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ABSTRACT

The ex-it gradient theory up to 19" century that used for designing various
irrigartion structures was empirical methéd based on experience and
intﬁitioh. Some of the structures failed because of subsurface flow. The
subsurface flow may cause the failure of the impervious floor either by
piping or by uplift pressure.

Bligh went a step forward and gave a creep theory. According to this theory,
the percolating water creeps along the contact surface of the base structure
with subsoil. As the water creeps from the upstream end to the downstream
end, the head loss occurs. The head ldss is proportional to the creep
distance traveled.

Lane brought out the deficiencies in Bligh's creep theory. The theory gives
the vertical creep three times more weightage as compared to the
horizontal creep.

Koshla and his associates determined the flow pattern below the
impervious base of hydraulic structures on _pérmeable foundation. They
started with potential flow theory and found the solution of Laplace;s
equation for different configuration of floors. From the flow pattern, the
distribution of upii_ft pressure on the base of the hydraulic structures and exit
gradient were found. Piping starts from the downstream side, when the
hydraulic gradient at the exit end is greater than the critical gradient of the
soil. To ensure that the piping does not occur, there must be a downstream
pile and the exit gradient should be safe.

A general method of determining the functional relationship for confined
flow problem was first introduced by Paviovsky. If the all boundaries of the
flow domain are completely deﬁn‘ed, such flow is said to be confined. All

the flow characteristics could be obtained once the function w= f(z) was

known. By Schwarz-Cristoffel transformation the flow region in each of

iii



these planes can be mapped conformally onto the same half on an auxiliary
' t plane, yielding the function z = f,(¢) and w= f, (). »

In the present study, using methods of fragments and conformal
mapping, confined flow under a weir with a downstream cut off founded on
a porous medium of finite depth with a highly porous slit in the foundation
soil, has been analysed and the distribution of exit gradient, which is the
prime cause of the piping, has been studied. The presence of a slit changes
the distribution of exit gradient. It shifts the place vulnerable to piping from |
the sheet pile to its own Ioca’tion.
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CHAPTER I

INTRODUCTION

1.1. General.

Hydraulic structure such as weir or barrage may either be founded on
an impervious solid rock foundatio'n or on a permeable foundation.
Whenever a weir is constructéd_on permeable foundation, it is subjected to
seepage of water beneath the structure. The water seeping below the body
of a weir may cause failure of the structure due to piping. When the.
seepage water retains sufficient residual force at the downstream end, it
may lift up the soil particles and increase  the the flow channel by
progressive removal of soil from the downstream end toward the upstream
end of weir.
| For the soil to remain stable, the seepage force should be less than
the submerged weight of soil or the gradient of water pressure which is
called the exit gradient should be less than the safe exit gradient..
Therefore, it is necessary to provide downstream sheetpile in order to
reduce the exit gradient.

The permeable soil foundation of a weir is not always homogeneous.
Sometime it consists of another soil of different permeability. If there is
another permeéble soil at the downstream-of a weir which is more porous
or its permeability is higher than the permeability of soil foundation, it is
i bossible the piping will occur through that layer.



1.2.. Objectives of the study.

The objectives of the study is to investigate the piping on the
downstream of weir, where there is an inclined soil layer of high
permeability or more pbrous than the -permeable soil foundation, as shown
in fig.I-1. | | -
| The weir is assumed to rest on permeable soil foundation of finite
depth. An approximate analytical method of solution for any confined flow
system of finite depth, directly applicable to design, was- furnished by
Paviovsky. The fundamental assumtion qf this method, called method of
fragments, is that e‘quipotential lines at various critical parts of flow region
can be approximated by straight vertical lines. that divide the region into
sections or fragments. _

In the thesis the effect of the presence of a thin highly porous layer,
which would act as a conduit, on exit gradient distribution has been studied
using method of fragments. |

k2 >> k1

Fig. L1



CHAPTER 11

LITERATURE REVIEW

2.1. Two Dimensional Flow

Physically, all flow systems extend in three dimensions. How ever, in
many problems the features of groundwater motion are essentially planar,
with the motion being substantially the same in parallel planes. For this
problem, the flow system can be simplified as two-dimensional flow.

In general, Darcy’s law may be written as:

v= —kd—h 211
I (2.1.1)
and velocity components in x-y plane can be derived as :
u=_ o0 _099 | 2.1.2
ox Ox A ' (21.2)
ye o _0¢ ~ (2.1.3)
- o | (21

where :
k = coefficient of permeability of isotropic soil

h = tof(al head = (L*‘yj

¢ = velocity potentigl =-kh+c

if the coefficient of permeability is independent Qf direction of velocity,
the soil is said to be an isotropic. Moreover, if the soil has the same
coefficient of permeability at all points within the region of flow, the soil is
said to be homogeneous and isotropic.

In non homogeneous and isotropic soil the coefficient of permeability is
independent on the direction of velocity but dependent on the space

coordinate.

I1-1



2.2. Steady Flow

For steady flow there is no change of velocity with respect to time and
the equation of continuity becomes :

u v - '

'54“5:0 or (2.2.1)
o’¢ 0’9 ‘
Py + P =0 (2.2.2)

and this expression is known as the Laplace’s equation for two-dimensional
flow. '

The = velocity potential curves d(x,y)=constant are orthogonal

trajectories of the stream function curves w(x,y)=constant, and the flow

velocity components can be defined as :

_9_ oy
u= - o (2.2.3)
_9¢_ oy
v= s B (2.2.4)
and the equatibn of contihuity become :
o’y o’ ' |
Y 2¥ 9 (2.2.5)
OxOy  Oyox
The relation of ¢ and . can be found from the Cauchy-Riemann equations
as follows :
o oy oy _ .
= || —dx—--—-"—-d
¢ j( . > yj | o (2.2.6)
o¢ op ‘
= || —dy-—d
v j{ P x] (22.7)

A combination of the function ¢ and  is called complex potential and defined
by :

w=g+iy ‘ | ' (2.2.8)



2.3. Schwarz Cristoffel Transformation

The shape of the flow net depends on the configuration of impervious
floor and the homogeneity of soil permeability in the flow region..In practidal -
case where the éheet pile is provided below the weir or if there ié‘non.
homogeneous soil in the flow region, the flow net will be distorted. The |
streamline and equipotential line do not consist of confocal ellipse and
hyperbolas respectively, as in the case of a horizontal floor on
homogeneous permeable foundation. |

The distorted flow can be mapped conformally onto the upper half of t-
plané by using Schwarz-Cristoffel transformation. The Schwarz-Chrisfoffel
Transformation is the method of mapp'ing from one or more planes onto the
upper half of another plane as shown in fig 2.1.

Yo Z-plane v t-plane

Fig 2.1
If a polygon is located in z plane, then the transformation that maps it
conformally onto the upper half of the t plane (t=r+is) is :

. dt :
z=M| — —+N (2.3.1)

(t-2) *(t=b) *(t=c) * +...

The equation above is called Schwarz Cristoffel Tran_sformation,

where:
- Mand N are complex constants. |
g A,B,C,...are the interior angle (rad) of the polygon in the
z-plane. |

I1-3



- a,b,c,...(a<b<c...) are points on the real axis of the t plane
corresponding to the respective‘ vertices AB,C,...
The complex constant N correspondents to the point on the perimeter of the

~polygon that has its image at t=0.

2.4. Critical Gradient _

The seepage water exerts a force on soil particles. This force (F) acts
in the direction of flow or tangential to the streamline if the soil is isotropic.
The force is known as seepage force. The seepage force per unit volume is
proportional to the hydraulic gradient at that point, denoted by :

F= yw(—(?—h-) | | O @41)

The seepage force has an upward component when the flow line turn A
upward. At the downstream end the flow line emerge vertically, because it
has to be orthogonal to the equipotential at the downstream bed. Therefore,

at the exit end the seepage forces acts vertically upward,' as shown in
Fig.2.1. | ‘

Fig. 2.1. Seepage Force

~ The soil remains stable and there will be no piping if the downward
force due to submerged weight of thé soil (Ws’) is equal to or greater than
the seepage force. If the see‘pagé force exceeds the downstream force, the -
piping will occur. The submerged unit weight of soil is given by :

I1-4



Ws'= (GS — 1) ¥ =7,1-n)Gs-1) (2.4.2)
I+e _

where: Gs = the specific gravity of soil particles

n = the porosity
e = the void ratio
v, = the specific weight of water

_In the critical condition, the upward force will be just balanced by the
submerged unit weight of soil. Thus from the equation (2.4.1) and (2.4.2)

the critical gradient 7, will be found as foliows :

F = Ws

=

‘
2|8
N—

|

yw-(l - n) (Gs - 1)

VY

P

N———
n -

(t-n)(Gs— 1)

o = ([-n)Gs-1) . (2.4.3)

~
]
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CHAPTER III

ANALYSIS

3.1. Statement of problem.

A weir with a downstream sheet pile rests on permeable soil
foundation of finite depth. At the downstream side of the weir there is a soil
of high permeability and inclined at an angle dz;.

The water flows from the upstream side to the downstream side.
Some quantity of the flow come out to the downstream surface and others
'come out through the inclined layer of high permeabuhty The inclined h;ghly
porous layer acts as a constant head boundary. The flow lines are
perpendicular to the inclined equipotential line as shown in Fig.3.1.

For computation the confined flow of finite depth, the flow domain is
devided into two fragment as shown in Fig.3.2. |

Flow domain with a highly draining layer
Fig. 3.1 Flow Net

1I1-1



3.2. Seepage Flow Ahalysis.'

3.2.1. Fragment 1.

_0A

\

-0 A

z-leane
Fig. 3.3

Fig. 3.4




Applying - Schwarz—Cristoffel transformation, the}conformél mapping of

fragment I in z-plane onto the auxialiary t-plane is given by :

it
=M I(l oRa—ne

After integrating :
z=M,sin" t+N, | (3.1.1)

AtpointC: r=-1 and z=0

0=M,sin™'(-1)+ N,

N1=M1(£j . (3.1.2)
AtpointE: =1 and z=-iT

—iT =M, sin™ (1)+M,(%)

-
M, =-= (3.1.3) .

71. ° -
Subtituting M from (3.1.3) in (3,1.2) the constant N, is found to be :

iT ‘
N=-= (3.1.4)
Hence :
z= —isin" ® _ir : (3.1.5)
T 2 .

AtPointB: t=-b and z=-L
~1=-Enp-Z

/4 2
_r=Lgnp)-L  (316)

oz 2 _

IMn-3



Let sin ™' (b) be equal to 6 and b >1. Sin™'(b) is derived as follows :

v = i(b b2 -1) =e'"2”‘(bi\/b?-1)

Taking logérithm on either side

i6=£27£+1n(bi1/b2 1)

..9=%+lm(bi\/bz—l) : , S - @B1T)
; S

Subtituting 6 from (3.1.7) in (3.1.6) -

-L =£{—’25+1.1n(b +.[p? —1)}—’—5—
1 : '

T
| —L=£1n(bi,/b2-1) |
_ T

%:ém(b—\/bz -y | (318
From (3.1.8) the value of parameter b can be found by iteration.

- AtPointD: ¢= d_, z=-1is

is=— L ) _ir
T 2

d:sm(ﬂ_ﬁj - | |

T 2 | - A

———cds(fz) | (3-1 9)
: 1.

1114



Applying Schwarz-Christoffel transformation, the conformal mapping of
w-plane onto t- plan is given by :

For (—w0 <t <-b):

dt

M, [ ki
v Zﬁﬂ¢—m¢qm—n 4

1+b

2 e dé
=M
SN ) J 1-m,’sin® 6

—kh—iq

5
=M,——=F(6,,m)~kh—iq (3.2.1)

J1+b

i which : 9 _$nﬂ_ p+b i m _1-d
In which : & =sm —l—t' an | 1+5

AtpointB: ¢ =-bp and w=-kh
2
N1+b
2E(x[2,m) - | (3.2.2)

iN1+b

—kh=M,

F(z/2,m)—kh—igq
q=M,

For (—=b<t <d):

1"' | dt
=M.= —kh
" Mzi_£4(b+t)(d_t)(1_t)

{+b

d+b
_m, 2 o
iV1+b 5 \[1-m, sin?
2 .
=M, —=—F(6,,m,)~kh (323

iN1+b
o .4/f+b _ [d+b
in which : 6, =sin T2h and m, Toh

I11-5



AtpointD: ¢ =d and w=-Jkh

2
-Skh=M,——F(x/2,m,)—kh
P ifi+b ([2,m;)

2
1-OYkh=M,——=F(n/2,m
(. ) oy (7[2,m,)

iN1+b
M, =(1-8kh——"2

,=(1-9) 2P ()2 (3.2..4)

Subtituting M, from (3.2.2) in (3.2.4)

5w iNl+b  |2F(x/2,m,)
9 [(1 )k 2F,(7r/2,m2)} iv1+b
F(m[2,m) (3.2.5)

! :.(1 “ O af2,my)

i11-6



3.2.2. Fragment IIL.

/{:_4 Ll ) l//
h i A
h 7 > : > ¢
W c G+ -
S m
B . E
T 1
LA . G+
\ 4 -
z-plane
Fig. 3.6

1.-:A:A:-:-:-:~:~:~:-:~:~:~:-:-:-:-:-:-:-:-:~:':-:»:-:A:-:-:-:-:-:~:->.~
G B DR R G
t-plane
Fig. 3.8

~ Applying Schwarz—Cristoffel transformation, the conformal mapping of

fragment II in z-plane onto the auxiliary t-plane is given by :

‘ (t-e)dt
=M +N,
z 3 (;[t]/Z(l_t)l/Z (d__t)l—a(f_t)a 3
g ¢ dt ' dt
=M - +N
g 3 J(I—I)llz(d—t)l_a(f—t)a ea[ tl/Z(l_t)l/Z'(d_t)l-a(f_t)a 3
(3.3.1)
 AtpointA: +=0 and z=-iT, hence N,=-iT - (3.3.2)

In1-7



AtpointC: ¢=17 and z=20

1 12
0=M I t'e dt

La-0"@-9"( -0

1 V2 gy
I;

‘ dt ,
_eof t"z(l—r)‘”(d—t)““(f—t)“]'ZT

il =M,|

w

s =0 (d -0 (f-0)°
iT=M3(I,—eIz)

T
My=—"—s
’ (Il_eIZ)
» ‘I g
I = -a s g a
=" d-n"(f -1

Let assume :

l.[ dt
(-0 (d - (f 0"

(3.3.3)

1—t_=v2 t=1-v* dt_=‘—2vdv
at t=20 v=1]
t=1 v=40
: ( )V (2vdv)

20-v*)"ay
(d 1+v ) ( 1+v2)a

)
= L T—

Further assume :

v=%(1+u) ' dv=%du

1 if2
[l —Z(l +u)21| du

=J[( R

1=

"[d 1+-—(1+u)2] [f—1+:1¥(1+u-)2}a (3.3.4)

HI-8



! ot
12 - 6.- tl]Z(l._t)l/Z'(d_t)l—a(f_t)a

_'/j : di N 'I dt
; t”’z(l'—‘t)'/z(d—t)'_a(f—t)a g tl/Z(l_t)l/Z(d_t)l—a(f_t)a
Iy=1,+1,, (3.3.5)
2 dt

I = ' - ‘ a
2P (-0 (f - 1)

Let us assume :

t=v? dt = 2vdv
at: t=90 v=20
=1 v= 12
e 2vdy |
I =
21 6[ (Vz)vz(l—vz)ll/z(d—Vz)l—a(f—vz)a
' ___‘/T 2dv
o (=) - (r-v
Further assume :
12 2
v=l(-1—J (1+u)' dv=%(éj du
at v=_0 u=-1
12
v= %] u= 1
V2
. (%) du
Iz] = I l 1/2 1 i-a 1 a .
- (1—5(1+u)2) (d—§(1+u)2) (f—§(1+u)2)  (3.3.5a)

11I-9



1

In= 1/£ -0V (-0 (f -0

Let us assume :

1.—I=V2 . dt=72Vdv
at: =172

t= v=0

at v=20 w=-I
12

y= —1‘) u= ]
2/

| : 17
| : (%) du
Iy = J- V

[ e e

HI-10

a
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AtpointD: =4 and

z=L,
' ‘ 7 dt 4 dt }
L=M 2 —a a —€ 1 - a
‘ [I -5 @d-"(f -1 Jr‘” A-0"@d-0"(f~1)
_M, ‘] 172 di _e‘] dt
i E-DPE-n (-0t P e-D)"Pd -0 (f-0)"
y .
= i3 (13-614) (3.3.6)
Subtituting M, from equation (3.3.3) in (3.3.6)
1 i
1_i(11—612)(13 614)
_{1= (13 _314)
T (11 _elz)_
_ﬂ_ (Ia —€ I4)
F, = - ——(Il el) (3.3.7)
“ 11 dy
I = 1 —-a (73
’ J(r—l)“(d—r)‘ (f-1)
v |
_ 2'[ ' t? dt N ’} "2 dt
L =)A= (-0t =D (0"
2 ' :
I=1,+1, (3.3.8)

1I1-11



1+d '
=TJ. Mdr
SRS I CED R VRS

Let us assume :

t—1=v? t=1+v2_ dt = 2vdv
at: =1 v=20 |
-t_1+d _ld-1
2 YT

"? (1+v2)"2 vay)
A EOmrE S S
T odfa

RiEsiE

Further assume :
_\V2 ' R
v=lu (L+u) dv=1(2-1 du
2\ 2 2\ 2

at: v=90 u=-J

12
v= —dz;l] : u=1]

TR |
j[ 1——(d 1)(1+u)2}_a|: l—q(d 1 +u) } ' (3.3.8a)

Hi-12



:(]. tl/z dt
RGN CENIVEDE

2

Let us assume :

d—t=v" t=d—-v’ dt=—pvPdv
| l+d (d-1\"
at: 1= =(F)
t=d v=_0
=) o g
b | =y s
o v ) la-(@-velr-la-»)
ﬁl/p
z( f pla—v? )" v ay
0 (d—v” —l)llz(f—a'+v”)(z
LET: ap-1=0 p=i O<axl

For O<a<l

Further assume :

V=l(d____1j (1+u) : dV:.l_.(EJ du
. 2 (4

2
1\
o i[d{%(g_z—_l)a(uu)}a} [é_;_l)”du

1I-13
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d

Zj' dr - :
TP
I+d o
zj dt ‘]- dt ,
L PE-D"(d - "’(f L GV CER W G
g 2
1, =1, +1, (3.3.9)
1+d
.
L 1)‘/2<d t) Ce(f )"
Let us assume : _
f-1=1" f=1+v dt = 2vdy
at: =1 v=0
1+d d-1
AR
dl
JZ- 7. 2vdy ' 7
o @+ ) eyt )1l - L -0 )
Jz‘ | 2dv
o (o) a1 ) (r -1y
Further assume :
d-1\" 1(d-1}"
vzz( 5 ) (1+u) dv=5(—2—) du
at: v=0 ' u=-1
v:(—d—_l)l/z u= 1
2
[41:_[ 1 2 1 ia 1 a
- {1+§(d—1)(1+u)2] {d—lé‘g(d—l)(Hu)z:l {f—l-—g(d—l)(Hu)zJ

(3.3.9a)

HI-14



;- (]‘ dt
42 v tljZ (t _1)!/2 (d _t)l—a (f —_'t)a
2

Let us assume :

d—t=v’ t=d-v* dt =—pv"'dy

o, lxd v_(d—l)v”
a t——_z _—'“2

pvPldy

G R P e e P e P ey

_ _[ ‘p'vq”'ldv '
i (d—v ) la—ve—1)*(r-a+ve)

LET: ap-1=0 p= O<a<l
1

1
(%)“ | — dv ’ |
J. NE CT 2, 1\& '
(d—v;j (d—v;—l} (f—dw?]

Further assume :

v:l(ﬁ)a(m) dv:l(ﬂjadu

I,=

0

2\ 2 2\ 2

1
. 1 {d-1\=
1 z(—z—) du.
142=J
1

[efsyon] [ fsyoof | el

115

), (”u)]%]a

(3.3.9b)



w (Re""-e) Re' idf
lim M, 4
AN :(Re?)*(1-Re)* (@ -Re") (1 -Re" ]

=il

27 2i8 . : -
MsJ _ e ’idf _iT

APy

ig i
2ig———-~i6(1-a)-i6a
2z .
e 2 id@

S e

Mj ido —iT

3/2

=il

Myz= (—1)31’2 T

Let: M,=-—— ~  (33.10)

Subtituting M, from (3.3.3) in (3.3.10)

- ir T
(Il—eIZ) 4
I +7
e=- (3.3.11)
‘[2
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AtpointE: t=e¢ and z=I[-im

. e 1/2 dt e dt
—im= L
F=im M[-[(l -0 (/-0 Jt‘“(1—t)"2(d—t_)""(f—t)"-‘}+ ‘

M, |f V2 dt y
= a I N2 o —e I 12 2 “a +1
TGV A (R VR (A R A S LR A (R ¥ (t d) (f-0°

= --13—-(15-)(15 —el )+,

(_1)3—a T
-0 ) -en)e
T
= (“Da_% (l) (z](els —I; )+ L,
T A
: : . A (T
= (-sinaz *icosar)(i) [;)(elﬁ ~I )+,
= (—i sinar £ cosarn) (z](el6 -1 )+ L,
3
| =(-cosan) (T—)(eIG ~I)+1,
_ T

F, =L -Il-cosar) (Zj(e_Q—IS) ‘ (3.3.12)
74 A o
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=y ] 2 dt »
T )P - (S -n"

Let us assume :

t—d=v’ t=d+v?f dt = pv*dv
at: t=d  v=0
t=e =~ v=(e-d)”
{e-d )P -
I _( 4 r(d-f-v"’)l/2 pvPldy
s = ,

TR o w s

(e~

_ '])W p(d +v? )1/2 v"”"_dv
0 (d+v” —1)1/2(f—d—v”)a

LET: ap——1=0 p=

| N
(e~d)* E(d'*'vaj dv

' 1 y2 1\
[d+v;—l] [f—d—v;)

Further assume :

l O<ac<l
a .

v=%(e—d)“(1+u) dv=2(e—d) du

_I_{d + B (e-d) @+ u)}ir (e—d)* du

) 2c

1 2

d+{%@—df@+uﬂ;—l f—d—{%@—drﬂ;uﬂi

a

(3.3.13)
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¢ dt
/s ZJ M E-)Pe-d) e (f-0”

Let us assume :

t—d=v* Ct=d+vF dt = pv"dv

at: t=d v=20
t=e y= (e—d)l/"
/ =>(e-ﬂ’)'IAP | vap—ldv ' ’ -
R R L PR L W N T
_ (e_'])w pv®ldy

0 (c17+v")v2 (d7+v" —l)‘lz(f»—a?—v”)lz

LET: ap-1=0 p=— 0<a<l

Further assume :

v=%(e—d)a(1+u) | dvﬁ%(e_d)adu

I 1 i e—d)* du

6=J | 1" G e
. {dJ'B(e‘d)"(Hu)]a‘ {d{%(e—d)“(nu)}“ —1} {f-d_B(e_d)a(lw)]a]

(3.3.14)
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=The equétion (3.3.7) and (3.3.12) contains the unknown parameterd, f.
and those equations are non-linier. Newton-Raphson technique has been
used to solve the equations as explained in Appendix-|.

The solution is given by the Jacobian matrix.
oF, o,

od of | [ad] _ [F.f)
OF, oF,| &)  |F(d.f)

od  of

AtpointB: t=b and z=-is

_Z_S_(—ir)’] (t-e)dt - ~
- T J tl/Z (1___ t)l/Z (d _ t)]—a (f _ t)a
s_[Tj‘} o (t-e)dt
2= d -0 (f - e

LA (t—e)dt
- T)(T)"j A=) d -0 (f -0

.:1

(i—l) "’I (t—e) dt
T A l‘)‘/z(d ) (f -8

sY . f (e-H)dr |
. —— | T =
. [ T) .[ tl/Z(l t)]/Z (d t) -a (f t)a | (3315)
The value of parameter b can be found by iteration.

P
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| Applying Schwarz-Christoffel transformation, the conformal mapping of

segment II in w- plane onto ¢ plan is given by :

VFor(—OO<t'SO):

, o dt
w=M, J-(_t)l/Z(b_t)l/Z(l_t)l/Z ‘_

-0

iq

1

- | do .
ci"\/l—mfsinze K

=2M ,F(0,,m,)—ig - | (3.4.1)

in which : e,zsin-'=,f1—1—t and m, =i=b

AtpointA: =0 and w=-6ki-iq
— &kh—iq =2M F(z)2,m)~ig

=M,2

-8kh ~Skh

- - 342
Y 2F(z)2,m) 2F(n/2,\1-b) ( )

For (0<t <b):

‘ dt
w=M —ig-Skh
4 6[(__1)1/2 (t)l/Z (b _ t)|/2 (1 _ t)1/2
L
b .
-M,2 9 -5k

2 6[1/1—7}_142 sin’ 0
2

=—M,F(6,,m,)—iqg—Skh
1

B L ¢t
in which : 94=Slnl=\/; and m, =~b
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'AtpointB': t=b and w=-5kh
-5kh=M4g.F(7z/2,m4)—iq—5kh
. 1 : -

q=-2MF(n/2,m,) ' . (34.3)

Subtituting M, from (3.4.2) in (3.4.3)

-0 kh
qg=-2 [mJ F(”/l%)

F(z/2,m,)

=6 kh
g=6k Fam (;.4.4)

3.3. Computation of 'Seepage discharge.

~ The discharge of seepage flow at Fragment | should be the same with
discharge of seepage flow at f_ragment Il

From (3.3.5) discharge at Fragment | :

F(z/2,m,)
F(z/2m,)

(1-8)kh
From (3.4.4) discharge at Fragment i :

q= 5 khm
F(rn/2,m,)

Equating (3.2.5) and (3.4.4)

F(r/2,m,) e F(r/2,m,)

¢- 5,) h F(z/2m,) 1 F(n/2,m,)

1-8 _ F(z/2,m,) F(z/2,m,)
§  F(x/2,m,) F(z/2,m,)

22



If - X_F(ﬂ/2,1n4) F(r/2,m,)
' © F(n/2,m,) F(x/2,m,)

1-0 _x
o

1
X+1

(3.5.1)

The values of seepage discharge of various depth of sheet pile, various

distance and slope of porous layer are shown in Fig.3.1.

Fig.3.1. Seepage discharge

L/T s/T 1/T a q/kh
125 05 0.5 0.1 0.4035
125 05 0.5 05 | 04035
1.25 05 05 0.25 0.4035
125 05 1 0.25 0.4035
125 05 2 0.25 0.4035
125 05 3 0.25 0.4035
125 0.1 05 0.25 0.4239
1.25 02 0.5 0.25 0.4116
1.25 0.3 05 0.25 0.4056
1.25 0.4 05 0.25 0.4046
125 0.5 05 0.25 0.4035
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3.4. Computation of Exit Gradient
Let the complex potential w=¢+iy be the analytic function of the
“complex variable z, as-w= f(z)

dw 0¢

—_— =" . 0.
dz Ox é‘x _ (3:5.2)
which, substituting the velocity components, yields the complex velocity
dw ' ‘
= =u—iv (3.5.3)
Along the downstream horizontal boundary u =0, hence
é& gy V) ' 3.5.4
dz (3.54)
From Darcy’s Law
v=—1k (3.5.5)
Subtituting (3.3.5) in (3.5.4) | |
aw ' :
Y Tk (3.5.6)
dz »
ilk= 4—w—£
dt dz
_ldwdt 3.5.7
ik di &z - (3:5.7)

The exit gradient can be cofnputed from Fragment Il

I —Skh ‘1 1"_l‘(t'/z(l-t)’/z(d—x)’-“(f—z)“)
ik 2F (2, 1-B) (1) (b -1) (1-2)" ) || iT (t~e)

=71 ok ( 1 "g(t‘”a-x)’”(d-t)““(f—z)"ﬂ

2F<zr/2 i-p)\ () (-2)"(-2)" ) ]| T (t-e) -
LT_ (s -]

h (2F(;z'/2 r_“))( ( )'lz(e—t) ) _. (3.5.7)
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3.5. Results and Discussions

The variations of exit gradient in the region between the hydraulic
structure and porous layer with distance from the downstream sheet pile
are shown in Fig. 3.9 through 3.18 for various inclination of the pofous
layer, distance from the sheet pile and depth of sheet pile.

Due to presence of the highly porous layer, the exit gradient decrease -
from a maximum value at the sheet pile to zero at the highly porous layer.
Thus the presence of highly porous layer, which acts as relief well,'
decreases the exit gradient on the downstream side. Hence piping will not
commence in the vicinity of the sheet pile. However, the exit gradient at the
entry of porous slit (i.e. at point E) would be infinite. Therefore the slit will
act as conduit and the soil particles will escape to the downstream side
trough the slit which would act as a pipe.
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Fig. 310 Exit gradient distribution along the downstream bed

I11-27




0.4

IE T/h

10 20 a0 40
z (m)

50

Fig. 3.11

Exit gradient distribution along the downstream bed
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Exit gradient distribution along the downstream bed
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Fig. 3.13  Exit gradient distribution along the downstream bed
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Exit gradient distribution along the downstream bed
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Fig.3.15  Exit gradient distribution along the downstream bed
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Fig.3.16- Exit gradient distribution along the downstream bed
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Fig. 3.17

Exit gradient distribution along the downstream bed
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CHAPTER IV

CONCLUSIONS

Vertical slit reduces the exit gradient more than by horizontal slit. The
zone nearer the shéet pile is vulnerable to piping in the absence of a highly
porous slit. The presence of slit changes the location of vulnerable zone to
piping as presence of a slit reduces the exit gradient. However the exit
gradient is infinite at the entry of the slit. Piping channel will advance to the
upstream side from the slit, which will act as a conduit for escape of
particles to the downstream side.

Any complex flow problem relating to weir on homogeneous porous |

medium can be solved using the method of fragments. and Newton
Raphson Technique.
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APPENDIX A

NEWTON RAPHSON METHOD

The result of conformal mapping often in non-linear equations, which
require a technique to compute the unknown parameters. A suitable

method to solve the non-linear equations is known as NewtonQRaphson
method.

Chapter-lil. reveals that the problem consists of highly non-linier
equations involving multi variables, which makes it difficult to be solved by

analyticéll’y. The process of numerical application is explained below.
Let:

Fi(x,%;,.x,)=0

F (x,%,,..%x,)=0

and x denoted the enire vector of values x;.
F denoted the entire vector of values F
: L OF,
F(x+8x)=F,(x)+ Y —Ax;+8 x°
j=1 axJ
in matrix notation, the above equation can be written as :

F(x+8x)=F,(x)+J.Ax, +5 x*

Now neglecting the terms of the order & x> and set F(x+8x)=0,

hence
F(x)+J.Ax; =0
J.Ax; =—F(x)

Al
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APPENDIX B

FORTRAN PROGRAM

PROGRAM PIPING

INTEGER: : I0S
INTEGER, PARAMETER ::dsk=1

! STRUCTURE MODEL DIMENSION .
REAL:: L0=25.,L1, 1=10, m = 10, T=20.0, al=0.25, S=10
REAL:: pi=3.141592654 ’

1*% FRAGMENT I**
REAL:: bl=1.01, dx=0.001, d1

INTEGER, DIMENSION (2) : :Xr=(/0,1/)
DIMENSION FX(2)
DIMENSION b(2) -

! ** FRAGMENT II**

! INTEGRAL COMPONENT

REAL:: Ii,I2, I21,122,I3,I31,I32,I4,I41,142,15,16
REAL:: d0=1.01, dd=0.001

REAL:: f0=1.02, df=0.001

REAL:: e,v,dv,v2,b2

INTEGER: :h

! MATRIX
REAL::all,al2,a2l,a22

REAL: :b11,b12,b21,b22
REAL::j11,312,321,3j22

! DISCHARGE FLOW

REAL: :IBO, IBA, IBB, DELV

REAL: :ml,m2,m3,m4

REAL::le,FmZ,FmS,Fm4 -

REAL: :ql,g2,XF,DELTA

ITERATION
REAL::TP,I10,I1a,Ilb,I20,I2a,12b,I1E,2z0=0,c0=1

REAL, DIMENSION (3) : :dr=(/0,1,0/)
REAL, DIMENSION (3) : : fr=(/0,0,1/)
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DIMENSION W(96),X(96)
DIMENSION F1(3),F2(3)
DIMENSION d(3),f (3)

OPEN (1,FILE='GAUSS.dat', STATUS='OLD')
READ (1,*) (W(i), i=1,96)
READ (1,*) (X(i), i=1,96)

OPEN (unit=dsk, FILE="OUTPUT. txt", STATUS="0LD" , IOSTAT=1i0s)
IF (I0S/=0) THEN

PRINT *,"FILE CAN NOT BE OPENED"

STOP

END IF

REWIND DSK

L1=l+m/£an(al*pi)

WRITE (unit=dsk, FMT=14)
14 FORMAT (TlS,"(l)",TZS,"(m)",T35!"(Ll)",T45,"(a1fa)")

WRITE (unit=dsk, FMT=15) i,m,Ll!al
15 FORMAT (10x, F10.4, F10.4, F10.4, F10.4)

"WRITE (unit=dsk, FMT=16)
16 FORMAT (" ")

I *#* CALCULATION *#*

! ITERATION FOR PARAMETER (b) AT FRAGMENT I.
write (*,*) 'FRAGMENT I :°'
write (%,%) t t

DO
DO ii=1,2
b(ii) =bl+Xr(ii)*dx
FX(ii)=L0/T+1/pi*log(b(ii) -sqrt(b(ii)**2-1))
END DO
bl=b(1)-FX (1) *dx/ (FX(2) -FX(1})
IF ( abs(bl-b(1l))<=0.0001) THEN
EXIT
END IF

END DO

write (*,*) 'b = !',bl

pause

! CALCULATION FOR PARAMETER (d) AT FRAGMENT I.

dl= -cos(S*pi/T)
WRITE (*,*). 'd = ',d1l

PAUSE

! ITERATION FOR PARAMETER (b) AT FRAGMENT I.



DO h = 1,50

WRITE (*,*) 'ITERATION NUMBER :',h,' FOR PARAMETER d,e,f at FRAGMENT
II -
WRITE (*,*) 'dd, df =', dd, df

DO i=1,3

I11=0; I21=0; I22=0; I2=0; I31=0; I32=0; I41=0; I42=0; I5=0; I6=0

d(i) = d0 + dr(i)*dd
£(i) = £0 + fr(i)=*df

DO J=1,96
| INTEGRATION I1

v =0.5% (1+X(3))
V2=y**Q
dv=0.5

I1=T1+W(J) *2*(1-v2) **0.5%Gv/ (d{i) -1+v2) **(1-al) /(E(1i) -
1+v2) **al

! INTEGRATION I2
vV =0.5%(0.5)*%0.5% (14X (§)) ; V2=vr*2
dv=0.5%(0.5) **0.5

I21=I21+ W(J)*2*dv/(1-v2)**0.5/(d(i)-v2)**(1-al)/(f(i)-v2)**al

122=I22+ W(§)*2*dv/(1-v2) *%0.5/ (d (i) -1+v2) ** (1-al) /(£ (i) -
1+v2) **al

12 =I21+I22

END DO
e =(Il+pi)/I2

DO k=1,96

! INTEGRATION I3

v =0.5%(0.5%d(i)-0.5)**0.5% (14X (k) ) ;
dv =0.5*%(0.5*d(i)-0.5)**0.5
V2 =v**2;

I31=I31+W (k) *2* (1+v2) **0.5*dv/ (d (1) -1-v2) ** (1-al) /(£ (1) -1-
v2) **al :

v =0.5%(0.5*d(1)-0.5)**al* (1+X(k))
dv =0.5*%{0.5*d(i)-0.5) **al
v2 =v**(1/al)

I32=I32+ W(k)*1/al*(d(i)-v2)**0.5*dv/(d(i)-v2-1)**0.5/(£(1i)-
d(i)+v2)**al



I3 =XI31+I32
! INTEGRATION I4

v =0.5*(0.5*d(1i)~-0.5)**0.5% (1+X(k))

dv =0-5*(0.5*d(i)-0.5)**0.5

v2 =v**2;

I41=T41+W (k) *2*dv/ (1+v2) **0.5/(d (i) ~-1-v2) **(1-al) /(£(i)-1-
v2) **al

v =0.5*%(0.5%d(1)-0.5)**al*x(1+X(k))

dv =0.5*%(0.5*d(i)-0.5)**al

v2 =v**(1l/al)

I42=I42+ W(k)*1/al*dv/(d (i) -v2)**0.5/(d (1) -v2- l)**O 5/(f(1)-
d(i)+v2)**xal

I4 =I41+I42
! INTEGRATION IS5

v =0.5%(e-d(i))**al* (1+X(k))

dv =0.5%* (e-d(i))**al

v2 =v**(1/al)

IS =I5+W{(k)*1/al*(d(i)+v2)**0.5*dv/(Q(1)+v2-1)**0.5/(f(i)-
d(i) v2)**a1

! INTEGRATION 1I6
v =0.5*(e-d(i))**al* (1+X(k))
dv =0.5% (e-d(i))**al
v2 =v**(1/al)
Is6 -16+W(k)*1/al*dv/(d(1)+v2)**0 5/(d(1)+v2 1)**x0.5/(£(1) -
d{i)-v2) **al
END DO
F1(i)=L1/T- (I3-e*I4)/(Il-e*I2)
F2(i)=L1-1-T/pi*(e*I6-15) *cos(al*pi)

WRITE (*,*) 'd, £, e =',d(i),f(i),e
WRITE (*,*) 'I1,I2,I3 =',I1,I2,I3

WRITE (*,*) 'I4,I5,I6 =',6I4,I5,I6

WRITE (*,*) 'F1,F2 =',F1(i),F2(1)
WRITE (*,*) !

END DO
“all=(F1(2)- Fl(l))/dd‘ al2=(F1(3)-F1(1))/df;
a2l=(F2(2) - ) /8d; a22=(F2(3)-F2(1)) /df;

DET=all*a22-a2l1*al2
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! INVERS MATRIX A
bll=(a22) /DET; bl2=(-al2)/DET;
b21={-a21) /DET; b22={all) /DET;

dd=b11*(-F1(1))+bl2*(-F2(1));
df=b21*(-F1(1)) +b22* (-F2(1));

! (MATRIX A) * (INVERS MATRIX A)

Jll=bll*all+bl2*a2l; Jl2=bll*al2+bl2*a22;
J21=b21*all+b22*a21; J22=b21*al12+b22*a22;

d0=d0+dd

£0=f0+df

WRITE (*,%*) ! ** MATRIX A ** ** INVERS MATRIX A

* k1

WRITE (*,*) all,al2,bll,bl2

WRITE (*,*) a21,a22,b21,b22

WRITE (*,*) ' dd, df d
f ]

WRITE (*,*) J11,J12,dd,do

WRITE (*,*) J12,J22,df,f0

IF (F2(1)<0.0001) THEN
IF (F1(1)<0.0001) THEN
EXIT
END IF
ELSE
CONTINUE
END IF
END DO
PAUSE

WRITE (unit=dsk, FMT=12)
12 FORMAT (T15,"(d4d)",T25,"(e)",T35,"t")

WRITE (unit=dsk, FMT=26) d(1),e,f (1)
26 FORMAT (10x, Fl10.6, F10.6, F10.6)

! ITERATION FOR PARAMETER (b) at FRAGMENT II
TP=0

DO
IB0O=0
v=0
IBA=2%* (e-v**2) / (1-v**2) **0 5/ (d (1) -v**2) ** (1-al) / (£ (1) -v**2) **al
TP=TP+0.001 . ’
DELV= (TP**0.5) /100

DO BB=1,100
v=v+DELV :

IBB=2* (e-v**2) /(1-v**2) **0 5/ (d(1) -v**2) ** (1-al) /(£ (1) -v**2) **al
IB0=IBO0+ (IBA+IBB) /2*DELV '



IBA=IBB
END DO

IF (((1-S/T*pi)~IB0)<=0.0001) THEN
EXIT
END IF

END DO

WRITE (*,*) 'b = ',tp

! DISCHARGE

b2=tp
ml=sqgrt((1-d1l)/(1+bl))
m2=sqrt ( (d1+bl)/ (1+b1))
m3=sqgrt (1-b2)

mé4=sqgrt (b2)

Fml=0.5*%pi* (1+0.25*% (m1**2)+9/64% (ml**4)+25/256* (m1**6))
Fm2=0.5%pi* (1+0.25*% (M2**2) +9/64* (m2**4) +25/256*% (m2**§) )
Fm3=0.5*pi* (1+0.25* (m3**2)+9/64* (m3**4) +25/256* (m3**6) )
Fm4=0.5*pi*(1+0.25*(m4**2)+9/64*(m4?*4)+25/256*(m4**6))‘

XF = Fm4*Fm2/ (Fm3*Fml)
DELTA = 1/ (1+XF)

q1 = (1-DELTA) *Fml/Fm2
q2 = DELTA*Fm4/Fm3
WRITE (*,*) 'Delta = ',6DELTA
WRITE (*,*) 'gql/kh = ',qi
WRITE (*,*) 'g2/kh = *,q2

WRITE (unit=dsk, FMT=17)
17 FORMAT (T15,"{gi/kh)",T25,"(g2/kh)", T35, "DELTA")

WRITE (unit=dsk, FMT=18) ql,q2,DELTA
18 FORMAT (10x, F10.4, F10.4,F10.4)

WRITE (unit=dsk, FMT=19)
19 FORMAT (" ")

PAUSE

I ITERATION FOR t vs ( Z and Exit Gradient )
write (*,*) ' t Z IE!

WRITE (unit=dsk, FMT=27) .

27 FORMAT (T15,"(t)",T25,"(z)",T35,"IE")
WRITE (unit=dsk,. FMT=28)

28 FORMAT (" ")

IE=pi*DELTA/(2*Fm3)*(d(l)-1)**(l-al)*(f(l)-l)**al/(l-b2)**0.5/(e-1)

WRITE (unit=dsk, FMT=29) c0,z0,IE
29 FORMAT (10x, F10.4, F10.4, E12.5)

B-6



TP=1
DO

TP=TP+0.0001

v=0

I1la=2*sqrt (1+v**2) /(A (1) ~1-v**2) ** (1-al) / (£ (1) -1-v**2) *xz]
I2a=2/sqrt (1+v**2) / ((1) -1-v**2) ** (1-al) / (F (1) -L-v**2) **al
DELV=sqrt (TP-1) /1000

I10=0

120=0

DO ii=1,1000

v=v+DELV

Ilb=2*sqrt (1+v**2) /(d (1) -1~-v¥*2)*x (1-al)/(£(1) -1-v**2) *x*al
I2b=2/sqrt (1+v**2) /(A (1) -1-v**2) ** (1-al) /(£ (L) -1-v**2) **al
I10=I10+(Ila+I1lb)/2*DELV

T20=120+(I2a+I2b) /2*DELV

Ila=I1lb -

I2a=1I2b

END DO

Z=T/pi* (e*I120-110)
IE=pi*DELTA/ (2*Fm3) *(d (1) -TP) ** (1-al) * (£ (1) -TP) **al/ (TP-b2) **0.5/ (e-TP)

WRITE (unit=dsk, FMT=30) TP,Z,IE
30 FORMAT (10x, F10.4, F10.4, E12.5)

write (*,*) TP,Z,I1E

IF ((L1-Z)<=0.0001) THEN
EXIT

END IF

END DO

END FILE dsk

REWIND dsk

CLOSE (dsk)

PAUSE

END PROGRAM PIPING
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