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A spects  o f Piping Resistance to  Seepage in Clayey Soils
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S.J.C . HSU E n g in e e rin g  C o n s u lta n t o n  S o il M e c h a n ic s , T H E M A G  E n g e n h a ria  L td a ., S ao  P au lo , B ra z il

SYNOPSI S I n  t h i s  p a p e r  p r a c t i c a l  a s p e c t s  o f  i n t e r n a l  e r o s i o n  o r  p i p i n g  i n  s o i l s ,  p a r t i c u l a r l y  i n  e mba nkme nt

da ms  b u i l t  o f  c l a y  s o i l s  a r e  e x a mi n e d . Th e  n e e d  t o  c o n t r o l  s e e p a g e  p a t h  o r  t o  p r o v i d e  f i l t e r  l a y e r s  t o  p r o t e c t  

a g a i n s t  p i p i n g  wa s  e a r l y  r e c o g n i z e d .  Du r i n g  t h e  p a s t  d e c a d e s  v a r i o u s  i n v e s t i g a t o r s  p r o p o s e d  c r i t e r i a  d e a l i n g  mo s t l y  

wi t h  f i l t e r s  t o  p r o t e c t  t h e  n o n  a o h e s i v e  m a t e r i a l  wh i c h  a r e  s u m n a r i z e d  o n  Ta b l e  1 .  So u nd  t h e o r e t i c a l  a p p r o a c h  t o  

d e f i n e  i n t e r a c t i o n  b e t we e n  s e e p a g e  f o r c e s ,  t y p e  o f  m a t e r i a l ,  a n d  e r o s i o n  o f  s o i l  p a r t i c l e s  o r  c l a y  f l o c k s  i s  e i t h e r  

d e f i c i e n t  o r  d i f f i c u l t  t o  a p p l y  i n  p r a c t i c e .  I t  i s  f e l t  t h a t  t h e  me c h a n i s m o f  p i p i n g  a n d  t h e  e x i s t i n g  f i l t e r  c r i t e r i a  

s h o u l d  b e  r e v i e we d .  I d e a l l y  t h e  g u i d e  l i n e s  f o r  p r o t e c t i v e  f i l t e r s  s h o u l d  b e  b a s e d  o n  a  s o u n d  t h e o r e t i c a l  b a s i s ,  b e  

p r o v e n  b y  l a b o r a t o r y  t e s t i n g  a n d  s h o u l d  b e  c o n s i s t e n t  wi t h  t h e  a v a i l a b l e  e x p e r i e n c e .  A l i s t  o f  e a r t h  da ms  wh e r e  

p i p i n g  wa s  o b s e r v e d  i s  g i v e n  o n  Ta b l e  2 a n d  a  l i s t  o f  r e f e r e n c e s  o n  t h e  s u b j e c t  i s  a d d e d .

I NTROXXnTCN

I n t e r n a l  e r o s i o n  o r  p i p i n g  i n  s o i l s  c o n s t i t u t e s  a  s e r i o u s  

p r o b l e m  i n  g e o t e c h n i c a l  e n g i n e e r i n g  a n d  e s p e c i a l l y  i n  

e mba nkme nt  d a ms . Th e  d i f f e r e n t  a s p e c t s  o f  i n t e r a c t i o n  

b e t we e n  s o i l  c a r a c t e r i s t i c s , s e e p a g e  f o r c e s ,  t h e  p r o c e s s  

o f  e r o d i n g  s o i l  p a r t i c l e s ,  a n d  wa s h i n g  o f  s o i l  t h r o u g h  

f i l t e r  v o i d s  a r e  d i f f i c u l t  t o  a s s e s s  f o r  e n g i n e e r i n g  

p u r p o s e s . We l l  kn o wn  c r i t e r i a  o n  t h e  l e n g t h  o f  s e e p a g e  

p a t h  u n d e r  s p i l l wa y s  b u i l t  o n  s a n d  o r  s i l t , w e r e  p r o p o s e d  

By  Bl i g h  (1 910)  a n d  a r e  g i v e n  o n  Ta b l e  1 ,  e q u a t i o n  1 .  Th e  

n e e d  t o  p r e v e n t  p i p i n g  a c t i o n  b y  c o v e r i n g  t h e  b a s e  

m a t e r i a l  wi t h  t r a n s i t i o n  o r  f i l t e r  l a y e r s  wa s  a l s o  

r e c o g n i z e d .  Te r z a g h i  (1 922)  a n d  o t h e r  i n v e s t i g a t o r s  

i n t r o d u c e d  g u i d e  l i n e s  b a s e d  o n  l a b o r a t o r y  t e s t i n g  

s u g g e s t i n g  p r o t e c t i v e  f i l t e r s  o f  s p e c i f i c  g r a i n  s i z e s  t o  

p r e v e n t  p i p i n g .  Th e s e  g u i d e  l i n e s  a r e  a s s e mb l e d  f o r  

c o n v e n i e n c e  o n  Ta b l e  1 a n d  a r e  d i s c u s s e d  f u r t h e r  o n .  

Ot h e r  i n v e s t i g a t o r s  ma de  t h e o r e t i c a l  f o r m u l a t i o n  o f  

p i p i n g  me c h a n i s m i n  c o h e s i o n l e s s  a s  ws l l  a s  i n  c o h e s i v e  

s o i l s .

F I LTER CRI TERI A

Th e  p r e s e n t  f i l t e r  c r i t e r i a  i s  b a s e d  o n  l a b o r a t o r y  

m e c h a n i c a l  e x p e r i m e n t a t i o n  o f  i n t e r a c t i o n  b e t we e n  b a s e  

a n d  f i l t e r  m a t e r i a l  u n d e r  s e e p a g e  f l o w.  A s umn a r y  o f  

c r i t e r i a  i s  p r e s e n t e d  o n  Ta b l e  1 .  Te r z a g h i  p o s t u l a t e d  

e q u a t i o n  ( 5 ) ,  t o  p r e v e n t  wa s h i n g  o f  f i n e s  t h r o u g h  t h e  

f i l t e r  a n d  e q u a t i o n  (6) t o  e n s u r e  f i l t e r  p e r m e a b i l i t y .  

F o l l o wi n g  P r o f e s s o r s  Te r z a g h i 1s  a n d  Ar t h u r  Ca s a g r a n d e ' s  

g u i d a n c e ,  Be r t r a m (1 939)  a n d  o t h e r  i n v e s t i g a t o r s  d e d u c e d  

f i l t e r  c r i t e r i a  vr or ki ng mo s t l y  o n  n o n  c o h e s i v e  n a t u r a l  

o r  a r t i f i c i a l  m a t e r i a l s .

Us i n g  u n i f o r m  Ot t a wa  s a n d  a n d  c r u s h e d  q u a r t z  wi t h  o v e r  

50 p e r c e n t  r e l a t i v e  d e n s i t y ,  Be r t r a m f o u n d  Te r z a g h i ' s  

e q u a t i o n s  (5) a n d  (6) q u i t e  c o n s e r v a t i v e .  Du r i n g  

s u b s e q u e n t  y e a r s ,  a  n umbe r  o f  i n v e s t i g a t o r s  c o n d u c t e d  

r e s e a r c h  a l o n g  Te r z a g h i ' s  e a r l y  i d e a s .  Th e  U . S .  Ar my 

Co r p s  o f  En g i n e e r s  (USACE) c o n d u c t e d  t e s t i n g  a n d  

r e a c mn e n d e d  f i l t e r  c r i t e r i a  s u c h  a s  e q u a t i o n s  (11) t o  

( 2 1 ) ,  s e e  Ta b l e  1 .  I n  1955  t h e  USACE r e a c mn e n d e d  

e q u a t i o n s  ( 1 7 ) ,  (10) a n d  (19) a s  f i l t e r  c r i t e r i a  t o  

p r o t e c t  c l a y  s o i l s .

I t  f o l l o ws  t h a t  f o r  me di um t o  h i g h  p l a s t i c  c l a y s  

e q u a t i o n  (17)  may b e  d i s c a r d e d  a n d  D;i ^F =0 ,4  mm u s e d  

i n s t e a d ,p r o v i d e d  t h e  c o e f f i c i e n t  o f  u n i f o r m i t y  Cu  o f  

t h e  f i l t e r  i s  l e s s  t h a n  2 0 .

Ka r p o f f  (1 955)  e x p e r i m e n t a l l y  d e r i v e d  f i l t e r  c r i t e r i a  

g i v e n  b y  e q u a t i o n s  (22) t o  ( 2 6 ) ,  wh i c h  a r e  r e a c mne n de d  

b y  t h e  U . S .  Bu r e a u  o f  Re c l a ma t i o n  (USER) i n  t h e  "Ea r t h  

Ma n u a l " ( 1 9 7 4 ) .  Ka r p o f f  vr or ked wi t h  n a t u r a l  

s u b r o u n d e d  f i l t e r .

Ex a m i n a t i o n  o f  nume r ou s  c r i t e r i a  o n  Ta b l e  1 s ho ws  t h a t  

e v e n  t o  p r o t e c t  a  n o n e  c o h e s i v e  b a s e  m a t e r i a l  t h e  

e x i s t i n g  f i l t e r  c r i t e r i a  a r e  f a r  f r c m b e i n g  u n i f o r m  o r  

c o n s i s t e n t .

I n  r e o e n t  y e a r s  i t  h a s  b e c o n e  e v i d e n t  t h a t  t h e  a b o v e  

me n t i o n e d  c r i t e r i a  d o  n o t  p r o v i d e  s u f f i c i e n t  g u i d a n c e  

f o r  t h e  d e s i g n  o f  f i l t e r s  t o  p r o t e c t  c o h e s i v e  s o i l s  f o r  

b o t h  i n t a c t  a n d  f i s s u r e d  c o n d i t i o n s .  Re c e n t l y  Va u g h a n  

(1978) p r o p o s e d  t o  u s e  wh a t  i s  kn c wn  a s  a  "p e r f e c t  

f i l t e r " wh i c h  wo u l d  p r e v e n t  p a s s a g e  o f  t h e  f i n e s t  

p a r t i c l e s  t h r o u g h  a  s u s t a i n e d  c r a c k  i n  a  c l a y  c o r e  o r  

p r e v e n t  moveme nt  o f  f i n e s  i n  i n t e r n a l l y  u n s t a b l e  

b r o a d l y  g r a d e d  c o a r s e  s o i l .  l a b o r a t o r y  e xp e r i me n t s  

i n d i c a t e d  t h a t  a d d i t o n  o f  n o n  p l a s t i c  f i n e s ,  f i n e r  t h a n  

me s h  2 0 0 ,  t o  s a n d  f i l t e r  vr oul d e f f e c t i v e l y  p r e v e n t  

wa s h i n g  t h r o u g h  o f  f i n e  c o l l o i d a l  c l a y  p a r t i c l e s  o r  c l a y  

f l o c k s .  Se v e r a l  Br i t i s h  zo n e d  e mba nkme n t s  we r e  b u i l t  

wi t h  s u c h  f i l t e r s  a f t e r  e x p e r i e n c e  wi t h  Ba l d e r h e a d  da m 

wh e r e  c r a c k i n g  a n d  e r o s i o n  o f  c l a y  c o r e  wa s  o b s e r v e d , 

Va u g h a n  ( 1 9 7 0 ) .

P I P I NG THEORI ES

At  p r e s e n t  t h e r e  s e e ms  t o  b e  n o  g e n e r a l l y  a c c e p t e d  

t h e o r e t i c a l  f o r m u l a t i o n  o f  p i p i n g  me c h a n i s m i n  s o i l s .  

Da v i d e n k o f f  (1955) u s i n g  s i n p l i f i e d  a s s u mp t i o n s  o f  

e x h i t  g r a d i e n t s  a n d  c o h e s i o n  p r o p o s e d  t o  d e f i n e  t h e  

f a c t o r  o f  s a f e t y  a g a i n s  p i p i n g  i n  c o h e s i v e  s o i l s .  He  

r e l a t e d  t h e  c o h e s i o n  t o  t h e  a v e r a g e  g r a d i e n t  a n d  t h e  

s i z e  o f  f i l t e r  m a t e r i a l ,  h e  d i d  n o t  p r o v i d e  s u f f i c i e n t  

e x p e r i m e n t a l  e v i d e n c e  t o  s u p p o r t  i t .

Za s l a v s k y  a n d  Ka s s i f f  (1 965)  i n t r o d u c e d  t h e  f o l l o wi n g  

f a c t o r  o f  s a f e t y  a g a i n s t  p i p i n g ,  r e l a t i n g  r e s i s t a n c e  t o  

p i p i n g  e x h i b i t e d  b y  t h e  t e n s i l e  s t r e n g t h  o f  c l a y  t o  t h e  

d r i v i n g  f o r c e s  p r o d u c e d  b y  t h e  s e e p a g e  f l e w: 

b  o.

F  = - - - - - . ,  (30)
s  Y„  . j  . d

wh e r e :

F s  = t h e  f a c t o r  o f  s a f e t y

b  = a d i m e n s i o n a l  c o e f f i c i e n t  r e l a t e d  t o  t h e  q e c me t xy  o f  

p a r t i c l e s  ( f o r  a  s p h e r e  b = l , 0 )

421
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TABLE I

SUMMARY OF F I LTER DESI GN CRI TERI A 

A -  E a r l i e r  I d e a s  a n d  Cr i t e r i a  t o  P r e v e n t  P i p i n g  o r  He a v e  b y  Ob s e r v i n g  St r u c t u r e s  B u i l t  o n  S o i l  F o u n d a t i o n

AUTHOR CRI TERI A DEVELOPED REMARKS

S t e m s  (1) 

(1900)

Bl i g h

(1910)

La n e

(1935)

Ha r z a

(1935)

Cr e a g e r ,  J u s t i n  

Hi n d s  (1945)

Ce d e r g r e n

(1973)

I d e a s  t o  p r o v i d e  f i l t e r  p r o t e c t i o n  t o  p r e v e n t  wa s h i n g  o u t  

o f  f i n e s  b y  s e e p a g e

(1)
h e r

C = c r e e p  r a t i o  

L  = p e r c o l a t i o n  p a t h  

h e r  =  maxi mum p e r m i s s i b l e  h e a d  

i  =  h y d r a u l i c  g r a d i e n t

B +  t

(2 )

h e r

C = we i g h t e d  c r e e p  r a t i o

B =  l e n g t h  o f  p e r c o l a t i o n  i n  h o r i z o n t a l  d i r e c t i o n  

t  =  l e n g t h  o f  p e r c o l a t i o n  i n  v e r t i c a l  d i r e c t i o n  

i  =  h y d r a u l i c  g r a d i e n t

i f  =  -  ( I  -  P) (S -  1) 

L

(3)

i f  =  f l o t a t i o n  g r a d i e n t

h  =  d i f f e r e n c e  i n  h e a d

L  = l e n g h t  o f  p a t h

P  = p o r o s i t y

S = s p e c i f i c  g r a v i t y

h

— > 8 o r  10

h  =  d i f f e r e n c e  i n  h e a d  

L  =  l e n g t h  o f  p a t h

G
s

u

G = f a c t o r  o f  s a f e t y  wi t h  r e s p e c t  t o  "b l c wu p " o r  

s  "b u l k  h e a v e " 

av  =  t h e  t o t a l  v e r t i c a l  s t r e s s  a t  a n y  p o i n t

u  =  c o r r e s p o n d i n g  p o r e  p r e s s u r e

(3A)

(4)

B -  F i l t e r  De s i g n  Cr i t e r i a  Ba s e d  o n  La b o r a t i o n  Te s t i n g

(1) Tr a n s .  ASCE, Vo l .  48

P .  2 6 7 .

Re c a i me n d e d  C Va l u e s :
n

Ty p e  o f  m a t e r i a l C
c

i

-  S i l t  & s a n d

(s l i g h t l y  c a r p . ) 18 0 , 0 6

-  F i n e  m i c a c e o u s ,

s a n d 15 0 , 0 7

-  Co a r s e  s a n d 12 0 , 0 8

-  Bo u l d e r s ,  g r a v e l , t

s a n d  m i x t u r e s 5- 9 0 , 2  t o

0 , 1 1

Re c omme nde d C Va l u e s : 
w

Ty p e  o f  m a t e r i a l
Cw

i

Ve r y  f i n e  s a n d  o r

s i l t 8 , 5 0 , 1 2

F i n e  s a n d 7 , 0 0 , 1 4

Me d i u m s a n d 6 , 0 0 , 1 7

Co a r s e  s a n d 5 , 0 0 , 2 0

Gr a v e l , f i n e 4 , 0 0 , 2 5

Me di um, g r a v e l 3 , 5 0 , 2 8 5

Co a r s e  g r a v e l 3 , 0 0 , 3 3

Bo u l d e r s ,  s t o n e ,

g r a v e l 2 , 5 0 , 4 0

F o r  S = 2 , 6 5

P o r o s i t y  (P) Cr i t i c a l i f

0 , 3 0 1 , 1 5

0 , 3 5 1 , 0 7

0 , 4 0 0 , 9 9

0 , 5 0 0 , 8 2 5

f o r  h i g h l y  p e r v i o u s  f o u n d a t i o n s ,  

wi t h o u t  c u t o f f  p r o v i s i o n s  o r  

f i l t e r  p r o t e c t i o n

i f  we i g h t e d  f i l t e r  i s  p r o v i d e d ,  

Gs  > 1 , 5

AUTHOR
BASE MATERI AL 

(B)

F I LTER MATERI AL 

(F)
CRI TERI A DEVELOPED REMARKS

Te r z a g h i

(1922)

Cr i t e r i a  p r o b a b l y  b a s e d  o n  e s qp e r i e nc e  D- ^ F 

a n d  r e a s o n i n g  ______  < 4

D8 5 B

D15 F

> 4

(5)

(6 )

Su b s c r i p t s  15 a n d  85  r e f e r  t o  t h e  

p e r c e n t a g e  f i n e r  b y  we i g h t  t h a n  

g r a i n  s i z e  D.  F a n d  B i n d i c a t e  

F i l t e r  a n d  Ba s e  m a t e r i a l  

r e s p e c t i v e l y

Cu  =

15

60

10

(c o e f f i c i e n t  

o f

u n i f o r mi t y .)

4 2 2
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Tabl e I  ( Cont i nued)  SUMMARY OF FI LTER DESI ® CRI TERI A

B -  Fi l t er  Desi gn Cr i t er i a Based on Labor at i on Test i ng

AUTHOR
BASE MATERI AL 

(B)
FI LTER MATERI AL 

(F)
CRI TERI A DEVELOPED REMARKS

Ber t r am
(1939)

Si l t ,  f i ne sand 
(quar t z,  Ot t awa

Uni f or m quar t z 
& Ot t awa Sand

D15 F

1  6 

< 9

(7)
Sand)

D8 5 B 

D15 F

D15 B

Newt on & 
Hur l ey

Wel l  gr aded gr avel y 
sand

Nat ur al  bank 
gr avel s,  f ai r l y

D1 5 F
< 32 (9) -  do not  agr ee wi t h Ter zaghi ' s and 

Ber t r am' s cr i t er i a.(1940) uni f or m f i nes 
scr eened out D1 5 B

D15 F
< 15 (10)

D5 0 B

U. S.  Ar my Cor ps 
of  Engi neer s 
Wat er ways 
Exper i ment  St at i on 
(USACE -  WES)  
( 1941/ 42/ 48/ 53)

Random mat er i al  
al l  t ypes,  f i ne 
t o coar se uni f or m 
sand

Random t ype 
nat ur al  pi t - r un 
gr avel s

D1 5 F
>_ 4

< 20 

< 25

(11)

(12)

(13)

-  gr adat i on of  f i l t er s shcwl d be 
apr oxi mat el y par al l el  t o base.  
Fi l t er  shoul d be wel l  gr aded

-  To avoi d movement  of  f i l t er

° 15 B 

D1 5 F

D1 5 B 

D50 F

i nt o dr ai n pi pe per f or at i ons or  
j oi nt s see equat i ons (20) and 
(21)

° 50 B

D1 5 F
£  5 (14)

D8 5 B

d i 5 f

< 6 (15) ; CuB <

D8 5 B

-L, D

D1 5 F
< 40 (16); CuB < 4, 0

D1 5 B

1955 cohesi ve soi l s 
( al l  t ypes)

concr et e sand,  
coar se aggr egat e

D15 F
> 5 (17) For  medi um t o hi gh pl ast i c cl ays 

di scar d equat i on (17) and use,r econmended
D1 5 B

D50 F

£  25 (18)

D̂j - F = 0, 4 mm,  pr ovi ded 

CuF < 20, 0

D50 B

D1 5 F
< 5 (19)

D8 5 B

° 85
F

> i 2 (20)
sl ot  wi dt h

° 85
F

> 1, n (21)
hol e di am.

u
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Tabl e I  ( Oont i nued)
SUMMARY OF FI LTER DESI GN CRI TERI A 

B -  Fi l t er  Desi gn Cr i t er i a Based on Labor at or y Test i ng

AUTHOR

USBR
1947/ 55/ 74

Sher ar d et  
al  (1963)

Vaughan
(1978)

BASE MATERI AL 
(B)

FI LTER MATERI AL 

_____(11______
Ar t i f i ci al  Bl ended . Ar t i f i ci al  uni f or m 5 < 
mat er i al s of  var i ous f i l t er s 
r anges i ncl udi ng 
uni f or m mat er i al

12  <

12 <

CRI TERI A DEVELOPED

° 50 F "

REMARKS

cohesi ve soi l s non pl ast i c 
si l t ,  sand

9 <

6 <

Drn R
bU

° 50
F

° 50 B

D, F
l b

D,  _ R
l b

F
bU

n „ R
bU

D,  ^ F
l b

D,  ^ R
l b

D85
F

< 10

< 58

< 40

< 30

< 18

max.  openi ng of  
pi pe dr ai n

d 1 5 f

° 15 B

D1 5 F

D8 5 B

> 5

< 5

" per f ect  f i l t er "  
r et ai ni ng cl ay i n 
suspensi on or  cl ay 
f l ocks

( 2 2 )

(23)

(24)

(25)

(26)

> 2 (27)

(28)

(29)

Ot her  r equer i ment s:
L 100% passi ng 3 i n. si eve
2. per cent  passi ng si eve #  200

< 5%
3. f i ner  sect i on of  base and 

f i l t er  mat er i al  shoul d be 
appr oxi mat el y par al l el

4. use eq. 22 f or  nat ur al  
subr ounded uni f or m mat er i al

5.  f or  nat ur al  gr aded f i l t er s 
use eq.  23 and 24

6. f or  cr ushed r ock f i l t er s use 
eq.  25 and 26

7. To avoi d movement  of  f i l t er  
i nt o dr ai n pi pe openi ng use 
equat i on (27)

Ot her  r equi r ement s:

1.  100% passi ng 3 i nch si eve
2.  per cent  passi ng si eve 200 

< 5%
3.  gr ai n cur ves appr oxi mat el y 

par el l el
4.  use base mat er i al  passi ng 

1 i n.  si eve

Test i ng r ecommended t o 
est abl i sh cr i t er i a

□ t  = t ensi l e st r engt h of  soi l  
y = speci f i c wei ght  of  wat er
j w = exi t  gr adi ent  r el at ed t o t he geomet r y of  f ai l ur e 
d = aver age par t i cl e si ze
I t  f ol l ows f r cm f or mul a (30) t hat  t he gr adi ent  j  
gener al l y exceeds t he aver age gr adi ent  i ,  and t hat  t he 
f i l t er  on one si de pr ot ect s t he base mat er i al  t ut ,  on 
t he ot her  si de,  i ncr eases t he out l et  gr adi ent  and 
t her ef or e i ncr eases t he chances of  st ar t i ng t he 
er osi onal  pr ocess.
Ranganat han and Zachar i as (1968)  came t o t he concl usi on 
t hat  t he r esi st ance t o pi pi ng i n cl ays i ncr eases wi t h 
t he i ncr ease i n shear i ng and t ensi l e st r engt h of  soi l s.  
Test s per f or med by t hese i nvest i gat or s i ndi cat ed t o a 
sudden i ncr ease i n t he coef f i ci ent  of  per meabi l i t y as 
pi pi ng set s i n. Fol que (1977)  conf i r med t hi s f encmena i n 
hi s t est s and suggest s t hat  t hi s sudden i ncr ease i n 
per meabi l i t y of  base mat er i al  be t aken as i ndi cat i on of  
pi pi ng f ai l ur e.  Wol ski  et  al  (1970)  st udi ed f i l t er  
pr ot ect i on f or  cor e mat er i al  i n zoned embankment  on t he 
basi s of  r eol ogi cal  behavi or  of  ext r usi on of  pl ast i c 
cor e mat er i al  i nt o t he adj acent  f i l t er  l ayer .  He f ound 
t hat  act ual  maxi mum gr adi ent s i n t he cor e may exceed by 
as much as 2. 5 t o 60 t i mes t he aver age val ue est i mat ed 
anal yt i cal l y.
Nedr i ga et  al  (1974)  r eacmnends t hat  conser vat i ve desi gn 
pr act i ce woul d be t o assume a hypot het i cal  t r ansver se 
cr acki ng t hr ough t he cl ay cor e and t o det er mi ne t hen t he 
seepage vel oci t i es t hr ough t he sust ai ned cr ack.  He 
f ound t hat  t he cr i t i cal  or  er osi ve vel oci t y i n such 
cr acks woul d be 5 t o 10 aVs  and 39 t o 65 an/ s f or  si l t y

and si l t y gr avel  r espect i vel y.
Ter zaghi  (1943) ,  Ceder gr en (1973)  made t heor i zat i on and 
t est i ng on t he seepage ef f ect  i n upwar d di r ect i on and 
bul k heave.  Ter zaghi ' s concept  of  cr i t i cal  hydr aul i c 
gr adi ent  i s used t o expr ess t he saf et y of  t he mass of  
soi l  submi t t ed t o t he seepage f or ce,  t he l at t er  bei ng t he 
pr oduct  of  t he cr i t i cal  gr adi ent  mul t i pl i ed by t he wei ght  
of  wat er .  When t he seepage f or ce exceeds t he wei ght  of  
soi l  mass,  heavi ng act i on i s i ni t i at ed.  Ceder gr en' s 
equat i on 4 an Tabl e 1 gi ves t he equi l i br i um condi t i on 
bet ween t he t ot al  ver t i cal  st r ess at  any poi nt  and t he 
cor r espondi ng por e pr essur e.  A sur char ge of  gr anul ar  
mat er i al  can ef f ect i vel y,  pr event  t he bul k heave.
Kal i n' s i nvest i gat i ons shewed t hat  si mpl i f yi ng condi t i ens* 
suci i  as assumi ng hanogenei t y of  t he mass of  soi l  t hr ough 
whi ch seepage t akes pl ace i nst ead of  l ayer ed non 
hanogeneous soi l  i n seepage f l ew comput at i ons may be 
si gni f i cant l y on t he unsaf e si de.
Kj el l man (1964)  and Si l vei r a (1965)  of f er  a di f f er ent  
t heor et i cal  appr oach t o t he pr obl an of  washi ng of  f i nes 
t hr ough t he f i l t er .  Kj el l man ar gues t hat  t he convent i onal  
f i l t er  cr i t er i a do not  t ake i nt o account  t he t hi ckness of  
t he f i l t er  l ayer  and t hat  t he base mat er i al  shoul d 
oount ai n enough coar se gr ai ns so t hat  t hey bl ock al l  
ent r ances t o t he por e channel s i n t he adj acent  f i l t er  of  
a cer t ai n r equi r ed t hi ckness.  Si l vei r a pr oposed a compl ex 
anal yses t o det er mi ne f i l t er  gr adat i on based on " voi d 
si ze di st r i but i on cur ve"  i nst ead of  gr ai n si ze cur ve of  
t he base and t he f i l t er  mat er i al .  He t hen uses t he 
pr obabi l i st i c anal yses t o det er mi ne possi bi l i t y of  washi ng 
of  base mat er i al  par t i cl es t hr ough f i l t er  voi ds t o ar r i ve 
at  t he r equi r ed f i l t er  gr adat i on.
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TABLE 2

A LI ST OF DAMS WHERE PI PI NG HAS DEVELOPED

MO
YEAR

NAME OF THE DAM TYPE OF DAM
HEI GHT OCCURENCE OR CAUSEINY

CONSTRUCTI ON OCCURENCE
m DEFECT

l - 1890 Gunni nson, Cal i f . ,  
USA

Homogeneous dam 6, 60 Pi pi ng t hr ough dam

2 1895 1895 Angel s,  USA Homogeneous dam 17, 40 Pi pi ng t hr ough dam

3 - 1896 Br adf or d,  Engl and Homogeneous dam 29, 70 Pi pi ng t hr ough dam

4 1899 1899 Lake Fr anci s,  Cal i f . Hanogeneous dam 25, 40 Pi pi ng t hr ough dam

5 1893 1904 Aval on,  USA Zoned dam 19, 40 Pi pi ng t hr ough dam

6 1901 1904 Gr eenl i ck,  USA Homogeneous dam 20, 40 Pi pi ng t hr ough dam

7 1907 1909 Bl ackr ock,  USA Zoned dam 23, 10 Pi pi ng t hr ough dam 
f oundat i on

8 1905 1910 Jal esbur g,  USA Homogeneous dam 19, 80 Pi pi ng t hr ough 
f oundat i on

9 1911 1913 Bl ackf oot ,  USA Zoned dam 16, 20 Pi pi ng t hr ough 
f oundat i on

10 1912 1914 Hor se Cr eek,  Col .  
USA

Homogeneous dam 18, 20 Pi pi ng t hr ough 
f oundat i on

11 1913 1914 Hebr on,  USA Homogeneous dam 18, 20 Pi pi ng t hr ough 
f oundat i on

12 1913 1915 Lyman,  USA Homogeneous dam 21, 50 Pi pi ng t hr ough 
f oundat i on

13 1902 1916 Lake Toxaway,  USA Homogeneous dam 20, 50 Pi pi ng t hr ough dam

14 1920 1921 For syt ,  USA Homogeneous dam 21, 50 Pi pi ng t hr ough 
f oundat i on

15 1920 1923 Api shapa,  Col . ,  USA Homogeneous dam 37, 00 Pi pi ng t hr ough dam Cr acki ng due t o di f f er ent i al  
set t l ement

16 1927 1928 Lake Al manour ,  USA Hanogeneous dam 42, 90 Pi pi ng t hr ough 
f oundat i on

17 1929 1929 Li t t l e Fi el d USA Homogeneous dam 41, 30 Pi pi ng t hr ough dam

18 1930 1930 Cor pus Chr i st i ,  USA Homogeneous dam 20, 20 Pi pi ng t hr ough 
f oundat i on

19 1903 1932 Desabi a For ebay, Cal  
USA

Homogeneous dam 17, 50 Pi pi ng t hr ough dam

20 1899 1935 Lake Fr anci s,  USA Homogeneous dam 25, 40 Pi pi ng t hr ough dam

21 1938 1939 Dr y Cr eek,  Mont .  
USA

Homogeneous dam 15, 20 Pi pi ng t hr ough dam 
and f oundat i on

22 1946 1948 Wi st er ,  Okl ahoma,  
USA

Homogeneous dam 16, 00 Pi pi ng t hr ough dam

23 1947 1948 Fr ed Bur r ,  USA Homogeneous dam 19, 80 Pi pi ng t hr ough dam

24 1949 1949 Wi st er ,  USA Hanogeneous dam 29, 70 Pi pi ng t hr ough 
f oundat i on

25 1949 1950 St ockt on,  Cal i f . ,  
USA

Homogeneous dam 26, 70 Pi pi ng t hr ough dam Cr acki ng due t o di f f er ent i al  
Set t l ement s

26 1940 1954 Pampul ha,  Br azi l Hanogeneous dam 
wi t h concr et e 
sl ab on upst r eam 
f ace

11, 50 Pi pi ng t hr ough dam 
( compl et e f ai l ur e)

Hi gh gr adi ent s due t o r apt ur e 
of  concr et e pl at e and 
i nadequat e i nt er nal  dr anage

27 1899 1957 Mi l l  Cr eek,  USA Homogeneous dam 22, 10 Pi pi ng t hr ough 
f oundat i on

28 1959 1960 Penn For est ,  USA Homogeneous dam 49, 50 Pi pi ng t hr ough dam

29 1960 1960 Al amo Ar r oyo,  Si t e 
2

Homogeneous dam 22, 50 Pi pi ng t hr ough 
f oundat i on

30 1959 1962 Cobb Cr eek n9 1 Hanogeneous dam 24, 80 Pi pi ng t hr ough 
f oundat i on

31 1951 1963 Bal dwi n Hi l l s,  USA Hanogeneous dam 86, 50 Pi pi ng t hr ough dam

32 1962 1963 Li t t l e Deer  Cr eek, Homogeneous dam 28, 00 Pi pi ng t hr ough dam

33 - 1963
USA
Cougar ,  Or egon,  USA Rockf i l l  dam 

wi t h cl ay cor e
174 Pi pi ng t hr ough dam Cr acks due t o di f f er ent i al  

set t l ement

34 1962 1963 Jenni ngs Cr eek 
Wat er shed 3,  USA

Hanogeneous dam 22, 80 Pi pi ng t hr ough 
f oundat i on

35 1960 1964 Jenni ngs Cr eek 
Wat er shed 16,  USA

Homogeneous dam 18, 2 Pi pi ng t hr ough 
f oundat i on

36 1964 1964 Kedar  Nal a,  I ndi a Homogeneous dam 6, 6 Pi pi ng t hr ough dam
Tr ansver se cr acks due t o 
i r r egul ar  pl acemen of  r ockf i l l

37 1964 Round But t e,  Or egon 
USA

Rockf i l l  dam 
wi t h i mper vi ous 
cor e

147 Pi pi ng t hr ough dam
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TABLE 2

N9
YEAR

TYPE OF DAM HEI GHT OCCURENCE OR

CONSTRUCTI ON OCCURENCE m DEFECT CAUSE

38 1961 1965 Bal der head,  Engl and Rockf i l l  dam 
wi t h i mper vi ous 
cor e

52, 4 Pi pi ng t hr ough dam Poor  f i l t er  gr adi ng and 
segr egat i on

j y 1965 Dj at i l uhur ,
I ndonesi a

Rockf i l l  dam 
wi t h cl ay cor e

124 Pi pi ng t hr ough dam Hor i zont al  f i ssur es due t o cor e 
consol i dat i on

4U 1964 1965 Hyt t ej uvet ,  Nor wey Rockf i l l  dam 
wi t h i mper meabl e 
cor e

100 Pi pi ng t hr ough 
cor e of  t he dam

Hydr aul i c f i ssur i ng i n cor e,  
segr egat i on of  f i l t er

41 1963 1963 Yar d' s Cr eek Upper  
Reser voi r ,  N.  Y. , 
USA

Rockf i l l  dam 
wi t h i mper meabl e 
cor e

26, 70 Pi pi ng t hr ough dam Cr acki ng i n cor e and f i l t er  due 
t o excessi ve f i nes i n f i l t er

42. 1965 1966 Met ahi na,  New 
Zeal and

Rockf i l l  dam 
wi t h i mper meabl e

66, 80
cor e

Pi pi ng t hr ough dam Cr acki ng i n cor e and f i l t er  due 
t o excessi ve f i nes i n f i l t er

43 1970 1971 Vi ddl al svat n,
Nor wey

Rockf i l l  dam 
wi t h i mper meabl e 
cor e

76, 80 Pi pi ng t hr ough damCr acki ng i n cor e and f i l t er  due 
t o excessi ve f i nes i n f i l t er

44 1970 1971 Sei t evar e,  Sweden Rockf i l l  dam 116, 90 Pi pi ng t hr ough 
f oundat i on

Concent r at i on of  hi gh gr adi ent s 
due t o di scont i nui t i es i n

45 1970 1971 Bast usel ,  Sweden Rockf i l l  dam 
wi t h i mper vi ous 
cor e

44, 00 Pi pi ng t hr ough 
f oundat i on

f oundat i on per meabi l i t y 
Di scont i nui t y i n f oundat i on 
l eadi ng t o seepage concent r at i on

4b 1970 1971 Fl agst af f  Gol l y,  
Tasmani a,  Aust r al i a

Rockf i l l  dam 
wi t h i mper vi ous 
cor e

44, 00 Pi pi ng t hr ough dam Open cr aks i n r ock,  cr acki ng 
i n f i l t er ,  er odi bl e cl ay i n 
cor e

41 1975 1976 Tet on,  I daho,  USA Rockf i l l  dam 
wi t h i mper vi ous 
cor e

100 Pi pi ng t hr ough 
cont act  bet ween 
cor e and f oundat i on 
l eadi ng t o t ot al  
f ai l ur e

Er odi bl e mat er i al ,  open j oi nt s 
i n r ock.  I nadequat e f i l t er  
gr adat i or  and l ow per meabi l i t y

48 1975 -  1977 1978 Cof f er dam i n Amazon 
Regi on,  Br azi l

Rockf i l l  di ke 
and conpact ed 
cl ay

15 Pi pi ng and f ai l ur e 
of  a sect i on 
t hr ough ccrrrpact ed 
cl ay cor e

Hi gh gr adi ent s,  poor  t r ansi t i on 
and f i l t er  l eadi ng t o f ai l ur e 
of  a sect i on

4y 1970 1973 Tar bel a,  West  
Paki st an

Rockf i l l  dam 
wi t h cl ay cor e

147 Pi pi ng i n upst r eam 
cl ay bl anket

Pi pi ng of  sand,  cl ay t hr ough 
openwor k boul der - gr avel  
f oundat i on

CONCLUSI ON

Pi pi ng er osi on can be compar ed wi t h cancer  di sease i n a 
sense t hat  once i ni t i at ed i t  can r api dl y devel ope beyond 
cont r ol .  One way t o keep out  of  t r oubl e i s t o keep t he 
exi t  gr adi ent s conser vat i vel y l ow f ol l owi ng Bl i gh (1910) 
and Lane (1935) .
Def i ci ency i n t he exi st i ng pi pi ng t heor i es and f i l t er  
cr i t er i a,  especi al l y i n cl ay soi l s,  i s wel l  r ecogni zed.  
Zasl avsky et  al  ( 1965) ;  Si l va (1973) ;  f f el l o V. F. B.
(1977) ,  17 t h Ranki ne Lect ur e,  Geot ecni aue,  Sept si i ber ;  
Wi l son,  Mar sal  (1979)  and ot her s cal l ed at t ent i on t o 
t hi s f act  and suggest ed i mpr ovement s.  I deal l y such 
t heor y shoul d consi der  t he seepage f or ces act i ng on t he 
base mat er i al ,  t he r esi st i ng f or ces such as cohesi on and 
t ensi l e st r engt h,  and t he mechani cal  bl ocki ng of  soi l  
par t i cl es by f i l t er .
Et i l que (1977) ,  i nvest i gat i ng pi pi ng r esi st ance i n cl ays 
of  medi um pl ast i ci t y,  pr esent s an exampl e det er mi ni ng 
anal yt i cal l y t he cr i t i cal  gr adi ent s whi ch wi l l  i nduce 
pi pi ng.  Fol l owi ng Zasl avsky' s (1965)  and Wbl ski ' s 
(1970)  t heor i es,  he f ound t he aver age and maxi mum 

cr i t i cal  exhi t  gr adi ent s t o be 24 and 120 r espect i vel y.  
He f ound t hat  t her e was no pi pi ng ef f ect  on cl ay i n hi s 
l abor at or y t est i ng even f or  gr adi ent s above 50.
Of  t he ser i es of  f i l t er  cr i t er i a sumnar i sed on Tabl e I  
USBR equat i ons 22 t o 27 appear  t o be mor e appr opr i at e 
f or  non oohesi ve soi l .

Fi l t er  pr ot ect i on cr i t er i a f or  oohesi ve soi l s i s 
l acki ng.  Ther e i s a t endency t o pr ot ect  cl ay cor es ar d 
er odi bl e or  di sper si ve cl ays wi t h t r ansi t i on f i l t er  
" per f ect  f i l t er s"  see Vaughan (1970) ,  Bel l o et  al  (1979).  
At  Gur i  dam,  Venezuel a,  Ki l i an de Fr i es pr oposed t o use 
f i l t er  addi ng 3 per cent  of  non pl ast i c r ock f l our  t o t he 
sand f i l t er  i n or der  t o r et ai n cl ay f l ocks of  medi um 
pl ast i ci t y.
At  pr esent  di sput es of t en ar i se bet ween t he desi gner  and 
t he cont r act or  as t o t he f i l t er  r equi r ement s.  Ther ef or e,  
a r evi ew of  t he t heor y and t he f i l t er  cr i t er i a appear s 
t o be ur gent  i n or der  t o r at i onal i ze t he desi gn and t o 
r educe t he cost s,  usi ng,  whenever  possi bl e,  avai l abl e 
mat er i al s and i nst al at i ons. Tabl e 2 l i st s 49 dams 
wher e pi pi ng has devel oped of  whi ch onl y 3 or  4 have 
f ai l ed.  One possi bl e r eason f or  such a smal l  number  of  
f ai l ur es i s t hat  t he f i l t er  cr i t er i a as used i n t he 
most  cases may have been qui t e conser vat i ve.  The ot her  
possi bl e expl ant i on may be t hat  a number  of  l ow 
embankment s bui l t  i n haphazar d way f or  agr i cul t ur al  
pur poses have f ai l ed due t o pi pi ng but  wer e never  
r epor t ed.
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