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S U M M A R Y

In  m o s t  r e s e a rch o n  s e e page  c a r r ie d  o u t  in the  pa s t , the  s o il 

ha s  be e n cons id e r e d  as  a  h o m o g e n e o u s  a nd  is o t r o p ic  m a te r ia l. 

T h is  m e a ns  t ha t  the  p e r m e a b ility  in b o th  d ir e c t ions , h o r izo n ta lly  

a n d  v e r t ic a lly , is  the  s ame . Ho w e v e r , the  c o m p o s it io n  o f na t u r a l 

s o il s how s  tha t  in n e a r ly  a ll case s  the  p e r m e a b ility  in  the  h o r i ­

z o n t a l d ir e c t ion  is  g r e a te r  th a n  tha t  in the  v e r t ic a l d ir e c t ion . T his  

p h e n o m e n o n  is  k n o w n  as a n is o t r o p y . Be caus e  o f  the  d iffic ult ie s  

in  the  a n a ly t ic a l t r e a tm e nt  o f  a n is o t r o p ic  s o il p r o b le m s  a  s tudy  

was  m a d e  a t the  T e c hn is c he  H o c h s c h u le  o f S tu t tg a r t  us ing  an 

e le c t r ic a l a na lo g u e . In  this  p a pe r  it w ill be  s h o w n t ha t  the  re s ults  

o b ta ine d  by a s s um ing  m a te r ia l to  be  is o t r o p ic  a r e  n o t  c or re c t  

a n d  in  m a n y  case s  fa v o ur  s m a lle r  d im e n s ions . T h is  m a y  r e duce  

the  s a fe ty  o f  s t r uc tur e s . In  the  pre s e nt  p a pe r  the  de s ign o f  the  

a na lo g u e  m o d e l a n d  its  a p p lic a t io n  w ill be  de s c r ibe d.

i n  m o s t  s t u d i e s  o f  s e e p a g e  p r o b l e m s  m a d e  in  t h e  p a s t ,  the  

a s s u m p t io n  is  m a d e  t h a t  t h e  s o il u n d e r  c o n s id e r a t io n  is  a 

h o m o g e n e o u s  is o t r o p ic  m a s s ;  i.e . , a  m a s s  t h a t  e x h ib it s  e s s e n ­

t ia lly  t h e  s a m e  p e r m e a b ilit y  p r o p e r t ie s  in  e v e r y  d ir e c t io n .  

H o w e v e r ,  t h is  is  g e n e r a lly  n o t  t h e  c a s e , b e c a u s e  s o il b y  

fo r m a t io n , fo r m  o f  g r a in s ,  a n d  c o n s o lid a t io n  h a s  d iffe r e n t  

c o e ffic ie n ts  o f  p e r m e a b ilit y  fo r  t h e  v e r t ic a l a n d  h o r iz o n t a l 

d ir e c t io n s . In  o t h e r  w o r d s  n a t u r a l s o il is  a n is o t r o p ic .  A c c o r d ­

in g  t o  th e  e x p e r im e n t s  o f  C a s a g r a n d e  ( 1 9 3 5 )  t h e  q u o t ie n t  

k x/k~  r a n g e s  b e t w e e n  2  a n d  10.

A n  a n a ly t ic a l t r e a t m e n t  o f  is o t r o p ic  s e e p a g e  a r e a s  is 

p o s s ib le  b y  a p p lic a t io n  o f  th e  p o t e n t ia l t h e o r e m  a n d  L a p la c e ’s 

d iffe r e n t ia l e q u a t io n . In  c a s e  o f  t w o - d im e n s io n a l flo w  th is  

g ive s

dx-  +  d - O /dz~  = 0  ( 1 )

w h e r e  (I>(*, z ) is  t h e  p o t e n t ia l fu n c t io n .  A n y  p o in t  o n  o n e  o f  

t h e  e q u ip o t e n t ia l lin e s  h a s  t h e  s a m e  v a lu e . T h is  is  a ls o  the  

c a s e  fo r  t h e  s t r e a m  fu n c t io n  y  =  y  ( * ,  z )  w h ic h  s a t is fie s  

L a p la c e ’s e q u a t io n  t o o . A p p ly in g  t h e  C a u c h y - R ie m a n n  d if ­

fe r e n t ia l e q u a t io n s  it  c a n  b e  p r o v e d  t h a t  t h e  flo w  lin e s  a n d  

e q u ip o t e n t ia l lin e s  fo r m  a  g r id  o f  c u r v e s  w h e r e in  a ll in t e r ­

s e c t io n s  a r e  a t  r ig h t  a n g le s .  T h e r e fo r e  L a p la c e ’s d iffe r e n t ia l 

e q u a t io n  r e p r e s e n t s  a n  in t e r c h a n g e a b le  n e t w o r k  o f  o r th o -  

g o n a ls .  T h u s  w e  a r e  a b le  t o  o b t a in  a  p ic t u r e  o f  t h e  g r o u n d ­

w a t e r  flo w  in  a n  is o t r o p ic  m a s s  b y  in t e g r a t io n  o f  t h e  L a p la c e  

e q u a t io n .

H o w e v e r ,  in  o r d e r  t o  d o  t h is  o n e  h a s  t o  k n o w  a n d  b e  a b le  

to  a n a ly s e  t h e  b o u n d a r y  c o n d it io n s . In  m a n y  ca s e s  th e  

m a t h e m a t ic a l a n a ly s is  o f  th e s e  c o n d it io n s  is  v e r y  d iffic u lt  a n d  

t im e - c o n s u m in g . F o r  t h is  r e a s o n  m o d e l te s ts  a r e  q u it e  c o m ­

m o n , u s in g  filt e r s  w it h  c o lo u r e d  p r o b e s , flo w  t a n k , H e le - S h a w  

m o d e l,  o r  e le c t r ic a l a n a lo g u e .

S O M M A I R E

Ju s q u ’à  pr é s e nt  la  p lu p a r t  de s  é tude s  s ur  l ’é c o u le m e n t  o n t  é té  

é ta b lie s  e n g é né r a l s ous  l’hy po thè s e  d ’un  t e r r a in  h o m o g è n e  e t 

is o t r ope , c'e s t- à- dire  d ’une  pe r m é a b ilit é  c o ns ta nte  da ns  toute s  les 

d ir e c t ions . O r  o n  a  t r o uv é  d a n s  pr e s que  tous  les te r r a ins  na tur e ls  

de s  coe ffic ie nts  de  p e r m é a b ilit é  d iffé r e n ts  p o u r  la  d ir e c t ion  v e r t i ­

ca le  et h o r izo n t a le  (a n is o t r o p ie  d u  t e r r a in ) . E t a n t  d o n né  que  

l’é tude  t hé o r iq u e  de  ces  p r o b lè m e s  se m o n t r e  d iffic ile  e t  de  long ue  

dur é e , o n  a  u t ilis é  à la  Ve r s uc hs a ns ta lt  fu r  G r u n d b a u  u n d  Was se r-  

ba u  d e r  T e c hn is c he n H o c h s c h u le ,  S tu t tg a r t , un e  m é th o d e  d ’a n a ­

log ie  é le c t r ique , q u i pe r m e t  d ’in t r o d u ir e  les  d iffé r e n ts  coe ffic ie nts  

de  p e r m é a b ilit é  e t d ’é tu d ic r  le u r  influe nc e . Le s  r é s ulta ts  o b te n us  

m o n t r e n t  q ue  l ’hypo thè s e  d ’un  t e r r a in  is o tr ope  fo u r n it  e n g é né r a l 

de s  va le ur s  t r o p  fa vo r a b le s  p o u r  le  d im e n s io n n e m e n t  d ’u n  o u ­

vr age . L ’e x pos é  s u iv a n t  dé c r it  le  s ys tème  de  m o n ta g e  e t l’a p p lic a ­

t io n  de  la  m é th o d e .

A N IS O T R O P IC  S O IL

In  t h e  c a s e  o f  a n is o t r o p ic  s o il, L a p la c e ’s e q u a t io n  o f  the  

fo r m  ( 1 )  is  n o t  a p p lic a b le  a n y  m o r e . A  d if fe r e n t ia l e q u a t io n  

h a s  to  be  s u b s t it u t e d  w h ic h  t a k e s  in t o  c o n s id e r a t io n  t h a t  th e  

c o e ffic ie n t  o f  p e r m e a b ilit y  fo r  th e  h o r iz o n t a l (k ,.) a n d  the  

v e r t ic a l ( k . )  is  d iffe r e n t .  T h is  g ive s

k Td2<p/ dx- -1- k,d'2<p/ dz2 =  0. (2 )

S in c e  in  th is  e q u a t io n  th e  s t r e a m  lin e s  a n d  t h e  e q u ip o t e n t ia l 

lin e s  n o  lo n g e r  r e p r e s e n t  a n  in t e r c h a n g e a b le  o r t h o g o n a l 

n e t w o r k , a  s o lu t io n  o f  t h is  p r o b le m  is  v e r y  d iffic u lt .  A t  t h e  

V e r s u c h s a n s t a lt  fu r  G r u n d b a u  u n d  W a s s e r b a u , T e c h n is c h e  

H o c h s c h u le ,  S t u t t g a r t ,  a  m e t h o d  is  u s e d  w h ic h  h a s  b e e n  

p r o v e d  t o  b e  o f  v a lu e .

T H E  T E S T  E Q U I P M E N T

T h e  m e t h o d  w a s  o r ig in a lly  d e v e lo p e d  b y  P a v lo v s k y  ( 1 9 3 3 )  

a n d  is  k n o w n  in  t h e  lit e r a t u r e  a s  t h e  e le c t r ic a l a n a lo g u e  in  

w h ic h  t h e  c o r r e s p o n d e n c e  b e t w e e n  t h e  s te a dy - s ta te  flo w  o f  

w a t e r  t h r o u g h  p o r o u s  m e d ia  ( D a r c y ’s la w )  a n d  t h e  flo w  o f  

e le c t r ic  c u r r e n t  in  a  c o n d u c t o r  ( O h m ’s la w )  h a s  b e e n  

e s t a b lis h e d .

C o n s id e r in g  a  n a t u r a l c a s e  o f  a  s e e p a g e  a r e a , a  g e o m e t r ic  

s im ila r  e le c t r ic a l a n a lo g u e  m o d e l e n a b le s  u s  t o  s im u la t e  th e  

b o u n d a r y  c o n d it io n s  a n d  t o  fin d  t h e  e q u ip o t e n t ia l lin e s  a n d  

t h e  flo w  lin e s .  H o w e v e r ,  fo r  te s ts  c o n s id e r in g  a n is o t r o p ic  s o il, 

t h e  c o p p e r  f o il  o r  c o n d u c t in g  p a p e r s  g e n e r a lly  u s e d  a s  a 

c o n d u c t iv e  m e d ia  w o u ld  n o t  b e  s u it a b le ,  s inc e  t h e ir  c o n d u c ­

t iv it y  fo r  t h e  *  a n d  z  a x e s  c a n  n o t  b e  v a r ie d . In  o t h e r  w o r d s  

c o n d u c t iv it y  in  b o t h  t h e  x  a n d  t h e  z  d ir e c t io n  w o u ld  be  th e  

s a m e . O n  t h e  o t h e r  h a n d , b y  u s in g  a  s e t o f  s ing le  r e s is to r s  o f  

d iffe r e n t  c a p a c it ie s  fo r  t h e  v e r t ic a l a n d  h o r iz o n t a l d ir e c t io n s
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1. E q u ip m e n t  o f  the  e le c t r ic a l a na lo g u e .

t h e  c o n d u c t iv it y  c o u ld  b e  v a r ie d  a c c o r d in g  t o  t h e  p e r m e a ­

b ili t y  o f  t h e  n a t u r a l c o n d it io n  ( L a  M a r r e  a n d  H u a r d ,  1 9 5 3 ) .

S h e e t - m e t a l w a lls  a r e  u s e d  t o  h o u s e  t h e  s o c k e ts  fo r  t h e  

r e s is t o r  p lu g s . F iv e  o f  t h e  s o c k e t s  a r e  c o n n e c t e d  b y  s ilv e r  

w ir e ,  f o r m in g  a  n e t  k n o t .  T h e  r e s is to r s  a r e  t h e n  p lu g g e d  in ,  

a c c o r d in g  t o  t h e  n a t u r a l g e o m e t r ic  s h a p e  o f  t h e  s e e p a g e  a r e a  

( F ig .  1 ) .  A s  r e s is to r s  o n e  c a n  us e  n o r m a l r e s is to r s  w it h  a  

c a p a c it y  r a n g in g  f r o m  1 0 , 1 0 0 , 5 0 0 , t o  1 0 0 0  £1 h a v in g  a n  

a c c u r a c y  o f  ± 0 .5  p e r  c e n t  (s e e  F ig . 2 ) .  T o  p r e v e n t  c o n fu s io n

3 . T h e  b o u n d a r y  c o n d it io n s  a r e  t h e  s a m e  in  m o d e l a n d  

n a t u r e .

N o  d iffic u lt ie s  s h o u ld  b e  e n c o u n t e r e d  in  o b t a in in g  g e o ­

m e t r ic  s im ila r it y .  H o w e v e r  t o  a c h ie v e  d u p lic a t io n  o f  t h e  

b o u n d a r y  c o n d it io n s  a t r ia l a n d  e r r o r  m e t h o d  m ig h t  b e  

n e c e s s a r y , e s p e c ia lly  in  c a s e s  w it h  fr e e  s u r fa c e s .

T h e  p o s s ib le  b o u n d a r y  c o n d it io n s  a n d  t h e ir  a n a ly t ic a l 

t r e a t m e n t  m a y  b e  o b t a in e d  in  t h e  f o llo w in g  m a n n e r  (s e e  

F ig . 3 ) .

f i g . 2 . Re s is to r s  a n d  plugs .

th e  r e s is to r  p lu g s  s h o u ld  b e  c o lo u r e d  a c c o r d in g  t o  t h e ir  

r e s p e c t iv e  c a p a c it ie s .  B y  p u t t in g  t h e  n e c e s s a r y  r e s is to r s  in  

p la c e , t h e  n e t  is  c o m p le t e d  f o r m in g  a  g r id  o f  s in g le  m e s h e s . 

T h e  s p e c ific  r e s is ta n c e  o f  o n e  m e s h  c a n  e a s ily  b e  c a lc u la t e d  

f r o m  R  b y  u s in g  K ir c h h o f ’s  la w s , w h e r e  R  r e p r e s e n ts  t h e  

c a p a c it y  o f  a  s in g le  r e s is t o r  in  o h m s .

T o  s im u la t e  a n is o t r o p ic  s o il,  r e s is to r s  o f  d iffe r e n t  c a p a c it ie s  

h a v e  t o  b e  u s e d . H o w e v e r  a t t e n t io n  m u s t  b e  p a id  t o  t h e  fa c t  

t h a t  t h e  c o e ffic ie n t  o f  p e r m e a b ilit y  k  in  t h e  e le c t r ic a l a n a ­

lo g u e  is  in  a c c o r d a n c e  w it h  t h e  r a t io  o f  th e  c o n d u c t in g  p o w e r  

1/ p  . . . e .g . ,  in  t h e  c a s e  o f  a n  a n is o t r o p ic  s o il w it h  t h e  

c o e ffic ie n ts  o f  p e r m e a b ilit y  k r a n d  k s, t h e  r e s is to r s  h a v e  t o  b e  

r e c ip r o c a lly  p r o p o r t io n a l t o  t h e  p e r m e a b ilit y ,  t h a t  is , 1 / k x 

a n d  \ /k . r e s p e c t iv e ly .

M O D E L  A N D  B O U N D A R Y C O N D IT IO N S

W it h  t h e  g r id  s y s t e m  a n d  t h e  n e c e s s a r y  n u m b e r  o f  r e s is ­

t o r s ,  e v e r y  v a r ia t io n  o f  s e e p a g e  a r e a  c o u ld  b e  s e t  o u t ,  if :

1. T h e  g e o m e t r ic a l fo r m  o f  t h e  r e s is to r  a r e a  in  t h e  m o d e l 

c o n fo r m s  t o  t h e  n a t u r a l s e e p a g e  a r e a .

2 . T h e  r e s is to r s  c o r r e s p o n d  t o  t h e  c o e ffic ie n t  o f  p e r m e a ­

b ili t y  o f  t h e  n a t u r a l s o il.

f i g . 3. P os s ible  b o u n d a r y  c o nd it io n s  a t  a  s e e page  a r e a .

1. Im pe rm e able  lay e r  ( b o t t o m  l im i t ) .  T h e  im p e r m e a b le  

la y e r  a t  t h e  b o t t o m  is  id e n t ic a l w it h  a  s p e c ia l ( b o t t o m )  flo w  

lin e .

2 . Fre e  s urface  ( t o p  l im i t ) .  S t a r t in g  w it h  B e r n o u lli ’s  

e q u a t io n  b u t  n e g le c t in g  t h e  s e e p a g e  v e lo c it y  o n e  m ig h t  w r it e

h  =  p / y  +  z ( 3 )

a n d  b y  c o n s id e r in g  t h e  fa c t  t h a t  t h e  a t m o s p h e r ic  p r e s s u r e  

o n ly  a c t s  o n  t h e  fr e e  s u r fa c e , w e  h a v e  p  =  0 a n d  c a n  w r it e  

h  =  z. T h is  m e a n s  t h a t  o n  t h e  fr e e  s u r fa c e  t h e  p o t e n t ia l 

h e ig h t  h  c o r r e s p o n d s  t o  a  c e r t a in  t o p o g r a p h ic a l h e ig h t  z  o r  a  

c e r t a in  p o t e n t ia l lo s s  Ah  c o r r e s p o n d s  t o  a  c e r t a in  los s  o f  t o p o ­

g r a p h ic a l h e ig h t  A z , t h e r e fo r e

A/ i =  Az. ( 4 )
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3 . Fre e  w ate r ( le f t  b o r d e r  o f  t h e  m o d e l) .  B o u n d a r y  

b e t w e e n  f lo w  a r e a  a n d  fr e e  w a t e r  w it h  h y d r o s t a t ic  d is t r ib u ­

t io n  o f  p r e s s u r e . H e r e  a ls o  is  t h e  r e la t io n s h ip  o f  h  =  p / y  +  z  

=  c o n s t .  In  s u c h  a  c a s e  t h e  b o u n d a r y  is  a  p o t e n t ia l lin e , 

b e c a u s e  t h e  p ie z o m e t r ic  h e ig h t  o f  a ll p o in t s  o n  t h is  lin e  a r e  

t h e  s a m e .

4 . Surface  o f  s ee page  ( r ig h t  b o r d e r  o f  m o d e l) .  B o u n d a r y  

a r e a  b e t w e e n  s o lid  m a s s  a n d  fr e e  a t m o s p h e r e . A s  in  2  ( fr e e  

s u r fa c e )  w e  c a n  w r it e  p  — 0  a n d

Ah =  + A z . ( 4 )

T h is  m e a n s  t h a t  t h e  a r b it r a r ily  c h o s e n  n u m b e r  o f  p o t e n t ia l 

in t e r v a ls  Ah c o r r e s p o n d s  t o  t h e  s a m e  n u m b e r  o f  d is t a n c e s  Az  

o f  e q u a l le n g t h  a t  t h e  s u r fa c e  o f  s e e pa g e .

f i g . 4 .  P o t e n t ia l  c i r c u i t .

f i g . 6 .  T h e  m e a s u r in g  a p p a r a t u s .

b r id g e . W it h  t h e  a id  o f  a  p r o b e  a ll p o in t s  w it h  t h e  p o t e n t ia l 

3 0  p e r  c e n t  A V  c a n  b e  fo u n d , b e c a u s e  a t  a ll  p o in t s  w h e r e  t h e  

g a lv a n o m e t e r  in d ic a t e s  z e r o , t h e  c u r r e n t  f lo w  is  z e r o . T h is  in  

t u r n  m e a n s  t h a t  t h e  p o t e n t ia l o n  t h e  g r id  p o in t  a n d  b r id g e  

is  t h e  s a m e . S in c e  t h e  p o t e n t ia l lin e s  in  o n ly  a  v e r y  fe w  c a s e s  

r u n  e x a c t ly  t h r o u g h  g r id  p o in t s  a  s e c o n d  1 0 ,0 0 0 - o h m  r e s is t o r  

b r id g e  h a s  b e e n  e m p lo y e d  ( F ig .  6 ,  r ig h t )  t o  f in d  t h e  c o r r e c t  

p o in t  b y  e le c t r ic a l in t e r p o la t io n . T h e  p o t e n t ia l lin e s  a r e  

o b t a in e d  b y  c o n n e c t io n  o f  t h e  s in g le  p o in t s  o n  a  s k e t c h . B y  

r e v e r s a l o f  t h e  b o u n d a r y  c o n d it io n s  t h e  flo w  lin e s  c a n  b e  

o b t a in e d  in  t h e  s a m e  m a n n e r  i f  n e c e s s a r y .

E X A M P L E S  O F  A P P L IC A T IO N  

T h e  a p p lic a t io n  o f  t h e  a n a lo g u e  m e t h o d  in  t h e  c a s e  o f  

a n is o t r o p ic  s o il w ill  be  d is c u s s e d  in  t h e  fo llo w in g  e x a m p le s .  

T h e  in flu e n c e  o f  t h e  d iffe r e n t  c o e ffic ie n t s  o f  p e r m e a b ilit y  n =  

k j./ k .  w ill  b e  d e m o n s t r a t e d  o n  t h e  s e e p a g e  a r e a  s h o w n  o n  

F ig . 7 a  w it h  a  s id e  r a t io  o f  1 3 / 1 8 ,  a s s u m in g  t h e  b o t t o m  t o  b e  

im p e r m e a b le .

T H E  E L E C T R IC A L  C IR C U IT  

T h e  c ir c u it  m u s t  b e  la id  o u t  in  s u c h  a  w a y  t h a t  t h e  b o u n ­

d a r y  c o n d it io n s  I t o  4  c a n  b e  s im u la t e d . T o  a c c o m p lis h  t h is ,  

a  p o t e n t ia l c ir c u it  is  n e c e s s a r y  ( F ig .  4 )  t o  f in d  t h e  fr e e  

s u r fa c e  ( t o p  l im it )  b y  t h e  s te p- by- s te p  m e t h o d .

In  t h e  c a s e  o f  f lo w  p r o b le m s  w it h o u t  a  fr e e  s u r fa c e  ( f o r  

in s t a n c e  fr e e  s ta nd in g - s he e t  p il in g  w it h  flo w  a r o u n d  i t )  t h e  

e le c t r ic a l c ir c u it  b e c o m e s  m u c h  s im p le r  ( F ig .  5 ) .

T H E  M E A S U R IN G  A P P A RA T U S  

I n  o r d e r  t o  f in d  t h e  p o t e n t ia l lin e s  a  c e r t a in  c u r r e n t  los s  

A l l ,  s a y  3 0  p e r  c e n t ,  h a s  t o  b e  s e t  u p  o n  t h e  W h e a t s t o n e

S  = S w it c h  

N = G a lv a n o m e t e r  

A  = A m m e t e r

S t = B a t t e r y  

S p =  R h e o s ta t

. 5 .  C i r c u i t  f o r  p r o b le m s  w i t h o u t  f r e e  s u r f a c e .

f i g . 7 .  In f lu e n c e  o f  r a t io  k xlk s o n  t h e  le n g t h  o f  t h e  s u r f a c e  o f  

s e e p a g e .

I n  c a s e  o f  a n  is o t r o p ic  m a t e r ia l ( n  =  1 .0 )  t h e  s u r fa c e  o f  

s e e p a g e  h a s  a  le n g t h  o f  .v, =  5 0 .5  p e r  c e n t  o f  h . C o n s id e r in g  

a n  a n is o t r o p ic  m a t e r ia l o f  n =■ 2 .0  t h e  le n g t h  is  s> =  6 3 .7  

p e r  c e n t  o f  h , p r o d u c in g  a  fla t t e r  s lo p e  o f  t h e  fr e e  s u r fa c e  

ih a n  in  t h e  fir s t  c a s e . T h is  in c lin a t io n  fu r t h e r  de c r e a s e s  i f  t h e  

r a t io  n  b e c o m e s  s t ill la r g e r :  f o r  e x a m p le  n  =  5 .0 , s-  =  7 9 .7  

p e r  c e n t  o f  h  a n d  n — 1 0 .0 , j 10 =  8 7 .7  p e r  c e n t  o f  h  (s e e  a ls o  

F ig . 7 b ) .  T h a t  m e a n s  t h a t  t h e  in c lin a t io n  o f  t h e  fr e e  s u r fa c e  

is  n o t  a lt e r e d  m u c h  i f  n  is  in c r e a s e d  t o  1 0 0  o r  1 ,0 0 0 . T h e  

s a m e  t e n d e n c y  w a s  fo u n d  in  a  t h e o r e t ic a l s t u d y  o n  a n o t h e r  

s e e p a g e  p r o b le m  m a d e  b y  G ie s e c k e  ( 1 9 6 0 ) .
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f i g . 8. F lo w  a n d  p o t e n t ia l  l in e s  i n  a n is o t r o p ic  m a t e r ia l  u n d e r  a  s il l .

T h e  f o u n d a t io n s  o f  s ills  p r e s e n t  a n o t h e r  p r o b le m  in  

h y d r a u lic  s t r u c t u r e s ,  w h ic h  c a n  b e  in v e s t ig a t e d  w it h  t h e  

e le c t r ic a l a n a lo g u e . In  s u c h  c a s e s  t h e  fo llo w in g  fa c t o r s  a r e  

o f  in te r e s t : ( 1 )  u p l if t  p r e s s u r e  o n  t h e  f o u n d a t io n ,  ( 2 )  s a fe t y  

a g a in s t  h y d r a u lic a lly  c a u s e d  g r o u n d  fa ilu r e ,  ( 3 )  lo s s  o f  w a t e r  

t h r o u g h  u n d e r f lo w , a n d  ( 4 )  s e e p a g e  v e lo c it y  a t  c e r t a in  p o in t s  

o f  t h e  s t r u c t u r e .  T h e s e  fa c t o r s  c a n  b e  o b t a in e d  r a t h e r  a c c u ­

r a t e ly  in  t h e  a b o v e - d e s c r ib e d  a n a lo g u e  m o d e l b e c a u s e  t h e  

a n is o t r o p y  o f  t h e  s o il c a n  b e  r e p r o d u c e d .  F ig .  8  d e m o n s t r a t e s  

s u c h  a  c a s e . In  t h e  g e o m e t r ic a lly  s im ila r  m o d e l t h e  t o p  la y e r  

h a s  a  r a t io  n =  k j k .  =  5 .0  ( h o r iz o n t a l r e s is to r s  1 0 0  i l ,  v e r t i ­

c a l  r e s is to r s  5 0 0  i l ) .  T h e  b o t t o m  la y e r  h a s  a  r a t io  n  =  k x/ k : 

— 1 0 .0  (r e s is t o r s  1 0 0  a n d  1 ,0 0 0  i l ) .  T h e  d is t r ib u t io n  o f  t h e  

p o t e n t ia l lin e s  a n d  t h e  flo w  lin e s  is  s h o w n  o n  F ig .  8 

( b o t t o m ) .  T h e  r e s u lt s  c a n  b e  a n a ly z e d  in  a c c o r d a n c e  w it h  

d iffe r e n t  k n o w n  m e t h o d s  ( D a v id e n k o f f ,  1 9 5 5 ;  Z w e c k  a n d  

D a v id e n k o f f j 1 9 5 7 ) .  A s  s o o n  a s  t h e  p o t e n t ia l a n d  flo w  

lin e s  a r e  lo c a t e d ,  t h e  q u e s t io n s  c o n c e r n in g  t h e  s a fe t y  a n d  

u n d e r f lo w  o f  t h e  s t r u c t u r e  c a n  b e  a n s w e r e d .

T h e  m e t h o d  c o u ld  a ls o  b e  a p p lie d  t o  p r o b le m s  o f  s t a b ilit y  

o f  b a n k  s lo p e s  p r o t e c t e d  b y  im p e r m e a b le  a s p h a lt ic  r e v e t ­

m e n t s  ( M a r o t z ,  1 9 6 4 ) .  In  t h is  p a p e r ,  t h e  a u t h o r  p o in t s  o u t  

t h a t  a n is o t r o p ic  m a t e r ia l c r e a t e s  u n fa v o u r a b le  c o n d it io n s  

w h e n  c o m p a r e d  w it h  is o t r o p ic  m a t e r ia l.

C O N C L U S IO N S

In  c o n c lu s io n  it  c a n  b e  s a id  t h a t ,  w it h  t h e  a id  o f  a n  

e le c t r ic a l a n a lo g u e , a lm o s t  a ll o f  t h e  s o il c o n d it io n s  o c c u r r in g  

in  n a t u r e  c a n  b e  r e p r o d u c e d  in d e p e n d e n t ly  f r o m  t h e  r a t io  o f  

p e r m e a b ilit y  in  t h e  h o r iz o n t a l a n d  v e r t ic a l d ir e c t io n s . T h e  

c h o ic e  o f  t h e  r e s is to r s  u s e d  in  t h e  a n a lo g u e  d e p e n d s  o n  t h e  

c o e ffic ie n ts  o f  p e r m e a b ilit y  in  t h e  x  a n d  z  d ir e c t io n s .  T h e y  

m u s t  b e  o b t a in e d  f r o m  a  s o il la b o r a t o r y  te s t . U s in g  t h e  

d is t r ib u t io n  o f  t h e  p o t e n t ia l lin e s  a c h ie v e d  t h r o u g h  t h e  m o d e l 

te s ts , c o n c lu s iv e  s ta t e m e n t s  a b o u t  t h e  h y d r a u lic  c o n d it io n s  

a n d  t h e  s a fe t y  o f  t h e  s t r u c t u r e  c a n  b e  d r a w n . I t  s h o u ld  b e  

e m p h a s iz e d  h e r e , t h a t  w it h o u t  c o n s id e r in g  t h e  fa c t  o f  a n is o ­

t r o p ic  la y e r s  in  t h e  s o il t h e  fa c t o r  o f  s a fe t y  c o u ld  b e  le s s  

t h a n  a s s u m e d .

T h e  a n a lo g u e  m e t h o d  d e s c r ib e d  a b o v e  c a n  a ls o  be  u s e d  to  

in v e s t ig a t e  p r o b le m s  o f  a g r ic u lt u r a l ir r ig a t io n , r iv e r  t r a in in g , 

c o a s t a l p r o t e c t io n  w o r k s  a n d  q u e s t io n s  o f  g r o u n d  w a t e r  flo w . 

A t  t h e  In s t it u t e  o f  S o il M e c h a n ic s  a n d  H y d r a u lic s  a t  S t u t t ­

g a r t ,  fu r t h e r  s tu d ie s  a r e  u n d e r  w a y  t o  in v e s t ig a t e  p r o b le m s  o f  

u n s t e a d y  f lo w  b y  u s in g  t h e  e le c t r ic a l a n a lo g u e . T h is  w o u ld  

o p e n  u p  a  n e w  fie ld  o f  a p p lic a t io n , t o  s u p p ly  t h e  p la n n in g  

e n g in e e r  w it h  r e lia b le  d a t a  t h u s  c o n t r ib u t in g  t o  t h e  s a fe t y  o f  

h y d r a u lic  s t r u c tu r e s .
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