-
ponding to 1,20 times the scour depth R below thé high flood,
Lower value of factor of gafety against scour hss been taken
due to the clay layer encowmtered at a shallow depth (RL

167.38 m). Concrete blocks over the filter end launching

apron have been provided on upstresm and downstreem of the
floor to safeguard against scour and heave, The floor length
hes been provided to0 ebtain an exit gradient equal to 1/6 at
'downstream end of the floor, The uplift.pressures cn the floor
snd the exit gradient have been worked out from the Khosla's
curves, Gfavity floor has been prdvided and the maximum tﬁick—
ness of concrete at toe of glacis worked out to 3,0 m, The
hydraulic profile and the uplift pressureshave been checked om
models by U.P. Irrigation Research Institute Roorkee, It was
found that the observed uplifi pressureg on upstream side of
floor are slightly more and on downsircam end are legs than
calculated pressures by Khosla's curves, The section of exist.
ing barrage is snown.in figure A=1,1. The uplift pressure

line is also ghown in this figure, The gslient features of the

berrage bays are as below,
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Upstream high flood level 180,79 m
Downstream high flood level 179,88 m
Pond level | 179,26 m
Crest level | , 176,20 m
Upstreem floor 1evé1 175,61 m
Downstream floor level 173,78 m
Bottom of upstream sheet pile 171,65 m
Bottom #f downstream sheet pile 169,51 m
Total floor length 43,16 m
Length of cistern ' 19,20 m

Slopeof glacis 3HeIV

A.1.3 Design With Filter

The hydraulle profile downsiresm pof crest has been kept
geme as for existiné berrage, An intermediate filter of 2,5 n
length is provided at a distance of 23,00 m from the downetrcauw
end, The length of upstream floor has Yeen reduced to 4,71 m
go that total floor length is 54,16 m, Total length of the
floor has beeﬁ reduced by 14.0 m, The thickness of floor has
been kept as 0,9 m which is consi&ered to be the minimum
required from practical oopsiderationg, details of the floor

are gshown in figure A-1,2,

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

are calculated from figures 2,2 to 2,6 and are ag below

For upstream cutoff

il

T
b

175,61 = 167,38 = 8,23 n
34,16 m

t
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171.65 = 3.96 m
169,51 = 6,1 nm

1.35

5.6

1083

.41

b ‘
From figures 2,2 and 2,3 for b/’d2 = 5, a$-= 1.83,

l

¢!=

2

0.41, d,/d; =1,54 and T/d, = 1,5

42 o,
67 7/,

Correction for thicknesg = (67=42)X 0,9 _ 5.7 .

3.6

Corrected value of preéssure atthe junction of upstreanm

sheet pile with floor, ¢

For d ownstream outoff

Il

h

—
—_

il

= o] Hy -3 o 3
—
il

Il

173,78
34,16
11.16
2,5

173,78

173,78

m

m

m

cf 42 + 5«-! = 47.7 f,

167,38

6.4 m

171,65 =213 m
169,51 = 4,27 m



T |
- 6,4 _

2 T I3 T 10
;b__-_ = éﬂ&l‘-@ = B8
%2 4,27
b

1 . 11,16 .

g, = Tz T ocesl
f 2 .50 |
a’; a an27 =i 0“58
d
2. = 4,27 _

1 -
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From figures2,4, 2,5 and 2,6, 2,7 and 2,8

b
For (—1—12-— = 2.61,%=1.5,

end b/d2 = 5 and 10,

g = 3.6 % for v/fd,
7.5 ¢, for b/do
dD K 2-»2 o/a for b/d2

4,8 Y, for b;-fd2 =

Interpolating linearly
= + S A

4,8 - 2,2

e e e e

= 2
g 2+ :

D

Correction for thicknessg

Corrected value of pressure at

2 1
= 10 and
= 5
=10 and
= 5

x2= 5,16 for b/d;,2 = 8

x 2 =3,76 /. for b/d, = 8
= .S,al..@a.:%sl-@ x 0.9 = 0,3

junction of downstream cutoff

"with floor “E = 5,16 - 0,3 = 4,86 ¢,

;

9 %/, for b/d, = 10 and

10 /, for bfd, = 5
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XA, = 3.4 for by =5 end
3.8 for b/d, = 10

Interpolating linearly

dj = 9 o L%:Q X 2 = 9.4 y’ for b/dz = 8

X./a, = 3.4 +%2% 3 =354 for v/a, =8

j 2 L g. a 2

xj = 3,54 x 4,27 = 15,11 m from u/s cutoff.
dy

Gf?ﬁ— = 0,015 for b/a2 = 10 and

0.02 for b/a2 = §
Interpolating linearly
d
2 .

GE g = 0,015 + 9393_g~91912 x 2 =0,017 for b/d2 = 8
U/S water level = 179,26 m
D/S water level = 173.78 m

il

Total Head 179.26 - 173,78 = 5,48 n

TABLE-A-1,1: UPLIFT PRESSURES

Point Percentage Head above klevation of
head . D/8 floor(m) energy line(m)
D! 67.0 3,67 177,45
¢! 47,7 2,61 176,39
2 4,86 0,27 . 174,05
D 3.76 0.20 173,98

J 9.49 .51 174,21
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The uplift pressure lines with filter and without filter
are shown in figure A-1,2, It is clear from figure that uplift

pressures are reduced congiderably,

The floor thicknessgs required cn downstream of filter

. 0L
W 0.39 m

A minimum of 90 cm thick floor is provided

The exit gradient at downstreeame end

¢E = 0,017 x I~

o 52
= 0,0LT x g*%g = 00,0218
= %3 (Safe)

The section is shown in figure A4-1,2, The details of
filter are algo shown in. fig, A-1,2, A drain pipe of 150mn dia
ghall be provided with open joints and the outlet shall he

provided on the Chute blocks to reduce the chences of choking

The uplift pressuresare also worked out for the above
profile for filter length of 0.5, 1.5 and 5,75 m end are given
in Table A-1,2, shcad. The upliff{ pressure for the proposed

floor without filter are elso shown in the table,

It is seen from.the table that even with a filter length
of 0.5 m length,the uplift pressures are congiderably less znd -
the proposed concrete thickness is sufficient to withstand the
pressures, However, it is suggested that a2 filter length of

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

uplifs pressures,

TABLE-A-1,2 : UPLIFT PRESSURE AS PERCENT OF TOTAL HEAD '
FOR DIFFERENT FILTER LENGTHS3

e——

Filter TIength

o —- With

0,5 m 1.5m 2.9 m 3,75 m filtggt

Igr 53,02 49,21 45,883 41,58 74,40
Iyr 70.78 68,50 66,56 64,14 79,00
O 6.75 5,05 4,06 3.17 28,83
s 4335 5,29 2,64 2,06 22,00
g5 14.60 10,91 8,72 6,78 52,47
X/a, 3.8 5,50  3.59 3.59 3.59
a, '
GE g~ 0,0259 0,0196 0,0157 0.0123 0,149

A.1.4 BSavings In Concrete

By providing the filter below the glacis, the floor
thickness 1is reduced from 2,6 m to 0,9 m at toe of glncis end
1.2m 00,9 mat the end of floor, The length of upstream
floor is also reduced by 14 m, The total concrete volume is
rednced to 41,2 mj/m length of barresge from 73,8 m3/ length of
barrsge i,e, a reduction of nearly 44 °/ in concrete volume,
Because of reduction in floor thickness, the excavation qQuan-
tities and dewetering efforts arxe alsé reduced considerably,

Therefore, net saving will be substrntial,



APPERDIX: A=2Z,1 PAGE: 1

FLOOR FOUNDED ON pERVIOS FOUNDATION QF FINITE DEPTH
KRR R R AR AR AR R KA R R RN ER R AR RRA KRR R AL X

DFL= A TRAMSFUORMATION PARAMETER
SIGHA= -D0~
El= D)=
ROE= -00-
ALAR= ~DO=-
AGz ~D0
T= -D0-

N= NUMBER OF STRIPFPS FOR INTEGRATION, IT IS AN EVEN NUMBER
M= | FOR LAST DATA SET OTHERWISE = 0

Nhez] w0 -
M=y D=
COMMOMN/AL/ZAJ

CUMMON/AZ/AF, 4G, ENU
COMMON/AZ/THETA, X, Y ,Z,W,Wd, VING
CUMMODN/AL/SUMX, SUNY , SUMZ
COMEON/AS/ALAY, ROE
OPENCUNLIT=1,DEVICE='DSK! ,FILE="PHD,DAT")

Wy e W s T My Y BN PN M R e SR ol TR R T g gy S TD TR SR B ER ED MR B Nk e g TS P AW Ay e by gy Ay W

11 PRI&KT 92

ey e Ay o oy B o O oy gy S g VR Y S gy NN e

READ (1,90)N

T e W T A R PR P oan W e 0w B e sy TR A A oy e wE

K31 READCL,102)DEL, STGHA,EMU,H
PT=3.1415926
X=20.0 !Y=DEL ;Z2=STGMA ;w=EMU ;THETA=0,0
CALL ALRD(N)-
52=5UmX ;S1=SUMY ;S3=SUMZ
X=S1GAA JYZEMU ;Z=0.0 ;»=DEL ;THETA=0,0
CALL ALRO(N)
S5%=8UMX ;S4=SUMY ;56=SUMZ
C1=(53%55-86%52)/(51%85-54*52)

L C2=(86*%51=53%54)/(52*54~55%581)

FUN=CL1¥C1=4,%C2
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01

5

105

00

APPENDIX: A=2,.1 PAGE:

IF (FUK)1000,1001,1001

PRINTIN02,DEL,SIGMA, ENY,FUN

G0 T01100

Fun=sQRT( FUN)

ROE=0,5*¥(C1+FUN)

ALAkK= ,5¥(C1~FUN)

IF(ROE.LE.SIGRAIGD TO 9¢7
IF(ROF.GE,EMUXGO TO 9G7

IFCALAK.LE,0.07G0 TQ 907
IF(ALARM,GELDELIGO TO 907

X=SIGKA YSEMU ;2s0.0 :w=DEL
THETA=ASIN(SART((ROE=~SIGHRE) /(EMU=SIGMAY))
CALL VINGT(N)

D2H=VING

X=0.0 ;Y=DEL ;Z=SIGMA ;wW=FMl

THETASASIN (SORT(ALAM/DEL))

CALL VIAGT(H)

DiM==VING ;DID2=DIN/DZNM D2DI=D2M/DINM
A=pEL $Y=SIGKA :2=0,0 Iw=EMU ;THETA=P1/2.
CALL VINGT(n)

BM=VING 2BD2=BM/D2M ;BDI=BM/DiM

Tr==0,5%PI*(1,=ALAM)*(1.~ROE)/SQRT((1,-DEL)Y®(1,~SIGMAY*(1.=EMU))

TO2=TM/D2K iTDI=TA/DINM

T e e N TR g P BT SR 0 oy et e Y e O VR O I TR AN TR SR O IS N o g em W R W e TR BN T O AR e G oy e

PRIKT 96,DEL,SIGHA,EMU, ALAK,ROE,T™N1,TD2,BDYL,BD2,D2018

W vy B g Sy iy g ) TR T MR T gy g B R BN WS AR AT M R G e g Sy S T v mw G R S der G T TH W T B A e am o TS B

PRIKT 9417

AN B W gy W e B PR TP b 0% ey e oy W o e e Bl By B A by ey e B W BN AR S ER W MR A WS W W PR am - e

READC(L,97)AG, BN

INDEX=1

T=AG

THEYA=ASIN(SQRI ((T=DELI/Z(SIGMA=~DEL)))
X=DEL Y=SS5IGMA :2=0.0 RZEMU

2
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902

APPENDIX: A-2.!

CATL VINGT(N)
JFCINDEX.EG.2) GO TN 9Q2
BLh2=sVING/DIM

INDEX=2

READCL,97) T,HM

GO T 900

BIFD2=VING/D2M
Fp2=BiR2=BlFD2

AF=T

PR ERKAEERE AR R AR KRR F R kL Tk,

PRESSURE CALCiULATION

TR EEERRRERERRR ALK ER R KRR ERE Ry

WW=1,0

CALL CALAJ(L)
IF(AJ.LT.AG) STOP

IF (AJ.GT.EMI)STOP
THETA=0,0

XK=0.0 FYSAF ;ZSAG ;W=EMU
CALL VINT(HN)

VINTO=VING

THETA=ASIN(SORT(ALAM/AF)?
CALL VINT(H) -
PD1=VING/VINTOD
THETA=ASIN(SOART(DEL/AF))
CALL VINTCN)
PCL=VING/VINTD

X=AG ;Y=EMU ;Z=0,0 ;W=AF

THETASASIN(SART((AJ=AG)/ (EHU~AG)))

CALL VINT(N)
FJz=VING/VINTO

THETA=ASIH(SQRT((SIGHA~AG) / (ENU=AGI )]

CALL VINT(N)
PE==VING/VINTO

THETA=ASIN(SQRT((RDE~AG)/(ENU=-AG)))

142

PAGE:

3
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APPEMDIX: A=2.1 PAGE: 4

CALL VINT(HN)
Ph=~VING/VINTO
BT EEES SIS LSS ES LSRR E S 4 ]
CALCULATION OF EXIT GRADIENT
SRR ER KR AR RE R AR g bR AR KR AR
T=1,01*%AF
Jzed

708 TERML=(T=DEL)*(T~SIGMA)*(1,~T)

TERIZ=C(T=AF) *(T=AG)*(1,~DEL)Y*®(1,~SIGHA) ¥ (1 ,~EMU)
TERM=SOURT (ABS (TERML/TERM2) )

GT=0.5*PI¥ (1, =ROE)* (1, ~ALAM) ¥ (T~AJ)*TERM/ (VINTO* (T~ALAM) ¥ (T=ROE) )
GD=GT /TN

IF(J)7u9,710,711

709 GEF=GD

JE
T=Q,99*%AG
GO TD 703

710 GEG=GD

J=sg
T=EMU
GO T3 708

711 GEB=GD

712

IREFREERRFRRFERR R Rk FRRFREK
CALCULATYION DI DISCHARGE
TEERKREREERKEK A RFRERREERKRN ]
X=AFY=AG:2=0.0;W=EMU;THETA=0,0
CALL VINT(N)
01=VIHG/ViNTD
K=EMU 2Y=1.0 1Z=0,0 [w=AF JWW=AG ;THETA=0.0
CALLs YINT(N)
LZ201=VING/VINTO
:11*#ttgtm*#*t##*x**i**x**t*t#*t##:
LOCATION OF POINT 'J' IN Z=~ PLANE
SEEERK AR ERER AR KR TR KRR g
TF{AJ=~SIGMA)T713,712,714
XJap2=p2 1 XIDh2=0,0
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APPERDIX: A-2.1 PAGE: 5

GO TO 715

713 THETA=ASTH(SART{ (AJ=DEL}/(SIGKA~DEL)))
XsNEL ;Y=SIGMA ;2=0,0 ;W=EHMU
CALL VINGT(H)
XJID2=VING/D2H ;YJD2=20,0
Go TQ 715

714 L=5IGHA ;Y=EMU ;7Z=0,0 ;4WsDEL

THETA=ASIN(SGRT ((AJ=SIGHMA) /(EMU=-SIGMA)})
CALL, VINGTON)
YINa=vIaG/N2ZH ;XJDZ=8BD2

C U s R kT R ey U i s O e R Rk A e o o e A P L e ot o OB A e e

715 PRINT 716,AG,AF,Ad,B1D2,F02,XJ02,YJ02,001,PCt,PJ,PE,PD,GEF,GEG,
L GEB,Q1,02al '

C - e g T g T A OV P g U SR T A S me TS S R my B T M RO S A s T SN PR TR SR S G0 D T SN Y AR SR g B ) RS G SR SR R A Ey e g A TR e M A

717 IF(MM)801,8901,904
904 IF(NN)905,905,1100
907 PRINT 908,ALAM,ROE
1100 IFCK)9L,91,108
908 FORMAT(6QX,2F7,5)
84 FORMAT(15)
92 FORMAT(//8X,SHDELYTA,SX,SHSIGMA, 5X, IRMUE, 7X, SHLAMDA , 5X, 3HRUE, 81,
I 4HT/D1,6X,aHT/D2,6X,4HB/DL,6X ,4HB/D2,6X,5HD2/D1)
102 FORMAT(3F10,5,11)

102 FORMAT(1SHFUH IS NEGATIVE,AF19,6) .

917 FORMAT(/4X,2HAG,7X,2HAF, TX, 2HAJ, 7X,SHB1/D2, 3%, 6dF/D2, 2X, SHXJ/D2, 2X,
L SHY.J/D2,3X,31PD1, 4X, 3HPC1, 4K, 2HPJ, 5%, 2HPE, SX, 2HPD, 4x, 3HGEF, 4X,
2 3HGEG,4X, 3HOER, 3X,21H01,4X,5H02=01/)

a6 FORMAT(/SX,5F10.7,5F10,4/)
97 FORMAT(F10.7,15)
716 FORMAT(2X,3F9.6,14F7.3)

108 CLOSECURITS)
PRINT 98,N

98 FORMAT(//Z10X, #kxexkkyer Nz, T4,' Sekkakesxskss!)
STOP
END
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SUBROQUTINE VINT(H)
COmMON/AL/AM
COMMOL/AZ/THETA X, Y, 2,W, %%, VING
AN=N

PI=3,1415926

Hz (Pi% 5=THETA) /AN
SUY=0,0

M=p+]

poo20 I=1,M
HFz4~2%(I1-1/2%2)
IF(I=1)21,21,22
IF(I=")23,21,21
af=y,

Al=I=]
BETASTHETA+AI*H
SI=SIN(BETA)
T=(Y=X)*SI*¥S51+X

Flil= (AJ=T) /SQRUTCABS((T=2)*{D-uw) ¥ (Wu=T)))

SUM=SUMAFUN*WF
CUNTINIE
VING=RIIM*H/ 3,
KETURN

ERD
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APPENDIX:

SUBROUTINE CALAJ(N)
COMMON/AL/AY
COMMON/A2/AF ,AG,EMU
AN=N

A=0. ARSEMU=-AG :PI=3,1415926
SUMA=Q, 0 5UNR=0, 0

H=PL*0.5/AN

M=N+1

RO 20I=1,M

AF=4=2%(L[~1/2%2)
IF(I=1)21,21,22
IF(I=M)23,21,21

WE=1

Al=I-]

THETASA+AI*H ;SISSIN(THETA) ;T=ABXSI¥SI+AG

FUR=SGRT(T* (T=AFI%(1.=T))
FUNL=L. /FUN

FUN2=T/FUN
SUMA=SUMA+WF*FUNY
SUMB=SIUMB+WF¥FUN2
CONTINUE

AJ=SUMA/SUHA

RETURHN

£ND

A=2,1
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APPENDIX: A=2.1 PAGE: 8

SURRMUTINE VINGT(N)
COnuON/AS/ALAY, ROE
COMMON/AI/THETA, X, Y, 2, %, WA, VING
A=y

PI=3,1415926

H=THETA/AN

SUM=p,0

Mzt

DO 20 I=1,M

WP =4=2%(I~1/2%2)
IFCI=-1)21,21,22

IF(T=%)23,21,21

wE=1,

AI=I=1

BETA=AI*H

SI=SI14(BETA)

T=(Y=x)*SI*51+X i
FUN(T-ALAM)}* (T=ROE)/((1.-TI*SQARTLABS{((Z~TY*(W=T})11)
SUM=SUK+FUN®WF

CONTLIRITE

VING=SUARH/ 3,

RETURN

EiD
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APPEHDIX: A=2.1 PAGE: 9

12

13

SUBROUTINE ALRO(H)

COMMON /A4/5UAX, SUAY,SUMZ
COMMOK /R3/THETA, X, X, 2,0, WH, CING
AN=H

PI=3,1415926
H=(0,5%PT-THETA) /AN

SUMX=0,0 ;SUMY=0,0 ;SUMZzZ0.0
M+

DO 2% I=1,M

WES4~2% (T«1/2%2)
IF(I~1)21,21,22
IF(I=5)23,21,21

WF=1,

ATSL~g

RETASTHETA+AL#H

SI=SIN(BETA)

TS (YmX)*STHST+X

FUHS({.~T)*8ART((Z=T)*(4=T))

FU«a=1, /FUN
SUHXSSUMX+FIN#WE
SUMY=SUMY+Fuli*xwFxT
SUMZ=SUMZ+FUNRWEXTXT
CONTINUE
SUMX=SUrX*r/3,
SUMYaSURY¥H/3,
SUMZ=SUNZ*R/ 3,
RETURN

END
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APPY, OJ1X: A=4.2 AL 1

WPLLFT PHebbukie U rLuOH Ik CorbPlLrbk Cul UYE A L Lufie  BuiBibh Faw

CHRFFREAEXARNZ IR SEA SRR FERRAE IR AL R A A AR F LS E SRS X EFTRIFLFABLIT A RFR 8K 2 K o5,

LS e

Ep | (! [0 B 4 TR v B o

Lol

(]

Den= A tRAE.SPUr 1210, PARA RTEK
wli A= -
Au= -l
NE -0 -

= ! F.bh 1sk L-o  muia bri UfHYn-lbe = ¢
=1 -DL=- =y
Wi (w L=, oe v iCESTOSK  PILES"DATA.BALT)
eel T 1 G
Gmg, §_ "W
Fi=3,1.15220

. TROE e s G W OB ek W gy PR R g i Th e i o A R e o PR  de POT M B mr ek om A

mebh. (1,1 JLeL,81G..A, 0

WEERS Il d RE A)éuLh7(g1.-uEL)*51u;A)

Aot A1=DPeL/ (LEL=1.)

ALr RZ2= (0t A=obn) /S 1GMA

ALk a3z(1.=516, A)/ (1. ~UEL)

Ql;\ =

Fnl=PI/ %,

Adl=l--ﬁﬂ

CALL cku.\JK,PHL, XK, ALFAL, 6,0, Eu,CK,Ck, Lk (LED,LEYEY)
JaTd

aLA DAZL,=~Cprikl/CK

Chin rFU (us, PRI, XK, ALEAZ, G, U, tu, UR,Ce, UKD, CEL, Chik 3)
b wS(FuA un-uth)$ﬂn~gslc‘A-ULu}*Crxts_

ATUL =Dow) FaLArUR/ (2 s mal Atz A JFUEL)

A=DWRLI(A/ L 1a=K))

prl. I=ALA (%)

VEE-L.N1

CELL wF 0 (B PRHLDL A0, ALFAYL p G U bu CF ple,Unb e Chw, PYoil)
A S{le=abAwyn)duseredl

..-‘1.:1'-:?1-‘ o /Dhu t
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APPLw LYY A=2, 2 PAGL: &2

Prl1=pPI/2,
cal . £fu (_.-J!\.pr'l-I rﬂf{l ;ﬂhﬂ\i‘pf.:,U:bupCRU,CtD,Ch.CL,LHLLZJ
A u TAuh JAXCAU-LawutCPYR?Z

BuZ2=b o /ol

A T TR R
Fel T2 yonl, SIG"A,ALAMDA ,L1D2, B0l "

C‘ U A ok, Wy sy SPGB e B pur W L e e v el e m  re B T el O AR ER O e W MK - W g om
Go T Gy

P fReBAl{) e, )AG

I Rl R L P PRI PP RS BRI

1=A67 [C18CKs] _
3 ASSIG AFR(L=pELY/ ((SIGRA-DEL)¥T)
kzﬁqRL(A/EI.'X})
FnlA=alAn X}
CALsw EFY LR, PHIX, XKY,ALFAZ,G, U, BV, CRE,ClE,CK,Cr,PYr2A)
3. U ZALA WASU-ULLEP Y E2X '
[ (ICHDUK G0 1 J0OMI40
S10L=pt U/ DERA

35 Re A (1,200 ) Ar, "
o i i g A - .
T=Ar
1CH=CK =2
G ¥ 3.
4 ru2=8102~Aug/ 0
C e e g o 1 o A o e B o T e
PREST 3o :l,BiD2,Fu2
IrC 4)35,35,97
N
ARZAF/AG
1SALASUA;LC=Y
5 K=Aa®x(Ar-1)/(ak¥(AG-T))

AZSJRTEK/EI-‘AJ)
FHISATA(R)
AL}‘ ;'ll;\ll Ed
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APPESLLKE A=4,72 PAGES 3

CALu EFUICJK,PRL, XK, ALFA,6,9,E0,C81,C01,CROL,CELL, PYE)

LFCLC,GI.II6L 1 T2

HU1=1 v . ¥u/CRY

whipdK==1;1C=2

GG {0 5v

7 IF{IC.G1.2)60 Ty Yo
HCI=1Lt . ®a/0h1
T=SLG A IC=3

é A=(L=AG)/(T~Ak)
AZSURTLA/(1.~X))
PHI=ATAN(X)
Gu TQ bu

9 TECLC. G 3)60 Ta 85
He=13. ,®=J/Cry
=1,
IC=4
GJ TD 8o

95 HUS10 .. %U/CR)

%

T=0:

o S T
PRIST 4o, UEL,sld;A,Ahanun,nxui,5uz,alaz,fu2,h01,«ﬂl.ra,nt
C -« ~TamS S = — gl ™ g o L SIEER e a RIS e SUS SR [ R e = oS m e T e o b
97 ISHGSPEFI TS L
98 STaP
1ur s FORMAT(LFLv.4,15)
7 FOR AT(F1 :a4,10)
oo b FORTAT(Z76A Wk TA SLGYA  ALA DE Biug /P2 nl/ud”
1,7 P70 #ik 1 nCl - nea MR’ /)
2 4t FURAT(9x,3135,5,2F8.3)
Juud  FUe AT(45A,2b8.2)
4L G0 FURTAT(Lir1«.34)
LD
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APPLi LRI A=duld FALE: 4

worE LD & sl CALCUULATE 2LulPLIC LinTeGrALS
R FFERR RS FFF I RARERAITRIALRAATRIANE S TSI RATETARERADSTR
5 erboTL o BEoo (IR, PHE, KR, ALEA, G, U, e, Ch.Ue, Chu, Cil, PYER)
wiZadETIA)
r1=3 ) tlotie
e fan=,, o, 1)505,5:.5%,5%..
! br (rfmu 9995} 9,501,501

aub S5 K laoa(ALeAY)

i
-

QﬂZ»LUGE4./¢dh1g1-‘Aﬂ))
Ca=i
CalbsPi/4,
e (FRi|=p /7,15 3,502,503
Do =
B ad 54
9.3 uEALUG (LT ol (PHL) J/C00 (b))
5.1 Lmd=ol.lPHi)
e {AaLrAlng. 104,611
51 An= s (AL AS)
Pib=(utrn - FALs (Bp¥51 . (PHI)) )/ (1,.-ALFA)
2. 0 2.
cda L (mLFA=1.)luld olZ,cld
ti.s Lab=1.=AK
Le QD 1lo
13 Pub =S Rl a4 ASHST (Pod) )/ (1.~ALtAstsln(pil)]))
PIET (e ~ALrma* AL {Pik)) /(1. ~Aul )
PR Sl 2 1
2 5 Casrls2. iCesPlrs2. jCab=1. jusPrl ;eu=enl
Cal SALNG( 3, /88)
e frd=1.)5399,0612,5%.4
a9%  dr(enl=PI/2.)507,5U06,5G7
PIFSEL/ (2. %0aki(1.-ALEA)) -

(V)
]

v Lo 2 ]

Y 0 PYCTAYA  ((SLa(Fal)/CUs(PHL) )RS5 KT (L, =ALFA) )} /SGURI(L,=RLrA)

e ML 2
P buz:ﬁ,{ﬁ‘l L ALk "'\-1 -)

Froin3 (#nl)=dHwss] (Fhil)
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APPEI PIXY A=d.Z PAGAY o

9 Iv("=1016G,3.,11

1. Cal=F
Cou=Ff
ww 10 30

E N =1
LE= R
F=PL/ 2.

is Ie (hLFA)Y 1,304,109

11 (e {-ppFr=-0K)1. 2,105,143

1.7 J=-2
TH=ATLE gsmﬁr(ALfA/(-Xa)))
GuTuils '

103 J=w]
Toz JaA. (Sl e/ {=~ALEAY))
GuTelld

14 JT &
HYR=u
Gi.T. 2

1+5 J=b
IFCEHI=PT/dav 100,107,106

196 AY=0uRT (1. =R FSL(FEE)#FSLai(P L))
PYESL/204ATA (1. -ALFAYFSL. LPed )/ (CUSLra ) ¥AT)) /(2o (La~ALtt))
G2

1 7 FYESCA/Z.4PL/ (AL ¥ (1. ~ALFA))
Gi3ly 2 :

1.9 lr(ALFA-An)IiL.llayllz

1:2 U=
Th=rThuthini (ALEA/ (AK-ALFA)))
Ern=an
GUT 118

| =5
ATEDIRT (1, =AKXSE  (Prl)xSIt (Pnl))
FYER(au~Xh¥o L (FRL)#Cupb(Pr1i/ 1) /bRy
ol To 2

112 TP s lbh=br)113,05%,1)4

+13 w=l
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APPL. VLAY A=L.d FAGE: 4

LCLLaTe toblirilC JaTeGralLy
FPAFFIRFAEFTIPLRARFETFRA L AL ZNFR AR TR IR IR I AT HRF R FRN

PRO T o ERvaldn, PHL, An AL A G, Uy v, CaLle,Chp,Cel, PrE)

| &2

R ¢~T{h )

L IS Rl

ke (AL -, »1)900,5¢5,54.
ve b - Ld7393)5 9,501,501
act 3855 da (AR (ALY A) )
F+=‘;u3£4./auh1gl.-1&33
Lisia

LAUTP 1/ 4.

e leHp=pp/2,3523,5d2,503
W=l

v o d 5.4

u=A.ubtgl.+Slh(?ﬁl))/CCS{PﬁL}J
JUNSE=PET (U T |

Lb
At
¥
G

L
or
L
&1
1
12

L)
C-
ir
iz
v
.
by
(n

£

ke

(ALEAI~L. 104,611
Soas(ALFAD)

LT utat PALA (AB¥SI V(PB1) DI/ (1. mhukA)
L2

=i FA=1.2813,012,214

L=1.=XK |
s, 1le

S8 i (Lot ALt ASHFET (Prdld)/ (2 =ALEAN*S1 . (vdl]))
EF (L =ALFASRALOG(PIR)) /()L amAut i)
1320 )
=tlr2. iCh=pisr2. ;Cel=1. ;u=Pnl ;Eu=rnl
L=ALNG(9,. /80
U teh=le)iyy,elZ,sun
lend=PI/2.)%.1,50e,9¢7
R 1/ (2. %aunit) . =ALE)))
i 2 !
Tl A (S (r 1)/ L 2 PHLD I ESGRTUL, =ALEA )}/ S RE(1.=ALEA)
by 2

mzfgkigﬁufr‘l‘J

ECNS(rald=boetnl {(Phi)
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APPE.DL1X: I~2.%

1p (FFIS1L,511,51¢
FETCOS(PHL 4643810 (PHI)
FYeTALSOI{FTAZLE )/ (2.%00G)
b I Zu

Felo? 512,00k, ALF&, XK

W AT(;X,'QALua wk EYE IIAQUARt’,bx,;b13.7J

Slir

==3

P=rn] !ER=Xk pEaD=)},-EK
leCubr33,3,4¢

A=l JB=1. paspP =P pE=p LTl
T

Yoa=g%, -1

La=2F,,

STEAY! SALL=CUS(PIX(SLL(P)IX+Y ./,
AZARFK¥L® LN
n=H*EE*EAa-1.5)/Ah

£ =P +A¥S

ETH1B*5

CHrR=aBS{AFS)
Le{CHER=Gle,0,5

R=ELl

GaTU4

1R (r)7,8,9

V=F JEJ=E

1IF{JRI4v, 39,48y

e (rnl=rl/e,u31,2,1
FZP1/2.
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APPE. WwlX! Armdl.s PALE? o

9 It (*=1)1v,14,11
1. CRD=F

CEu=g

Gu G 33
* . ' =]

EA=e KD

FzPi/2.u
35. IF(ALFAYT 2L, 0a4,109

1.1 Le (=ALFA=-ORI1 22,105,103
1.2 JZ=2
THZATA (S.RI(ALFA/(=XK)))
GuTul118
143 J==1
To=aTAL(SunT{1.0/(~ALEA)))
Geluilsd
176 =4
PYE=y
GuT.2. )
1.5 J=6
IF(PHI=PI/2.0)200,1v7,100
10 AE=00RT(at=AhF S a(PRI)FST o (P1L))
PYE=SL/2,+hTA ((J.FALFA)$SI»LPFL}/ECJS@fulJ*AT}J/(4.*(1;-Aprp)J
huru2u'
17 FYL=Cu/72.,tPLl/{4.%(1.-ALFA)) R
GUIL 20 ]
1.9 l?{éhFA*Xn)llL,ll&,llz

117 Jau
IRSATACUG B C(ALEAZ (XK~ALFAL} )
Ern=KK : .
au Tl 118

111 VE]

ATEPQRT (1. =ARESIS (PHI)ASI0 L))
FYE={rnu=AP 40l . (FRI)®CuS(PHL)/ v 1)/ FRL
st T2

112 Irle b bebr 113,105,114

13 w=3
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117
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: APPELLLA: Am4a2 PALE? 7

TH:.TRFgﬁihlt(ALFA“XHJ/(Xh*El.'ALEAJJJ)
Getulla '

If (ALFA-1.)315,%110,117

wI2

ins Ta (SuRLUEY -ALEA) /(AR S =an)))
LuUTU1 LR

w=1

LELPHT=rT/2.3015,513,5915
PYETG ., 99539 9az%

Gu 1a 2
Af=bGHTEI.-Ah#bld(FnlJ¥SIJ(PﬂLJ)
EYESU=(bu=8) (Pl )X¥AT/COUS (PrLY) /bR
GuTJ2.

J=3

TH=EATAL UL /0GR Lani A=l )

=tk '

F=Tr

IELEY

G173

LATAK

u =t

FUT=E

V=PIFU/(2.%Ch)

ZEPIFUT/(2.40R)

pe=tJ*CRR/ (2.5CR)

W=kAP(~2.%Pr}

AU LT e PGUNDL=( L0 0ULTeal
w=1

X =t

Np= .

AKVSmL FRhuty
Te (d)121,124,125
I (u+1)124,122,124

X TL,FEX %

Gt 3 P
A ZTe k%A *Eyt“‘)
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y47
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1249

13}

14
15

13¢

APPE ..WIiX: nw=d. 4

Wttt 1248

A T EKu¥

-V S

st BUEXPLZ2.2XP)-10)/7 (2, %EXPLAP))
S.v=8L t81 4 AV)AB1. X )/ (AL FBL.n)
CREF=S2ES(OIA(AVIESLL IR0 )/ LA XS0 R))
I {LHek=Gl i, 16,15

1t (u=7231206,3127,134

LOEAL ORRLA

[

Gulit 128

AvTa, Rtk F{pr =)
SALe=(EARLZ, FX . )-1.)/ (2.%0XP(4.))
Cusn=(EXP12,%X.)43,)/02.%XP(A~))
Irtud12%,13,2,352

R BNy

Ik { =Z2% h)1l30,14u,131

Sl ZGLs  =WA¥FLO*S L (AV)FSL: 0

SuUl LSS0 itukr] SFCUSTAVIFCradr
LLIL133

Sul =au357u¥$;a*51:§xw;*si{u
Sulwstb D-Ur* nxCUS(Ay)*Cuby
GUTuE 33

Suft. SSUL+u¥* 53510 (4,)380un
Sm;u:SU.ufui*“b¥Cu5(kb)¥Cubn

Critnt SABR(WERLLFLRT  (XVI*FSTen)

I CCHER=GJI14,14a,15

CaEs=Abd («F5,.5%¥C05CAV ) #CO5H)

I: (LHEK=Glle, 10,15

=+

WY 14

A SL TX O

ApPFe ¥R FrE

S1I«=(EAPLZ *AP)=1.)/ (2, %AV (AY]))

GorZBU 4R 481 (Xe JFSELLAV])/(Ke¥BLh)
Cret Zpa(a®en $0J (A )3ET (AVI/LA *0lon))
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135

130
47

13

t 49
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o

Lo

v’

RPPEVLLXT A~d.12 Phrn:t

Ir()13c,135,13¢
W oELl "
i =FuT=Cr¥oa/Cn
L=sdn) (kb As (1omabFr) ¥ (Ri=antn))
BYLEltAuFAR L AL Lu=R )/
G.7T.o
Lru=3)136,137,12¢
APYEL 4 '
==Y
w = .S*ALUGESIileV)/bluCiﬂu)J+buﬂ
by SfuT=Cetui/lr

UES b LALFA* CALEA=L. )R (ALFA-XR) )}

Fih -abLrAtlu¥pl =L}/

G 2

Lzt ¥l wb Ad (i ~ARE Y )R (aul v=Xr )}
po ®(TpFpatindpietat i )R L)

3. T2.Fel Q1.+ 7.%20 D)
Iv(o+idi3%,i4.,14a

o S 0 Fhan (e )P
k!::P¥Fh/£Ah‘Abfh}-Pl*ALrA*Eu*np‘+u.)/u
G T.7

w T As 00 Falacta ) /P

F1eSU/0a amhut AYSRLFALEASLUREL, = 1. ) /0
G 2

Ipe=1)1.2,182,143

w Tl F AR AT aa (80, ) /P

Piro=ank Fels(UFen =ah) /0

LaT %

w To=2 . RARATAL(S ()T
PYLZEUtE L fnil A¥ i, =% 000 ) /0

Ky P
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KPPFRaDIX: Am2, 3 PAGE: 1

PROGEAMHE FOR YPLIFT PKESSURE oELOw HYDRAULIC STRUCTUNE Y FE
FERLRATEERK

AR R L R e R Ty T P TS Y P I T T ey
IDATA= {0, OF DaTa 5ET
I7TLR= 1 IF ILTRAEDIATE RESULTS JEEDED OTHEPWISE =
T= DEPTH OF Suli STRAIUN
= LEAGTH OF v LR
1= DISTALC uF FILTER FRO4 UPSTREAS CUTOFF
FL= LENGTH . FILTER
Diz= DEPTH OF uPSTReEAY CUTUFF
B2z CEPTH OF LOSNSTREAY CJTOFF
THETA= IMCLINATION OF IAPSRVIOUS LAYER
Ni=uQ, OF STRIPPS DiMmNSTRLAA UF FLOOR
A2=00 OF STRIPPS BRETwEEN FINLTER AND D/5 CUTOFF
N3=h0, OF STRIPPS 1., FILTER LedGTH
A4z, OF STRIPPS ReTwELY FILTEP AHD y/& CULQEF
=40, OF STRIPES u/8 OF FLJUOR
M= W0, OF HORIZ. TAL STRIPPS
AKK1= PuRFEABILITY UF UPPER LaViR
AKK2= PERLEABILITY uf LUAER uaYenr
NIPTHI= DePrs OF UPPER LAYER
COIONAA/ ™, 6,081 ,FL,D1,02, THETA, ML, N2, M3, N4, 85,4, 4B
COMTL/S/ ¥(22,.),102290) ,H103409,3) , INDEA(2267)
CaumtQn/C/ nil, wul, a0
CONMNGNZ/ Pl (22500
Clr 0w/ a /s iL(220,40) ,F(2203)
COWNL/r /KL K2,K3,65,K5,K6 ,17
COY L OG/G/PHINE, PHIC, PHIL, PHID,PHIJ, XJ, Y, QK
DI EnbTON TITLE(20),5(3,3)
OPEe () T0=1,0RVICE="DSK ' ,FILES"FEFDAT)
RErD (1,310) (TTTLE(I),I=1,20)
PRIFT 10, (X PLe(l), 1=4,20)
IF (TuT0REGLL)Y PRILT 9000

REAlLCL,400) Pptrd,T TER

0
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APPEADIX: a=2.3 PAGE:

Ny 20 fdser=1,aTa
IFCI%Tor L DIPRINT 7004, ISET

READ(L, 20u) T, B, 81, FL, D1, D2, THETA
IFCIRTEK . EL.O)PRINT %003, T,b,b1,FL,D1,D2,THETA
2T/ GD2E0/702;; 002201/ D2 B1D22B1 /D2 FD2SFL/D2

REATDN(L 30 00,02, 03, 64,1.% 1

T o g g ey o e S g B g T Py S ngy g g S ag B my e WS SR vn el S S g A B mp T ey ey W my S ey W B S A

IFCINTER L C)PRTIT 300,N1 62,03, 83,5,

e R R Il L L L

FERDCL,500)  wkt1,AKKZ,DEPT 1
TEOINTER, D.N)PRINT BOD9, AKR] ,ARKZ , DERPTH1
AXARETEARTRBRAERE IR R AL B RRAT KRR A RA TR E AR ¥
CEMEFATINON LF MESH
FEREREFGRE TR S AR A R E LR N CER AR T AR KRN R ERE
CALL MESH
FrE RN KF LR AR F R SR A KRR RXREFRRE RN T RV KX R A%
INITIAL VALUE 9P BL ALD F MATRIX
Y Y L L R R ]
DY 5 I=1,.hP
F(I)=0,¢
b2 5 d=1,.0 0
BL(I,u)=0,7
COFPInUe
FREFA R LR AL RF AR AL AR K R ERARRRR KL RN A A S
GETERATION DF 'S' MATRIX
*t?x*#***$#*#m#$*1xg3¢4****#*******&**;**4***
LG 71=),0EL
AFYI=LI(Y,1)
P 701,20
KPE=eI(1,3)
RISX(YPEY =X (W Fy)
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EPFRADIX: aA=2.3 PAGE: 3

Ad=X (EPT) =X (FR)
AR=X(hPI) =X (L FL)
=Y (LpJ) =Y (., PR)
od=Y (R Y=Y (LPL)
K=Y (API)=Y (i Fu)
AFEA=G, 52 (BI*AJ-EJIY¥AT)
1r=6,25/AREAR
hEK=AKK1
IFCY(NPI) GT DEPTHLLOR. Y (N ). GT,DEPTHL)} AKHK=AKK?2
IFCYINPEY .G, DEPTRL)  AKK=AHKLD
TT=hKhn&TY
S, 1)=ChI*¥RI+AI+AT)%TL
Hl2,2)=(hd»BJ4+nJ*aJ)*TT
HC3,3)=(Bu*RKHAR*AR ) TT
5C2,1)=(BJ¥FRE4AIFALIATT
S(3,1)=(BK*¥LI+AKMAT)IXTT
§03,2) =(BR*pJFARTAI)FTT
8(1,2)=8(2,1)
801,3)=503,1)
502,3)=5(3,7)
L R PR Y L R RN R Y T IR PP E I T
ASSEPRLE GF GLOBAL BARPLED MNATRIX'BL!
LI ST EFEEENS SR LSRR ER LR AR SR SRS EE S LS LSRR Y
NG 6IN=1,3
TR=LICI,T.)
PO &Y =1,3
IC=uI (3,10
ID=IC=(IR~*)
JF(ID.LT.LY GO TO 6
BLCIR,ID)=BLCIP,ID]I+S(IK,IN)
CORTITUR
COrTIaUF
ERRRA RS ARE AR TR PR RN AR I R A p SRR R R AR KRR P RIS RN RS RN RS A F
ROILDARY CGLDITIONS ARD GENERATION OF RHS 't' COL, VECTOR
AR A RN AR A SRR RN AR R R RS R R AR E R RN X RN KRR LR KL Rk 4 &

Doty J=1 k0P
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APPELDIX: A=3,3 PAGE: 4

TECINDEX(JI) JEQ.C) Gu TO 1
DO 10 I=1, (MR
IR=J=1 1 I¥=I+}
TF(IP.LT.1) Gu *C ¢
FOIR)=F{IF)~BLO1F,}1)¥PHI(J)
BLIIR,II)=C ¢
g IR=y+1l
IFCIR,GT.LNP) GU TO 10
FCIRISFCIRI-BLC(JY,TIX*PHI(U)
BLOJ,I1)=0.b
1o CONTINUE
BL(d,1)=1,0
FeJ)=PHI(J)
11 CONTINJE
SEEIRRRERAR A ML Sk K AR E R R R E RNy
SOLUTINN CF tQUATIULS
IR RS EE L VE PSS R R SRS T RS E AR LR A LSS S )
CALL BSOLVE(AME,nR)
IF(INTER . NL.OJPRIYT 2000 ,NKP, NeL , 4bC
CALI, ReSULT (D2,
IFCINTCRWNELVIPFLN 3000
PRTFT6QCL,TDR,b02,D02,8102,FU2,PHIDT,PLIC, PHIE, PHID,PHIJ A3, Y], GE
IFCII TeERLEGL.TIGE Tu 20
PRINT 59470
20 13 I=)l,t NP
IF(YXCT)ouT,0,8,0F . X(1). Gl .X(14))GD TU 13
I¥ (X(I) . EuaLev ATDJY(I) LEL.OL)GO 10 12
IF (X{I).fuea(nd) A0L Y (T, Leai2) OO TG 12
IF(Y(I)one.C.CIGD TO 13 |
12 PRINT 4900,1,%X([),Y(I),F(I)
13 COKTINYE
DO 14 K=1,(n3+1)
La{K=-1)¥("+4)+K5=}
v 15 J=1, (M+4)
I=L+J
13 PRILT 3300,1,X(01),y(1),F(I)
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APPENDIX: 2=2,3 PAGE: 5

CONTINUE

CONTINGE

FORYAT(20A4)

CORMAT(TFL10.3)

FORMAT(H]ID)

FORMAT (215)

FORMAT (3F10.3)

FORMAT(//26X,2004//)

FORYAT(//10X, ' 40, OF “NADAL PRIAT=',T14//10X,'s0. OF ELEMENT=',
14//10%, "3, Pe BUUNDARY POInTS G CUMSTANT nEAD=',13//)
FORMAT(/ /10X, ' WODE 00s (L)', 7X, "XCI)',0%s '"YCL)',7X, 'PHICL)'//)
FORVAT(/15%,15,7X,F6.2,7K,66.2,7%,F6.2/)
FORMAT(//3K, ' T=',F5,2," B=',88,2,' BI=',F5.2,' FE=',F5,2
JUUI=',FS.2,' D2%',F5.2,' THETA=',F5.2,' DEG'//)
FORMAT(/3X,12F7.2,F10.4)

FORMAT(/ *#%%  SET NU,',13,' *K'/lacae—comas mewmm——— )
FORMA™ (" K1=',F7.3,' K2=',F71.3,' DEPIH OF i0P LAYER=',F7.3)
FORMAT(/6X,'T/D2  BsD2 D1/D2  BLI/D2  F/D2  HDL HC he

B XJ/D2  YJ/DZ GExD2/n'/)
CLOSE (UnIT=1)
STOP
nil)



163

APPEEDIX: A=2.3 PAGE: &

SOLUTION O BaUATIONS (BANGLED) BY GAUSS &LIMIMNATION METHUD
EE S P Y TSNS S FRENEFS S LN IS FREYFET TR FTT S TR ESS '3 5F FE 1
SURROUTINE BSULVE(hH,%)
CUrnu/E/ Bi(2200,40),F(2200)
PIFMERSTIun C{52)
DD 16 KsL,n
FOKI=F(K)/bilK,1)
IF(kh.EQ0.H) O Tg 100
PO 20 J=2,»
CCII=BL(K,J)
AL{n,J)=BL{A,J)/BLIK,1)
2. CONTINUE
DG 30 Lz=2,M
T=K+D=1
IFch, LT, 1) GO 1 34
J=g
N0 4Q LL=L,M
J=d+1
BL(I,J)}=RL(I1,J)~C(L)*BLL{K,LL)
i CONTINNE
F(I)=F(I1)-C{L}Y*F(K)
CORTINUEG

i

1., CONTI AU
K=n
10 KzK~1

IF(K.EQ.0) GO 17 274
ou 56 J=2,h

LzkK+4d=1

IF(N,LT.L) GL Tg 5t
FIKISFIR)=BLIK, J)AF (L)

5L CONTINUZ
GD T3 1.7

200 EETURN
Edp
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KPPFMDIX: h=2.3. FAGE: 7

GEMERATIO:. OF FESH FOR FILLT BLEMVENT ANALYSIS

FEREFREERRERE Y 3 2L P A F A F ¥ R X o XR R F A gk F w2 SRR RLREK

SURROUT I e MESH

COM i/ b/ X(2200),Y(2200) ,610440GC,3), INDEX(Z200)
COMmOW/C/ 0P, t el 1 BC

Co¥nQn/as T,b,e1,FL,01,D2, THETA,M1, 62, M3, 64,0 5,M4,FB
COMLUN/D/ Prl(222¢]

ComuOn/FrkY  K2,63,54,K8,K6,17
THETA=3 . 1415923 THETA/L16C .

MRz AMcM AL =]

L3=3.¥B ;22=3,%R
IF(THETA.£Q.0.4) GO TG 5
Z1i=T*CUS(THETLE) /81! (THETA) =22
TA=Z2Y*SINCTHETA ) /COS(TRETA)

L=1 =1 ;7 NCC=0

IFCZ1.GT0.0) GU TR 10

Z1=0, 1 ¥I*COS(TRETR)/GIF (THETA)
2259 %L1 ;TASU,L%T

Ni=AN®Z2/43

ITF(NE.LT,12) Ki=12

M=yt ; Ap=M

GO TO L4

721=0,0

T1=T;L=¢ ;¥WC=u ;1CC=Q
XXFR=Z1422+8 ;X{1)=XXB ;Y¥(1}=0.0
XA=LZ/A,,

Z=71 ;hN=N1~1

00 185 I=1,N

AI=1 ; INDEXi=¢
TL=T1+CAL=1, Y *XX2SINCTHETA)Y /CUS(THETA)
YY=TT/AY

IF(NC,GT.3) ¥YY=T/AN
Z7.=2+(A1=1.)%XX

DG 15 J=1, (f +4)

AJ=d

Ke(I=1)*(i+4)4.)+L
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APPENDIX: A=-2.3

X(K)=XXh~LZ

IF(INDILL B L) GO 70 13
Y(K)=(AJ~e,)*YY

IF(J.LE.5) YORI=(RI=1,)*YY /9,
FCY(R).LTLDL.OR.WC. LiEL3) GU TN 15
Y(K)}=21 InDEXI=1 JYY=S(TT=-D1)/(Rh+4=Add)
GO 70 15

Y(KISYC(R=1)+YY

COonTIdug

IFCNC.GT.3) Gu 0 395
IF(nCCatsE.1) GO Ty 48

LEnr +4)+L

CC=1 "pnu=2

XA=XX/2,

2220+ KR _
T1=TT+AX*5Yn (THETA) /COS(THETA)
Gu T 12

IF(LCC.e0,.2} GO TU 19
L=tikfi4g)+]

NCOR2 =3

GO TQ 17 !
Ti=T ;R=02 172714722 2 INDEXZ2=3
YY=T4/hm

IFCIRDEX2.EQ.1) YY=T/AM
LenN=(1+4)+L

INDEAL=y

NG 30 =1, (M+8)

Ad=g ;K=J+L

X(KI=XXB-7

CIF(INDEX1.EG.1) GO IO 25

JR=J JERER+ 44

X(KK)=X(K)

Y(KI=(AJ=4.)¥YY

TF{U,LE.S) Y(FI=(AJ-1.)¥YY/4,
Y(XK)=Y(K)

IFCY(WK),LTLLY GO 70O 3o

165
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APPENRDIX: A-2,3

Y(K)=D

DENUS i+4~T

YY¥=(T1-0) /D0

ThDEX1=1

GO TG 39

Y(K)=YER=1D+YY

COnTINUE
IF(INUEX2.EQ.L)GD TO 6C
Kiz=L+1 RZ= Kil+1 ;X3=L+JK ;Ka=
JRE1adR-1

M1=HC+N1+4

‘NC=zHl

L=KK=1

IF(HCLHE, L) GO TG 4
K&=k 4

IF(8.EQ.B1)GO T 45
E=p2 pAu=N
XX={g~Bl)/~Li
Z=Z4+72+XX
Tl:Z*&IF(THET&J/COSLTHETA)
IFCTHETALEG;D.G) T1=T
Moa=b{+N nC=h2

GD TG 12

IFCHC.NE.M2)Y GO T 50
el +02%(Hy )
ES=L=(M+3)
IF(FL.EU.0.C) GO 10 52
N=h3 tAn=g jAX=FL /AN
Z=71+472+B=B1+1X
T1=L*SIN(THUTLY/COS(THETA)
IF(TRLTACEGLOLOY 11=T
SECT-TH of 3 HE-F R 01

GU 1O 12

IF(LCLMEWF3)Y GO T 85
LEL4N3I*(F44) '

Mg e

Kil+M+4

166
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LPPELDIX: A~Z.3

At=1a ;XXS(r1=FL) /AN

=21 +4%+E=F14p L+ XX
1154%ST. (Lny TA)/CNS (THETA)
TECTH; ™A, LG, 0,0) Tl=
Paz=tC+.J ;. C=.4

G To 12

IV, C.onue,.t4) GO TC 63
L=Z1+22+8

TI=a¥8 I (THETAY/COS(THELAS
IFCPH I TA OV, 0 u) TI=T

N=ny rid=uC+?

lLaoaX o=l

v TU 2o

Kex=L+1l ;R75L+dR s LERR=1
Jr2zda=1

=T h sALET FXXELA/AN XX=XX/4,

LETIHZ2+B+RL

TI=Z4%o01L (THARTA)Y /CDS(THETA )
IF(TH A9, 0,.0) Ti= '
ME= .+ 7 4C= L5

G TN 12

IF(.C,"Er D) G0 Ty 75

L=l40a%4a)+] § ab=RC+h HC=ME Jiv=2

Xx=2.%XX
72724 XX

T1=TT+XX*SIN(THETA) /CUS(THETA)

G T 12

IF(uC.iE.t6) G0 T™n 89
L= +(.,+4)+L

WPz dC+ juC=rF7 :N=I'B=2
GO T 70

HP=K 2 HBR=%46+JK1

L=a 1 "g=u

R LR 2+ 3+ A4 5+ 8
L=l 4h

1‘12=.-1+112+i-3+ IL'}*S

’

N

—-—
—

4
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APPENDIX: A=2.3

IF(THeTa.OG.D.) GO TD 123
hd 12u =1, 043)

HE=J .

TL(NE,13=1

SICLE,2)=d4d

AL(WE, 3)=0+2

CCun IO

=1

G170 1=1,K

Ka{I=4)*{H+1)+L

IF(Y oL S1IRSTI*(H34) 4]

IF(L.GT. 1) Ks(f=1)+0i+4d+L+JKY
IFrflafd.%2) K=T¥(U+4)+0+ 41
IF(I.GT,%4) KS(1=1)¥(1+4) +L+JR1+JIK2
DO 115 J=i,(1+3)

un=m£+i

NICRE,L)=K+HY

NICa=, 28T (ME, 1)+ +4

IF(Iend."1) GJ TO 130

TF (3,67 ,JK1) wT(NE,L)=NI(NE, 1) k=4
NI (NE, 2) =K+ IR

IF(L..d%,42) GO 70 140
IF(J.GT.IR2INICHE, 1) =HI(NE, 1) =M=
AI(RE, )3+ 04382
NI(NE, 3= 008,20+ 1

TETuA+

LidFmdig=1

dICNE, 1= IE(IEE, 1) 2 JI(NE,2)=NI(NEE, 3)

PIOLE, 3= 00001041

IF(I.§E. 1) GJ 70 159

F(acf,JR1) HI(ME,3)SNIINE,1)=n=1
IF(E.4E."2) Ga 70 165

IF(Jecd JE2Y GI(NE,3)Y=NI(AE,1)-M=]
corrii,, ‘

COITI. IR

wuLE D

168
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APPENDIX: A=2.3 - PAGE:13

SUBROUTIVE FOR CALCULATING FTLAL RESULTS AT KEY PUINTS
**#***##******:##t%*%***xéi**%*é***tt-?%*##*#*tx.ﬂf#’-*t*‘#*#*x*
SUBRDUTINE KkESULT (D,#)

COMMOL/o/ X{(2200),Y(2200),81C44¢0,3),I0DEX(220m)
COMMON/e/ BLUZ2¢60,40) ,F (22009
COMMOL/F/6L,K2,K3,K4,K5,K6,R7
COMMORL/G/PHLIDT, PHIC, PHIE, PHLID,PdIJ,XJ,YJ,GE
Pryp=F(K3);PRIF=F (04} ;PRIC=F(nb):PHIDI=F(KT)
Ge=0.(1¥DR LF (K2)=F(K1))/Y(K2)

PHIJ=F (K5)

I=K5 ; Yd=0,n

IsI~(iita)

IF(X(1).GE.X(K4)) GO TN 34

TE(E{1},hE.PEIU) GO TO 50

PAIJ=F (1)

XJI=x(1)

GO TN 24

I=K4=1 :YJ=i.e

I=141

I (F(I).LT.PEIJY GN IO 56

Prld=F (I} 7 XJ=X(I) ;VYJ=Y(1)

GG 10 44

Xu=XJ/D 5 YJ=YJ/D

RETUR:.

€D
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IFETHS T B, .Y GO TO 123
Ud §20 Jst1,(+3)

itin=d .

NI E,1)=

CICuE, 2=+

WLt , 332042

L CUNIINuE

i.=1

ne 170 I=g,n

K= (I-1)*(1+3)+L

TE(T .20, "LIR=I%(Me4)+L

TF(X,vTo*1) Ks{I=1)*( d+a)+L+JK13
IF(1.50002) K27 (U+4) +hatdA L
(T OT "2y K=(I=-13%(+2)+LedRL+JR2
Dy 165 J=3, 0+ 3)

NPT S |

N AT PR R T N

TYCE T, )= T ME, 1)+ + 4

TFfIanZ,a ML) GO 0O 135

TFlJGT IRE) GI(NE,IISHI(RE,1)=i~4
@I(éE,RJ=K+J+JK1

IFCR. 4.4 2) G 0 140
ITFCJGTOIR2INI(NE, L YSAI (AR, 1) -N~8
DICLR, )=k 4 0+ 0K
NICVE, )= I (g ,2)+ L

donma Al

BaEzaE=]

AXCHE, LISRI(UEE, 1) ; AT (HE,2)=NI(NEE, 3)
sXCRE,, 3)=niqnn,10+1

TF(I.uE. 1) GO 7O 150

TF(J.e0,JK1) oI(hZ,3)=NI(nE,1)~n-1
IFC1.4E.N2) GO 70 165

IF(J.2U.JR82) wI(hE,3)=dlluE,1)=1n=3
CORTTL '

CiTIw ie

R A

168
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APFENRDIX: A=Z%,3

"3
x
'E
(L)
—
%)

NABC=NL+u3+lb+1 4T
LFCA3.E0,0) 1BC=m14 5+i0+L
DO 175 I=L,0ap

PHI(I)=0.0 ;T.0uX(T)=9
CONTINUE

L=+ 1

PHT(1)20.0 71.DEX(1)=)

PD 220 ISL,~BC

IFCILGT.Cs14L+4)) GO TO 185

CKE(IeL) (1440 L

PHI(R)=0.2

TEOEX(K)=1

GO TO 220

TF(H3,20.9) GO TO 195
IF(1.67.(Nt+83+45+0L)) GO TU 295
EFENZLEQL ) 6O 1D 190

TR(I.EN.(214L4S)) Ko (m1+8244) %2 (K+4)+JK1+L
TFCT.6T. (hh45+0) I KK nta

G0 70 13¢

TFCI.EQ. (n1+L+S))K=(NL+57(v+4)+L
IF(I.EQ, (W1+L+6)) K=K+JK1
IF(I,.GT,(nl+L+8)) F£=EK+M+4

GO TO 160

IFCI LR, CN1+0+55) K=(h14M2ENA+8) % (P4 4)+IK1+L
TFEIER. {1+ L+€)) w=K+JIK?
T¥(I,CT.(wl4li+8)) K=k+r+4d

GO 10 21¢

IFCYEQLCat+N3+446) ) KS(NLHN2EN3I+ 4483 (Me4) +JK1+L
IFCL.EN. M 148 34047)) K=oh4+JK2

IFCT.GT. L4434 047)) KeR+ht4

PAT(R)=100.,.0

T DEX(K)=1

CONTILUE

RETUR.

E'D



g

20

39

\'1

170

APPERDIX: A=2.3 PLAGE!13

SURRDUTINE FOR CALCULATING FI&AL RESULTS AT KEY PUILTS
I N P YN I Yy Y E N N P T Y LR T I I TI TITIILTY
SHUBKRDUTINE KESULT (D,f)

COMMOL/8/ X(2204),¥(22006),K1(4400,3), INDEX(2200)
COAMOL/E/ BLI2200,40),F (22009

COMMD, /F/K L, K2, K3, R4, 585,F6,17
COMMOL/G/PRIDT, PHIC, PHIE, PRID, PHIJ, X, YJ, GE
PrYD=F(43);PATF=F (K4) 3 PRICSF (k6) 7PHIDI=F(KT)
Go=0.el4D* (F(K2)=F(K1))/Y(K2)

PHIJ=F(KS)

I=Ky ; Yd=o,”

I=I~(iitu)d

IF(X(1).GE.X(K4)) GO TN 30

TF(F(i).Le PRINY GO TO 56

PHIJ=F (1)

XJI=X(I)

GO TO 20

I=K4=1 Y¥YJ=..«

T=T+3

1F (F(I).L®.PH1J) GO 70 S¢

PATusFC(IY 7 XUSX(I) ;YJ=Y(I1)

GO 70 40

Xu=XJ/D ; YJ=YJsD

RETUR,

ELD
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