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SO M E EXPERIM ENTAL OBSERVATION S RELATIVE TO THE M AGN ITUDE 

AND DISTRIBUTION  O F SETTLEM ENTS

O BSERV A TI O N S EX PERI M EN TALES EN  RA PPORT A I A  

GRA N D EU R ET D I STRI BUTI ON  DE TASSEM EN TS

C SZ ECH Y,  D Sc 

Technical  U n i v e r si t y ,  Bu d a p e st ,  H u ng ary

SYNOPSI S So me  e x p e r i me n t a l  o b s e r v a t i o n s  h a v e  i n d i c a t e d  t h a t  t he  g r e a t e s t  c o mp r e s s i o n  b e l o w 

a  s p r e a d  f o u n d a t i o n  i s  n o t  Bu f f e r e d  b y  t he  i mme d i a t e l y  u n d e r l y i n g  b u t  b y  t he  l a y e r s  l y i n g  

i n  a d e p t h  e q u a l  t o  a b o u t  t he  f o u n d a t i o n  wi d t h  ( f i g.  4) •  An a l i s i n g  t h e s e  r e s u l t s  a u t h o r  c o n ­

c l u d e s  t h a t  t h i s  i s  due  t o  t he r e l a t i v e  c o n p r e s s i b i l i t y  of  s u b s e q u e n t  l a y e r s ,  wh i c h  h o we v e r  

d o es  n o t  a f f e c t  t he-  f i n a l  s e t t l e me n t  v a l u e .

Se t t l e me n t  c a l c u l a t i o n s  o f  s p r e a d  f o u n d a ­

t i o n s  a r e  b a s e d  on  Ho o k e ’ s l a w i . e .  t he 

s e t t l e me n t :

m

2 = 0

wi t h  M  d e n o t i n g  t he c o mp r e s s i o n  mo d u l u s ,

t he  v e r t i c a l  s t r e s s  i n  t he  c o mp r e s s e d  

l a y e r  o n  t he  e l e me n t a r y  t h i c k n e s s  o f  dz an d  

m t he  l i mi t i n g  d e p t h  o f  c o mp r e s s e d  z one.

The  f o r mu l a  r e p r e s e n t s  a c t u a l l y  t ha t  t he 

s e t t l e me n t  i s  p r o p o r t i o n a l  t o  t h e ma r e a  of  

t he v e r t i c a l  s t r e s s - d i a g r a m.  Bu t  i t  mu s t  be 

n o t e d ,  t h a t  n o t  o n l y  <SZ b u t  a l s o  m a n d  M  

ar e  v a r i a b l e s ,  t h e s e  t wo  l a t t e r  o n es  b e i n g  

r e p l a c e d  u s u a l l y  b y  mo r e  o r  l e s s  a r b i t r a r i l y  

a s s u me d  v a l u e s .

The  v a r i a t i o n  o f  t h e s e  f a c t o r s  i s  t sJcen i n t o  

a c c o u n t  t h r o u g h  s l i c i n g  t he  c o mp r e s s i b l e  

s t r a t a  i n t o  s t r i p e s  wi t h  d i f f e r i n g  M;  v a l u e s  

and  s u mma r i z i n g  t he  g a i n e d  e l e me n t a r y  c o m­

p r e s s i o n s .

The  s umma t i o n  o f  e l e me n t a r y  Bt r i p  c o mp r e s ­

s i on wa s  e f f e c t e d ,  h o we v e r ,  a l wa y s  o n  t he  

b a s i s  t h a t  t h e y  a r e  u n d e r l a i n  b y  s ome  r i g i d

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

t he  e l e me n t a r y  s t r i p  i t s e l f .  Th i s  c o n c e p t  

h o l d s ,  h o we v e r ,  o n l y  f o r  t he  c o mp r e s s e d  b o d y  

r i g h t  d o wn  t o  i t s  l i mi t i n g  d e p t h  as  a wh o l e  

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

s t r a t a ,  wh e r e  t he  r e l a t i v e  d i s p l a c e me n t  of  

t he  a s s u me d  b o u n d a r y  l i n e s  i s  u n d o u b t e d l y  

i n f l u e n c e d  b y  t he  y i e l d  o f  t he s u c c e s s i v e  

u n d e r l y i n g  s t r i p  o r  l a y e r  l y i n g  wi t h i n  t he 

s t r e s s e d  z one .  Co n s e q u e n t l y  i t  wi l l  be  o f  

i n f l u e n c e  mo r e  o t » t he  d i s t r i b u t i o n ,  t h a n  o n  

t he t o t a l  s e t t l e me n t  v a l u e .

Th i s  f a c t  wa s  d e mo n s t r a t e d  b y  s ome  l a b o r ­

a t o r y  e x p e r i me n t s  e x e c u t e d  on  v a r i o u s  g r a n ­

u l a r  t es t  s o i l s  wi t h  c o n c r e t e  b l o c k s  of  

12 x 2 o  c m c o n t a c t  a r ea .  Th e s e  e x p e r i me n t s  

we r e  s t a r t e d  wi t h  t he s c o p e  t o g e t  s o me  i n ­

f o r ma t i o n  u p o n  t he d e f o r ma t i o n  a n d  d i s p l a c e ­

me n t  b e h a v i o u r  o f  d o u b l e  l a y e r e d  s o i l s  i .  e.  

on  t he  e f f e c t  o f  s o i l  c u s h i o n s .  At  t he  f i r s t  

i n s t a n c e  a  b a s a l t  s p l i t  b e i n g  l a i d  o n  a 

s i l t y  s a n d  ( f i g . l ) ,  r e s p e c t i v e l y  o n  a  f i ne  

s a n d  ( f i g . 2)  l a y e r  -  a t  t he  s e c o n d  i n s t a n c e .  

Th e  t e s t e d  ma s s  wa s  d i v i d e d  i n  h  x  5 c m 

s t r i p e s  b y  wh i t e  s e p a r a t i o n  l i n e s .  I t  c a n  be 

c l e a r l y  s e e n  t ha t  t he ma x i mu m c o mp r e s s i o n  

(Ah) wa s  n o t  t a k i n g  p l a c e  i n  t he  d i r e c t l y
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u n de r l y i ng  bu t  i n t he nex t  coi ni ng at r i p. t a i n e d  i n  a  eand ,  -  a n d  i n  a n  a r t i f i c i a l l y  

p r o d u c e d  a l u n d u m ma t e r i a l .  Wh e n  a l l  r e s u l t s  

we r e  p l o t t e d  i n  a  d i a g r a m i n  wh i c h  t he 

s p e c i f i c

Fi g .  1 Co mp r e s s i o n  of  l a y e r s  u n d e r  t he 

c o n c r e t e  l o a d i n g  b l o c k  ( b a s a l t e  

s p l i t  o v e r  s i l t )

- r T

O
L_

o

C

4,5 $

Fi g.  2 Co mp r e s s i o n  o f  l a y e r s  u n d e r  t he 

c o n c r e t e  t e s t - l o a d i n g  b l o c k  

( b a s a l t e - s p l i t  o v e r  f i n e - e a n d )

' Fi g.  3 Co mp r e s s i o n  o f  l a y e r s  u n d e r  t he 

c o n c r e t e  t e s t - l o a d i n g  b l o c k  

( n u me r i c a l  v a l u e s )

Fi g .  3a  a n d  3b  a r e  n u me r i c a l  p i c t u r e s  of  * t he 

d e f o r me d  s e p a r a t i o n  l i n e s  i n  l o a d e d  s o i l  

ma s s e s  c o n s i s t i n g  o f  f i n e  s an d  o v e r l a i n  b y  

e a n d y - g r a v e l .  As  a  f o l l o wi n g  s t e p  we  h a v e  

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

s e r v e d  t he  d e f o r ma t i o n s  u n d e r  1 3 , 5 x 1 6 , 5  cm,  

1 9 , 5 x 2 3  c m,  2 6 x 2 9 , 5  c m and  3 2 , 4 x 3 6  c m s t e e l  

l o a d i n g  p l a t e s .  Si mi l a r  r e s u l t s  we r e  o b -

c o mp r e s s i o n  v a l u e s  e xA h /h  a r e  p l o t t e d  

a l o n g  t he  h o r i z o n t a l  ax i s ,  a g a i n s t  t he  r e ­

l a t i v e  d e p t h s  m /B  p l o t t e d  a l o n g  t he v e r ­

t i c a l  ax i s ,  s i mi l a r l y  s h a p e d  c u r v e s  we r e  

o b t a i n e d  f o r  a l l  c a s e s  ( f i g . 4) ;  c h a r a c t e r i z e d  

by  a  ma x i mu m o f  r e l a t i v e  c o mp r e s s i o n s  £ 

a p p e a r i n g  i n  a b o u t  a  d e p t h  e q u a l  t o  t he 

wi d t h  B o f  t he  l o a d i n g  p l a t e .
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Specific com pression

Fi g.  4 Sp e c i f i c  c o mp r e s s i o n  o f  u n d e r l y i n g  

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

wi d t h

W

The o t h e r  c o n c l u s i o n  wh i c h  c o u l d  be  d r a wn  

f r o m a l l  e x p e r i me n t s  was ,  t ha t  p r a c t i c a l l y  

no  d e f o r ma t i o n s  a p p e a r e d  b e y o n d  t he d e p t h  

e x c e e d i n g  t h e  d o u b l e  wi d t h  o f  t he l o a d i n g  

p l a t e s ,  c o r r e s p o n d i n g  t o J i k y ’ s  l i mi t  d e p t h  

v a l u e - p r o v i n g  i t s  J u s t i f i e d  a p p l i c a b i l i t y  

an d  a d mi t t i n g  i t s  u s e  as  a  f a i r l y  g o o d  a p ­

p r o x i ma t i o n .

L o o k i n g  n o w f o r  t he  t h e o r e t i c a l  e x p l a n a t i o n  

o f  t h i s  r e s u l t  i t  ma y  ar i Be f r o m t wo ^ r e a s o n s .

1.  Th e  on e  i s  t h a t  t he  f r i c t i o n  b e t we e n  t he  

s u r f a c e  o f  t he l o a d i n g  b l o c k  a n d  l o a d e d  Bo i l  

i s  a c t i n g  a g a i n s t  l a t e r a l  d e f o r ma t i o n , e s t a b ­

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

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

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

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

e t r e Bs e s .  Th i s  r e d u c t i o n  i s  a  c l e a r  c o n ­

s e q u e n c e  01 Ho o k e ’ s l a w e x p r e s s i n g  t h a t  t he 

s p e c i f i c  d e f o r ma t i o n  i n  v e r t i c a l  d i r e c t i o n  i s

i n d i c a t i n g  t h a t  t he  r e d u c t i o n  I s  v a r y i n g  

wi t h  i . e .  t h a t  i t  i s  d e c r e a s i n g  wi t h  t he 

d i s t a n c e  f r o m t he  c o n t a c t  s u r f a c e .

Si mi l a r  r e s u l t s  ma y  be d e d u c e d  f r o m s t r e s s  

d i s t r i b u t i o n  t h e o r y  wh e n  c o mp u t i n g  v e r t i c a l  

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

wh i c h  ma y  be  c o mp u t e d  f r o m t he f o r mu l a  

( f i g . 5)

2 f
Oz = -  - j f  (cos f i 2~eos = 

2p ■ fart y

71
( c o s  f i 2 - c o s  f i l ) (2)

— 2 1 -  

j  m  i i j| i

F i g . 5 Co mp u t a t i o n - s c h e me  of  v e r t i c a l  

s t r e s s  due  t o c o n t a c t - f r i c t i o n

Fr o m t h i s  e q u a t i o n  t he  f o l l o wi n g  a v e r a g e  

v a l u e s  o f  v e r t i c a l  s t r e s s e s  ma y  be o b t a i n e d  

f o r  »v ar i ous  d ep t h s :  

f o r

ma= bj2  ;

m b x b ;

m c = 2 b ;

6K = -0 ,3 0 p

6zb= ~ ° ,W p

&K s ~0,W )p

(3)
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Ac c o r d i n g  t o  t h i s ,  f r i c t i o n  wi l l  a l s o  r e d u c e  

c o mp r e s s i o n  a t  a  r a t e  d i mi n i s h i n g  wi t h  t he  

d i s t a n c e  f r o m t he  c o n t a c t i n g  p l a n e  ( c f .  

f i g . 5) .

2.  The  o t h e r  t h e o r e t i c a l  r e a s o n s  ma y  be  d e ­

r i v e d  f r o m t he  d i s t r i b u t i o n  o f  s u f f e r e d  

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

i n g  c o mp r e s s i b l e  s t r i p s  r e s p .  l a y e r s .  E. g .  

a t  t he  b o u n d a r y  o f  s t r i p  ( l )  a n d  s t r i p  ( 2)  

t he t o t a l  c o mp r e s s i o n  o f  s t r i p  ( l )  mu s t  h a v e  

a  ma g n i t u d e  c o r r e s p o n d i n g  t o  t h e  a v e r a g e  

v e r t i c a l  p r e s s u r e .  I t  wi l l  b e  e q u a l  t o

* ,« ■
Jz a l

M
■ h ,

b u t  t he  b o u n d a r y  l i n e  1- 1 wi l l  n o t  r e ma i n  i n  

i t s  p o s i t i o n - o wi n g  t o  t h e  c o mp r e s s i b i l i t y  o f  

i t s  s u b g r a d e .  Th u s  t he  d e f o r ma t i o n  wi l l  be 

s h a r e d  wi t h  t he  u n d e r l y i n g  l a y e r  ( 2 ) .  The  

r a t e  o f  d i s t r i b u t i o n  ma y  f o l l o w t he  r a t i o  

o f  d e f o r ma t i o n  mo d u l i  Mj /M 2 a n d  i n  a  h o mo ­

g e n e o u s  ma s s ,  wh e r e  i t  mu s t  be  

d i s t r i b u t e d  e q u a l l y  i . e .

( f i g . 6)

( s h o u l d  M j — t h a t  wo u l d  me a n  t h a t  

A] -  a n d  A j = 0 ) '

Ap p l y i n g  n o w t h i s  s i mp l e  r u l e  a n d  s u c c e s s i v e  

l y  p r o c e e d i n g  wi t h  t h e  d e p t h  we  ma y  a r r i v e  

a t  t he f o l l o wi n g  r e s u l t s :

Wh e n  a s s u mi n g  t h a t  t he  d e c r e a s e  o f  v e r t i c a l  

s t r e s s e s  b e n e a t h  a  r i g i d  l o a d i n g  s t r i p  t a k e s  

p l a c e  i n  d i r e c t  p r o p o r t i o n  t o  t he  d e p t h  a n d  

e x t e n d s  J us t  t o  a  l i mi t - d e p t h  m= 4 6  , t he  

v e r t i c a l  s t r e s s  c a n  be  e x p r e s s e d  a t  a n y  

d e p t h  z  ( f i g . 6)

m -z  

m
as 6 z = p (4)

a n d  t he  c o mp r e s s i o n  o f  t h e  o v e r l y i n g  l a y e r  

o f  t h i c k n e s s  z  J us t  t o  t h i s  d e p t h

Fi g .  6a  Sc h e me  o f  v e r t i c a l  s t r e s s  

d i s t r i b u t i o n  ( J4ky )

Uncompressable contact surface

Fi g .  6b  Di s t r i b u t i o n  o f  c o mp r e s s i o n  

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

_ p + dz _£

2  M

3 I E-  ( 2 __ ?—)
2 M rr>J

m- z
p + p ■ - n r  j_

2  ' M

(5)

Th u s  t h e  t o t a l  c o mp r e s s i o n  d o wn  t o  t he  p l a n e  

4 - 4  e q u a l  t o  t he  s e t t l e me n t  o f  f o u n d a t i o n
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s t r i p

a n d  wi t h

s =
p m

1~ M
(6)

a n d  a t  l a s t  t h e  c o mp r e s s i o n  o f  t he t o t a l  

s o i l  ma s s  a b o v e  p l a n e  4 - 4  wi t h

£ 0 L  ( 2 - J 2 - ) = 0,50  a  
2 M  m  '

p m

M
s = 0,5  a

Co mp u t i n g  n o w t he e l e me n t a r y  c o mp r e s s i o n s  t o 

t he p l a n e s  1- 1 , 2-2 a n d  3-3 a n d  d i s t r i b u t i n g  

t hem b e t we e n  t he  t h e  o v e r l y i n g  c o mp r e s s e d  

a n d  u n d e r l y i n g  b e d d i n g  l a y e r s ;  

a t  p l a n e  1- 1 wi t h  z - m /4

r _^ P  / a *  ^  i _  mp . m  i _

~ 2 M  m  ~ 4 - 2 M  ( 2 ~ T 7 f T )  ~

p m  

8 M
( 2 - 0 , 2 5 ) =  0,21875  <*

Re l a t i v e  d i s p l a c e me n t  o f  p l a n e  1- 1:

6 1

^  L = 0  109375 <r 
' 2

Co mp r e s s i o n  o f  s o i l  ma s s  a b o v e  p l a n e  2- 2 

wi  t h  z  -  m / 2

A -  (  ?  171 ) =
2 -2 M  l ^ "  2  m  '

a T W  ( 2 ~ ° ' 5 ) * 0' 3 7 5  *

a n d  r e l a t i v e  d i s p l a c e me n t  o f  p l a n e  2- 2 :

A 2 = 6 , / 2 + J 2 / 2  =

= 0,109375 a * 0,1875 <r = 0,296875  or

Co mp r e s s i o n  o f  s o i l  ma s s  a b o v e  p l a n e  3- 3,  

wi t h  z  = 3 m / 4

53 = -T T Z <  ( 2 ~ j ^ 1- ) *  0 ,4 6 8 7 5  a  
J 4 - 2 M  4 m

and  t he  r e l a t i v e  d i s p l a c e me n t  o f  p l a n e  3-3

a?- 7- x -

= 0,234375 a  *  0,1875 <x *0 ,4 2 1 8 7 5  a

Wh e r e a s  d i s p l a c e me n t  of  p l a n e  4 - 4  i s  e q u a l  

t o 0-

No w t he r e l a t i v e  c o mp r e s s i o n  o f  t he  s i n g l e  

s t r i p s  ma y  be  g a i n e d  as  t he  d i f f e r e n c e  o f  

t h e i r  r e l a t i v e  d i s p l a c e me n t s  as  f o l l o ws :

s 13 A != 0,109375 a,

S2 = A j - A , = 0,296875 cc -0,109375 <x =0,1875 cc

s 3= A 3 - A 2 =0,421875 a  -0 ,2 9 6 8 7 5  9 = 0 ,1 2 5  a

s ^ A ^ - A ^ 0 ,500  <1-0,421875 ct = 0,078125 «

Sh o u l d  we  d i s t r i b u t e  n o w t he  s e t t l e me n t s  of  

t t he  s t r i p s  i n  t he  c o n v e n t i o n a l  wa y  i . e .  

a c c o r d i n g  t o t he  d i a g r a m ( f i g , 7 ) ,  o f  v e r ­

t i c a l  s t r e s s e s  we  s h o u l d  g e t

0.1 0,2 0, 3 0, 4 0, 5 oc

m/ 4

m/ 2
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1 = To t a l  s e t t l e me n t s  ( c o n v e n t i on a l )

2 = Su m o f  d i s t r i b u t e d  s e t t l e me n t s

3 = Su m o f  r e d u c e d  s e t t l e me n t s

4 = Co mp r e s s i o n  o f  s i n g l e  l a y e r s

Pi g .  7 Co mp a r i s o n  of  c o mp r e s s i o n  d i s t r i b u ­

t i o n  b e t we e n  c o n t a c t i n g  l a y e r s
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f o r

s', = 6, = 0,21875 a

0,75*0,50 m _ „  ..____
s j s  - - - ^ - - - -  • p 0,15625 a

M

050  + 0,25 m 

Sj = 2 M ^ 4 = 0,09375 <x

and

0,25 + 0 m 

2 M
p ■ -¿ -=  0,03125 «

(8)

The c o mp r e s s i o n  o f  t he  s i n g l e  s t r i p s  s e p a r ­

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

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

7.  Co mp a r i n g  n o w t he  t he  p i c t u r e  wi t h  f i g . 4 

i t  i s  a p p a r e n t  t h a t  wh e n  t h e  r e l a t i v e  d i s ­

p l a c e m e n t  o f  s t r i p B  1 b  c o n s i d e r e d ,  t he 

t h e o r e t i c a l l y  c o mp u t e d  f i g u r e  h a s  g o t  a  

s i mi l a r  s h a p e  t o  t h o s e  g a i n e d  f r o m t he  e x ­

p e r i m e n t s .

Pr o m t h i s  i t  ma y  be  c o n c l u d e d  t h a t  t he  

s e t t l e me n t  wi l l  be  r e d u c e d  wi t h  t he  p r o g ­

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

l y i n g  l a y e r s  a t  a  s o me wh a t  h i g h e r  r a t e ,  t h a n  

i t  wa s  c o n s i d e r e d  b y  c o n v e n t i o n a l  me t h o d s .  

Th i s  wi l l  be  t he  c a s e  h o we v e r  i n  h o mo g e n e ­

ous  g r a n u l a r  ma t e r i a l s  t oo ,  wh e r e  a l s o  a  

l i n e a r  i n c r e a a e  o f  c o mp r e s s i o n  mo d u l u s  n a y  

be  a s s u n e d *

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

ma r i l y  t he  c o mp r e s s i o n  o f  t h e  u p p e r  l a y e r s .  

As s u mi n g  t h a t  t h i s  r e d u c t i o n  wi l l  t a k e  

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

v e r t i c a l  s t r e s s e s  as  i n d i c a t e d  b y  t he  f o r ­

mu l a e  ( 3) , a c o r r e c t e d  f i g u r e  o f  s rt(j ma y  be  

p l o t t e d  r e s u l t i n g  a t  l a s t  a b o u t  a  1 5 #  r e ­

d u c t i o n  o f  t he  c o n v e n t i o n a l  v a l u e s .
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