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S YNOP S I S  I n  t h i s  p a p e r  t h e  i n f l u e n c e  o f  s p a t i a l  v a r i a b i l i t y  o f  d e f o r m a t i o n  c h a r a c t e r i s t i c s

o n  c o n t a c t  p r e s s u r e  d i s t r i b u t i o n  a n d  s e t t l e m e n t  p r e d i c t i o n s  i n  a  s o i l - s t r u c t u r e  i n t e r a c t i o n  p r o b l e m  

i s  s t u d i e d .  T h e  c o m p u t a t i o n  o f  c o n t a c t  p r e s s u r e s  a n d  s e t t l e m e n t s  i s  b a s e d  o n  a  m o d i f i e d  v e r s i o n  o f  

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

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

i s o l a t e d  f o u n d a t i o n .  T h e  r e s u l t s  a r e  s h o wn  i n  f i g u r e s  a n d  t h e y  i n t r o d u c e  i n t e r e s t i n g  c o m m n e n t s  a n d  

c o n c l u s i o n s .

I NTRODUCTI ON

Th e  a c c u r a c y  o f  p r e d i c t i o n s  i n  S o i l  Me c h a n i c s  

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

w h i c h  t h e  s i m p l i f i e d  m a t h e m a t i c a l  m o d e l  r e f l e c t s  

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

d a t a .  ( La m b e  , 1 9 7 3  ) .  T h e  s p a t i a l  s c a t t e  -  

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

e s p e c i a l l y  o n e  o f  t h e  m a i n  f a c t o r s  w h i c h  a f f e c t s  

t h e  a c c u r a c y  o f  p r e d i c t i o n .  T h i s  n a t u r a l  h e t e r o  -  

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

s i t i o n  a n d  s t r e s s  h i s t o r y .  G e n e r a l l y ,  t h e  p r o c e s s  

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

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

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

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

S t a t i s t i c a l  m e t h o d s  w i t h  r e f i n e d  n u me r i c a l  me t h o ds  

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

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

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

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

P R E S E NT AT I ON OF  THE AP P L I E D NUMER I CAL METHOD

A r e v i s e d  f o r m  o f  Dy n a m i c  R e l a x a t i o n  m e t h o d  i s  

a p p l i e d  i n  t h e  p r e s e n t  w o r k ,  b a s e d  o n  a  F i n i t e  

D i f f e r e n c e  I t e r a t i v e  a n d  e x p l i c i t  s c h e m e .

I f  we  c o n s i d e r  t h e  D . R .  a s  m a t h e m a t i c i a n s  we  c a n  

c l a s s i f y  i t  a s  a  m a t r i x  i t e r a t i v e  m e t h o d  f o r  t h e  

s o l u t i o n  o f  S i m u l t a n e o u s  l i n e a r  e q u a t i o n s . - Fu r t h e r -  

m o r e  D . R .  i s  a n  e x p l i c i t  m e t h o d  a n d  a s  p o i n t e d  

o u t  b y  OT TE R e t .  a l .  ( 1 9 6 6 ) ,  i t  i s  w h a t  F r a n k e l  

( 1 9 5 0 )  r e f e r s  t o  a s  t h e  s e c o n d  o r d e r  R i c h a r d s o n  

m e t h o d .  F r o m  t h e  e n g i n e e r ' s  p o i n t  o f  v i e w ,  o n  t h e  

t h e  o t h e r  h a n d ,  wh e n  t h e  m e t h o d  i s  a p p l i e d  i n  t h e  

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

s e n t i a l l y  i n  s o l v i n g  t h e  s t a t i c  s t r e s s  e q u i l i  -  

b r i u m  e q u a t i o n s .  T h i s  i s  a c c o m p l i s h e d  b y  i n t e  -  

g r a t i n g  w i t h  a  s t e p  b y  s t e p  t e c h n i q u e  t h e  d a i p e d  

wa v e  e q u a t i o n ,  d u e  t o  a  c o n s t a n t  l o a d  f u n c t i o n ,  

u n t i l  a  s t e a d y  s t a t e  s t r a i n  r e s p o n s e  i s  a c h i e v e d .  

Th e  c o n s t i t u t i v e  l a w  i s  s a t i s f i e d  a t  e a c h  s t e p  

o f  t h e  i n t e g r a t i o n ,  i n s u r i n g  c o m p a t i b i l i t y .  Th e  

wa v e  e q u a t i o n  i s  i n t e g r a t e d  u s i n g  t h e  s t a n d a r d  

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

u n t i l  t h e  v e l o c i t y  a n d  a c c e l e r a t i o n  t e r m s  r e a c h

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

e q u i l i b r i u m .  T h e  s i m u l t a n e o u s  s a t i s f a c t i o n  o f  t h e  

c o n s t i t u t i v e  e q u a t i o n  q u a r a n t e e s  c o m p a t i b i l i t y .

T h e  i n i t i a l  c o n d i t i o n s ,  a t  t i m e  t = 0 ,  a r e  t h e  

d i s p l a c e m e n t s  u ,  v ,  w a n d  t h e  s t r e s s e s  o x ,  a y ,  

o z , T x y ,  T y z ,  T x z  a r e  z e r o  e v e r y w h e r e  e x c e p t  a t  

t h e  b o u n d a r y ,  w h e r e  t h e  b o u n d a r y  c o n t i t i o n s  a r e  

a p p l i e d .

E a c h  c o m p u t a t i o n a l  i t e r a t i o n  i n  t h e  a p p l i e d  m o ­

d i f i e d  v e r s i o n  i s  c o m p o s e d  o f  t h e  f o l l o w i n g  8 

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

1 .  C a l c u l a t i o n  o f  t h e  g r a d i e n t s  o f  s t r e s s e s  f r o m  

t h e  s t r e s s e s  e . g .  f o r  t h e  x x  d i r e c t i o n s  :

• dOXx* ’ _  -  Ox t T- 1 *

3 X X* , 1- X* - 1

2 .  A p p l i c a t i o n  o f  t h e  d i f f e r e n t i a l  e q u a t i o n  o f  

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

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

e . g .  f o r  t h e  x x  d i r e c t i o n  :
dampi ng t er m

2 r+1 „ r+1 
' X  _ -&0XH

3t 2

C *T r V l  d  r + l  ' CV, , '  l I

, v ^ X Y x  , V I X Z x  . p J U x  _ t h e  v e lo c i t i e s )

\ jZ dt  ot  sur r oundi ng
nodes

r+1 aver age of

•ax

( w h e r e ,  p = d e n s i t y  o f  s o i l ,  Wx = c o e f f i c i e n t )  

3 .  C a l c u l a t i o n  o f  t h e  n o d a l  v e l o c i t i e s .

_  -Su.£
•at -at • -at2

4 .  C a l c u l a t i o n  o f  t h e  n o d a l  d i s p l a c e m e n t s .

, r*1_= u:  + 4 ^ - A t

5 .  C a l c u l a t i o n  o f  t h e  n o d a l  s t r a i n s .

Ex

r+1 r +1
U-x+1 - U. x-1 

* Xx+1 -  Xx- l

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

p o i n t s
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6.  Cal cul at i on of  t he i ncr ement s of  st r ai ns.

D< * 1=ex ^ - ex ;

7.  Appl i cat i on of  t he cons t i t ut i ve l aw t o cal cu­
l at e i ncr ement  st r esses f r om t he eval uat ed i nt o 
t he st age 6 i ncr ement s st r ai ns.  A new const i ­
t ut i ve l aw was consi der ed based on t he Duncan 
and Chang l aw.  ( Duncan and Chang,  1970) .

E = ( 1- Rf . S) n d Ei  (1) i n whi ch :

Et  = The t angent  Young Modul us.
Ei  = The i ni t i al  t angent  Young Modul us.
Rf  = The f ai l ur e r at i o.  ( The val ue of  Rf  has 

been f ound t o be bet ween 0, 75 and 1, 00)
S = The st r ess l ev el . or  f r act i on of  st r engt h 

mobi l i zed,  (Oi -Oal / l Oj - Ĉ l f QH 
nd = Exponent  ( Accor di ng t o Duncan and Chang 

nd t ake t he val ue 2 and t he st r ees- st r ai n 
cur ve has a hyper bol i c  f or m) .

I n our  cons i der at i on t he essent i al  i nnovat i on i s 
t hat  t he i ni t i al  modul us Ei  and t he exponent  nd 
wer e assumed t o be r andom var i abl es.

8.  Cal cul at i on of  t he st r esses : Ox£*-i  = ox£+0Ox* * 1 
These st r esses wi l l  be used i nt o t he next  compu­
t at i onal  i t er at i on.

I n t he pr esent  pr ocedur e t he l oad i s appl i ed 
gr adual l y.  I n f act ,  t he r at e i s cont r ol l ed aut o­
mat i cal l y  by t he devel oped accel er at i on' s  mean,  
so t hat  dur i ng t he whol e pr ocess t he syst em r e­
mai ns c l ose t o t he equi l i br i um.

Thi s condi t i on i s sat i s f i ed because t he dampi ng 
t er m cont i nuous l y  di gest s t he mot i on,  whi ch i s 
due t o t he gr adual l y  appl i ed l oad,  and t hus we 
can appl y a non- l i near  pseudoel ast i c  l aw i n an 
economi cal  i ncr ement al  f or m,  wi t hout  addi t i onal  
l abour  or  t i me.  The above ment i oned cont r ol  
t echni que i s appl i ed by a r el at i ve oper at i on i n 
whi ch ever y i ncr ease of  t he mean accel er at i on has 
as consequence t he br ake of  t he l oad appl i cat i on' s 
r at e.  The basi c s t i mul at i on i s a gr adual  uni f or m 
downwar d di spl acement  of  t he f oundat i on i nt er ­
f ace.  I n each comput at i onal  i t er at i on t he def or ­
mat i on of  t he i nt er f ace i s cal cul at ed f r om t he 
cont act  pr essur e di st r i but i on.  Thi s def or mat i on 
i s t aken i nt o account  f or  t he next  i t er at i on.

PROBABI LI STI C FORMULATI ON

For  t he st at i s t i cal  anal ys i s  of  cont act  pr essur e 
di s t r i but i on and set t l ement s us i ng t he dynami c 
r el axat i on met hod i n t he t wo- di mensi onal  case,  we 
must  comput e f r om t he dat a of  soi l  pr of i l e mean 
val ues and st andar d dev i at i ons of  spat i al  aver a­
ges and al so cor r el at i on coef f i c i ent s  bet ween 
spat i al  aver ages.  For  t hi s r easons,  we use t he 
t heor et i cal  r esul t s  on t he r educt i on f act or ,  pr e ­
sent ed by Vanmar cke ( 1977) .  The pr obabi l i t y  den­
si t y f unct i ons of  cont act  pr essur e di s t r i but i on 
and set t l ement s ar e obt ai ned by a st i mul at i on 
t echni que.

The st eps of  t he f or mul at i ons i n mor e det ai l  ar e:
-  A soi l  pr oper t y  q i s cons i der ed as r andom 

var i abl e.  The val ue of  q at  a poi nt  wi t h coor di ­
nat es xi ,  yi ,  i s t he consequence of  a t r end 
component  t i  = f T( xi , yi )  and of  a r andom compo­
nent  pi  wi t h var i ance V( pi )  = f v ( x i , y i ) .

-  Es t i mat i on of  t he t r end component  and of  t he

var i ance of  t he r andom component :  A pol y -
nomi al  t r end component  

k

t  = Y.  Pj - xj  (2)

j  = 0

can be est i mat ed us i ng t he met hod of  Least  
Squar es f r om t he t est  r esul t s  qi  at  n l ocat i ons 
( xi , yi )  i -  1 , n.  The var i ance V, (pi )  of  t he r andom 
component  can be al so est i mat ed f r om t he r esul t s 
of  t he t est s.

-  Es t i mat i on of  t he aut ocor r el at i on f unct i on : 
The cor r el at i on coef f i c i ent  bet ween t he val ues 
of  p at  t wo poi nt s A( xo, yo)  and B ( x0+x,  yo+y) i s 
expr essed i n t hi s paper  f or  t he t wo- di mensi onal  
case by a quadr at i c  exponent i al  decay cor r el at i on 
model  :

p  ( X ,Y  ) =  e x p  ( - [ j - ^ — ) 31 )  ( 3 )  w h e r e

bx , b y  d e c a y  p a r a m e t e r s

-  The soi l  cont i nuum i s separ at ed i n n el ement s 
wi t h di mensi ons Ax,  Ay and ar ea F = Ax- Ay.
The vect or  M of  t he mean val ues of  n spat i al  
aver ages i s :

M  =  ( t ^  ,  t P2 , . . .  ,  t Pn ) ( 4 )

wher e t ^ i s t he aver age of  t he cons i der ed soi l  
pr oper t y  over  t he i - el ement  whi ch can be easi l y  
est i mat ed by t he t r end f unct i on.

-  The var i ances of  spat i al  aver ages V( pj _F ) ,
i  = 1 , n can be est i mat ed f r om an appr opr i at e va ­
r i ance f unct i on whi ch measur es  t he r educt i on i n 
t he var i ance as t he si ze of  t he aver age ar ea i n­
cr eases.  Appl y i ng t he r esul t s  der i ved by Van­
mar cke i t  can be shown t hat  i f  t he cor r el at i on 
f unct i on has t he f or m of  equat i on ( 3) ,  t hen t he 
var i ance f unct i on can be r epr esent ed by t he equa­
t i on :

T( F)  = 1,  f or  Ax<6x and Ay<6y

(5)

T( F)  = §x ' AY, f or  a x > 6 x  and Ay>6y 
r

i n whi ch 6x,  6y ar e t he scal es of  f l uc t uat i on i n 
x and y di r ect i ons wher e

6x = / n. bx , 6y=/ r x . by (6)

-  Est i mat i on of  t he covar i ance mat r i x  C :
I n t he cases exami ned i n t hi s paper  t he ar ea F 

of  t he el ement s i s gr eat er  t han t he el ement ar y  
ar ea 6x. 6y.  Thus,  t he coef f i c i ent  of  cor r el at i on 
bet ween t wo ar eal  aver ages i s :

P<Pi  - Pj > = 1 >

, F F ,  .
P( Pi  / Pj )  = 0,

Consequent l y  t he el ement s of  t he covar i ance mat r i x 
ar e :

Cov( p^ , p. ) = V (p .) , f or  i =j  ( i , j  = 1 , n)

F f  (8 )
Cov( P^ , p^ ) = 0,  f or  i ^j  ( i , j  = 1 , n)

-  Appl i cat i on of  a s i mul at i on t echi que t o ob ­
t ai n t he pr obabi l i t y  f unct i ons of  cont act  pr es ­
sur e di s t r i but i on and set t l ement s.  St ar t i ng f r an 
t he st ochast i c  vect or  x -  (x-| , X2, . . . Xn) wi t h compo­
nent s nor mal l y  di st r i but ed,  means zer o,  st andar d 
dev i at i ons one,  and al l  i ndependent ,  we gener at e 
L- s t ochast i c  vect or s  :

f or  i  = j  ( i , j  = 1 , n)  

f or  i  ^  j  ( i , j  = 1 , n)
(7)
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= (q/ - q2F < ■ • ■ < qf,) O)
These vect or s  ar e char ac t er i zed by nor mal  di st r i ­
but i on and par amet er s M ( f r om ( 4) )  and C ( f r om 
( 8) ) ,  accor di ng t o :

R,'  = M' + S- X'  , ( 10)
L i

wher e S = C ( si nce t he covar i ance mat r i x  i s non­
negat i ve def i ni t e we can f or m one of  t he squar e 
r oot s of  C) .

-  The pr obabi l i t y  f unct i ons of  cont act  pr essur e 
di s t r i but i on,  set t l ement s,  and ver t i cal  and hor i ­
zont al  st r esses ar e obt ai ned by a si mpl e st at i ct i -  
cal  anal ys i s  of  t he r esul t s  of  t he L comput er  r uns.

APPLI CATI ON

A t ypi cal  t wo -  di mensi onal  i sol at ed f oudat i on 
appl i ed on t he sur f ace i s cons i der ed ( f i g.  1).  
The val ue of  Gor bunov par amet er  t =0, 1 0,  ( Gor bur cv-  
Possadov,  Mal i cova,  1973)  shows t hat  f oundat i on 
i s r i gi d. ___________mhl a I ________ ___________ _________

R a n d o m

V a r i a b le

T r e n d

C o m p o n e n t

S t  D e v  o f  

R a n d . C o m p

S c a le s  o f  f l u c t  

i n X  &  Y d  i r e c t

R e s u l t s  [ 

a r e  s h o w n  in

1
T h e  i n i t i a l  t a n g e n t  

Y o u n g 's  M o d u lu s  Ej f [ (X .Y )= 1 0 0 0 2  5 0

0
)
0

)
 

X 
"
<

P
.O

c
o

c
o

F i g u r e  1

2
T h e  i n i t i a l  t a n g e n t  

Y o u n g 's  M o d u lu s  Ei 5 0 0 + ^ Y
2  5 0

6 y  = 0,8
5 x = o , s

F i g u r e  2

3
T h e  e x p o n e n t  n d  

i n  e g u a t i o n  1 f t ( X , Y )  = 2 ,0 0 , 5
5 y  = 0, 8 
6 x =0. 8

F ig u r e  3

M ( Q Y ) - 2 . S D ( 0 y :

M ( o v )  c  u i - A

/ V / M( 0Y) +2. sn( 0Y)

C o n t a c t  P r e s s u r e s  d i s t r i b u t i o n .

F ig  1 b  V e r t i c a l  D i s p l a c e m e n t  a t  t h e  s u r f a c e .

case 2 of

M ( 0 Y j - 2 j g _ tg X i---- o  ~ Y l= 1 2 .5 0  S D  = 3 .10

/  °  M  = 1 3 ,5 2  S D  = 2 .6 7

.
'  •NJi =11| 1s
o /  M ( O Y ) 4 -2 . S D (O y ) S D = 2,54

/■
M =  1 8 ,1 8  t / m 2 

S D =  4 , 0 0  ••

F ig  2 a  C o n t a c t  P r e s s u r e s  d i s t r i b u t i o n .

F ig  2 b  V e r t i c a l  D i s p l a c e m e n t  a t  t h e  s u r f a c e .

F ig  2 c  V e r t i c a l  a n d  H o r i z o n t a l  S t r e s s  d i s t r i b u t i o n  w i t h  

D e p th .
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ta b le I

F ig  3 a  C o n t a c t  P r e s s u r e s  d i s t r i b u t i o n ,  ( m a x i m u m  v a l u e  

o f  S -  0 , 2 3  )

t )n t he r ef f er ed i n t abl e I  , t he f ol l owi ng r emar ks 
ar e wor t h ment i oni ng :

The val ues of  col umns 2 and 3 cor r espond t o a gi ­
ven soi l  pr of i l e i n an ar ea of  Thessal oni k i .  The 
est i mat ed coef f i c i ent s  of  var i at i on arc-  i n 
agr eement  wi t h some r epr esent at i ve val ues gi ven 
by l umb and wi t h t he dat a shown i n f i g.  4.

The di mensi ons of  el ement s ar e:  Ax=Ay=1m.

i n case 1 and 2,  nd = 2.

i n case 3,  E;  = 500 + }  0 • y
1 4, 5a J

i n case 3 t he val ue of  nd was assumed i ndependent
of  xi  and y^.  Thi s  val ue changes i n each r un.

s- ( (°1-03K(0 l-03)f)
_F ig_4_  T a n g e n t  Y o u n g 's  M o d u l u s  v a r i a t i o n  w i t h  s t r e s s  l e v e l .  

{ L a b o r a t o r y  r e s u l t s  a f t e r  P a r t o n  &  P e n d e r .  P l o t s  o f  

e q u a t i o n  1 f o r  d i f f e r e n t  v a l u e s  o f  n d )

COMMENTS -  CONCLUSI ONS

The devel oped numer i cal  pr ocess appl i ed on a soi l /  
st r uct ur e i nt er act i on pr obl em,  t akes i nt o cons i ­
der at i on t he var i abi l i t y  and non l i near i t y  of  soi l  
and t he r i gi di t y  of  f oundat i on.

The r esul t s pr esent ed i n f i gur es 1, 2 and 3 combi ned 
wi t h t he dat a of  t abl e I  has shown t hat  :

1)  Assumi ng a r epr esent at i ve spat i al  var i abi l i t y  
of  Ei ,  t he cal cul at ed var i ances of  cont act  pr esur e 
di s t r i but i on and st r esses ay and ax wer e r at her  
smal l .  The var i abi l i t y  of  hor i zont al  st r esses ax 
seems t o be l ar ger  t han t he var i abi l i t y  of  ver t i ­
cal  st r esses.  The exi s t ence of  a t r end component  
wi t h t he l i near  t ype of  case 2 af f ect s mean val ues

F ig  3 c  V e r t i c a l  a n d  H o r i z o n t a l  S t r e s s  d i s t r i b u t i o n  w i t h  

D e p th .

of  s t r esses and def or ms cont act  pr essur e di s t r i ­
but i on,  but  i t  does ' nt  essent i al l y  af f ect  t he mean 
val ue of  var i ances.  However ,  cons i der i ng t he di s ­
t r i but i on wi t h dept h of  Cv( oy)  and cv( ox)  f r om 
f i gur es 1 and 2,  ( wher e cv=coef .  of  var i at i on) , we 
can see by a compar i son a di f f er ence wor t h ment i o ­
ni ng r el at ed wi t h t he decr ease of  cv( Ê )  wi t h t he 
dept h i n case 2.  The l at t er  case i s i n gener al  a 
mor e r eal i s t i c  appr oach concer ni ng si t e condi t i ons.

2)  The spat i al  var i abi l i t y  of  E^ had smal l  i nf l u ­
ence on set t l ement s.  Thi s obser vat i on shoul d be 
r el at ed t o t he di mensi ons of  f oundat i on and t he 
assumed val ues of  scal es of  f l uct uat i ons i n x di ­
r ect i on.  I n t he st udi ed cases t he hal f  of  f ounda­
t i on wi dt h a,  was about  4, 5 t i mes 6x.

3)  The assumpt i on t hat  t he val ue of  nd var i es  had 
a negl i gi bl e ef f ect  on cont act  pr essur e and st r ess 
di s t r i but i ons,  but  i t  had an essent i al  ef f ect  on 
set t l ement s.  Thi s l ast  ef f ect  depends on t he mobi l i ­
zed f r act i on of  st r engt h,  i ncr easi ng wi t h i t .  Once 
a spat i al  var i abi l i t y  of  nd had been assumed, t hen 
set t l ement s var i at i on was essent i al y  r educed.
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