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ABSTRACT 

The d i s p l a c e m e n t  p a t t e r n s  w i t h i n  a  s a n d  f i l l  r e s u l t i n g  

f r o m  l a r g e  d i f f e r e n t i a l  s e t t l e m e n t s  w i t h i n  t h e  u n d e r l y i n g  

n a t u r a l  s o i l s  were i n v e s t i g a t e d  u s i n g  t -he  f i n i t e  e l e m e n t  
* 

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

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

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

c o m p r e s s i b l e  o r g a n i c  so i l s .  The n u m e r i c a l  s t u d y  was u n d e r -  

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

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

w i t h i n  t h e  s a n d  f i l l .  C o n s e q u e n t l y ,  t h e  o b j e c t i v e  o f  t h e  

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

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

m a g n i t u d e s .  

The s a n d  f i l l  was m o d e l e d  u s i n g  a n  i n c r e m e n t a l  n o n l i n e a r  

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

s h i p s .  T h e  b o u n d a r y  c o n d i t i o n s  were c h o s e n  s u c h  t h a t  t h e  

lower b o u n d a r y  ( t h e  c o n t a c t  b e t w e e n  s a n d  f i l l  a n d  t h e  o r g a n i c  

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

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

t h e o r y .  

The s a n d  f i l l  w a s  i n s t r u m e n t e d  w i t h  s e t t l e m e n t  p l a t e s  a n d  

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

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

f i l l  w a s  d i f f e r e n t  t h a n  o r i g i n a l l y  p l a n n e d  a n d  w h a t  w a s  

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

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

cal  r e s u l t s .  I n  p a r t i c u l a r ,  t h e  r e l a t i o n s h i p s  o f  v e r t i c a l  

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

z o n e s  w i t h i n  t h e  s a n d  f i l l  a g r e e d  r e a s o n a b l y  w e 1 1  w i t h  t h e  

p r e d i c t e d  b e h a v i o r .  



INTRODUCTION 

In spite of their frequent applications in the area of 

soil mechanics and foundation engineering, numerical tools, 

such as the finite element method, are still associated by 

many practicing soils engineers with prohibitive time and/or 

cost effort. In the past, the increasing complexity of 

computer codes involved with numerical methods also tended to 

discourage many to venture beyond conventional analyses 

involving closed form analytical solutions or simplified 

limiting equilibrium methods. However, in the last decade, 

economic finite element computer codes have been developed and 

tested so thoroughly, that utilizing them even on a limited 

budget has become feasible. Also, it is neither necessary nor 

always possible to intimately understand the numerical pro- 

cedure of a computer code in order to successfully use it. 

Provided the user has a good practical understanding of the 

technical problem and a fundamental knowledge of engineering 

mechanics, he is able to defect gross errors by spot checking 

the results with simple hand calculations. 

Most numerical tools are applicable only for a certain 

range of conditions, and engineering judgement is necessary 

to recognize their limitations. While today there are 

practically no limits on the capability of computational 

techniques, serious handicaps still exist with expressing 

material behavior by the proper constitutive laws. In some 

cases, sophisticated numerical tools would be no more reliable 

than simplified conventional analysis techniques. The case 

described in this paper is felt to be an example of success- 

fully and economically combining both approaches. A conven- 

tional one-dimensional consolidation analysis was used to 

establish displacement boundary conditions for a numerical 

deformation analysis of a sand fill partially overlying soft 

organic soils. The main purpose for this study was to define 

the edge of the deformed zone in the sand fill resulting 



from compression of the organic  s o i l s .  The r e s u l t s  were used 

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

S I T E  C O N D I T I O N S  

F igure  1 shows a  p l a n  view of t h e  p r o j e c t  s i t e .  The 

c o n t o u r s  shown i n d i c a t e  t h e  d e p t h s  t o  which o r g a n i c s  were 

p resen t .  The deep organic  a rea  t o  the  southwest was t o  be 

used f o r  l a n d s c a p i n g  and t h e  proposed b u i l d i n g  was t o  be 

loca ted  i n  the area  where a l l  the organics  would be replaced 

w i t h  compacted f i l l .  For a r c h i t e c t u r a l  r e a s o n s ,  i t  was 

d e s i r a b l e  t o  l o c a t e  the  bui lding a s  c lose  t o  the edge of the  

organic  a rea  a s  p r a c t i c a l .  
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Figure 1. Plan View of P ro jec t  S i t e  

I t  was d e c i d e d  t o  s u r c h a r g e  t h e  deep  o r g a n i c  a r e a  t o  

complete most of the primary consol ida t ion  se t t lement  p r i o r  t o  



c o n s t r u c t i o n  o f  t h e  b u i l d i n g .  Even so,  i t  was  e s t i m a t e d  t h a t  

u p  t o  2 f e e t  o f  l o n g - t e r m  s e t t l e m e n t  would  s t i l l  o c c u r  i n  t h e  

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

a d d i t i o n ,  d u e  to  a  t i g h t  c o n s t r u c t i o n  s c h e d u l e ,  t h e r e  was t h e  

p o s s i b i l i t y  o f  c o n s t r u c t i o n  p r o c e e d i n g  w e 1 1  before p r i m a r y  - 
c o n s o l i d a t i o n  was c o m p l e t e d .  C o n s e q u e n t l y ,  i t  was  n e c e s s a r y  

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

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

v e r t i c a l  s e t t l e m e n t  o f  a l m o s t  7 f e e t  c o u l d  o c c u r  i n  t h e  d e e p  

o r g a n i c  s o i l s  a r e a  t o  t h e  s o u t h w e s t .  

D u r i n g  g r a d i n g  o p e r a t i o n s  t h e  o r g a n i c s  were e x c a v a t e d  t o  

t h e  l i m i t s  i n d i c a t e d  b y  t h e  d a s h e d  l i n e  shown on F i g u r e  1. 

F i g u r e  2 s h o w s  t h e  s u b s u r f a c e  p r o f i l e  a t  t h e  s i t e  f o l l o w i n g  

g r a d i n g .  P r i o r  t o  d e v e l o p i n g  t h e  a r e a ,  t h e  n a t u r a l  g r o u n d  

F i g u r e  2 .  S u b s u r f a c e  S e c t i o n  Showing L o c a t i o n s  o f  B o r i n g s ,  
I n c l i n o m e t e r  C a s i n g s ,  S e t t l e m e n t  P l a t e s ,  a n d  
B u i l d i n g  F o u n d a t i o n  



s u r f a c e  was a t  a b o u t  E l e v a t i o n  +94  f e e t .  B e f o r e  b u i l d i n g  

c o n s t r u c t i o n  s t a r t e d ,  t h e  g e n e r a l  a r e a  was t o  be s u r c h a r g e d  t o  

E l e v a t i o n  +115 f e e t .  The f i n a l  g r a d e  a f t e r  s u r c h a r g i n g  would 

. b e  a b o u t  + l o 3  f e e t .  I n  t h e  d e e p  o r g a n i c  s o i l  a r e a  t o  t h e  

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

f a c e .  The p l a n  was t h a t  t h e  s u r c h a r g e  would be removed from 

t h e  b u i l d i n g  a r e a  a f t e r  a b o u t  s i x  weeks ,  s i n c e  t h e  s u r c h a r g e  

h e r e  was g e n e r a l l y  p r e c a u t i o n a r y .  Wi th in  t h e  d e e p  o r g a n i c  

a r e a ,  t h e  s u r c h a r g e  c o u l d  be i n p l a c e  f o r  one  y e a r  o r  more. 

Benea th  t h e  g e n e r a l  b u i l d i n g  s i t e ,  t h e  compacted f i l l  

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

e x t e n d e d  down t o  a b o u t  E l e v a t i o n  +80 f e e t .  Below t h e  f i l l ,  

and e x t e n d i n g  t o  a b o u t  E l e v a t i o n  +45 f e e t  a r e  g e n e r a l l y  medium 

d e n s e  t o  d e n s e ,  f i n e  t o  medium s a n d s .  Below t h e  s a n d s  t o  t h e  

t o p  o f  t h e  l i m e s t o n e  f o r m a t i o n  ( a b o u t  E l e v a t i o n  -1 f o o t )  a r e  

l o o s e  t o  medium d e n s e  s i l t y  f i n e  s a n d s .  

A much p o o r e r  and  v a r i a b l e  s u b s u r f a c e  p r o f i l e  e x i s t s  t o  

t h e  s o u t h w e s t .  Here, t h e  e n t i r e  p r o f i l e  is d e p r e s s e d  d u e  t o  

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

f i l l  i n  t h i s  a r e a  t o  a b o u t  E l e v a t i o n  +30 f e e t .  Above a b o u t  

E l e v a t i o n  +60 f e e t ,  a r e  so£  t ,  h i g h l y  c o m p r e s s i b l e ,  o r g a n i c  

s o i l s  a n d  p e a t ,  l o c a l l y  r e f e r r e d  t o  a s  muck. Below a b o u t  

E l e v a t i o n  +60 f e e t ,  t h e  o r g a n i c s  a r e  s t i f f e r  and i n t e r b e d d e d  

w i t h  s a n d s .  

FINITE ELEMENT ANALYSIS OF SAND F I L L  

The p u r p o s e  o f  t h e  f i n i t e  e l e m e n t  a n a l y s i s  was t o  e v a l u -  

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

- s t a b l e  g r o u n d  n e a r  t h e  e d g e  o f  t h e  s e t t l i n g  s o f t  g round  a r e a .  

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

t i v e  b e h a v i o r  o f  t h e  muck, i t  was n o t  j u s t i f i e d  t o  a t t e m p t  t o  

model  t h e  muck by f i n i t e  e l e m e n t  t e c h n i q u e s .  T h e r e f o r e ,  i t  

was d e c i d e d  t o  r e s t r i c t  mode l ing  t o  t h e  s a n d  f i l l ,  f o r  which 



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

c o m p r e s s i o n  o f  t h e  u n d e r l y i n g  muck a n d  o r g a n i c  s o i l s  was 
a n a l y z e d  u t i l i z i n g  c o n v e n t i o n a l  o n e - d i m e n s i o n a l  c o n s o l i d a t i o n  

t h e o r y .  The c a l c u l a t e d  s e t t l e m e n t s  d u e  t o  t h e  l o a d  o f  t h e  

s a n d  f i l l  were used  a s  bounda ry  c o n d i t i o n s  f o r  t h e  modeled 

fill. 

The n o n l i n e a r  e l a s t i c  f i n i t e  e l e m e n t  compu te r  p rog ram,  

ISBILD,  d e v e l o p e d  b y  Ozawa a n d  Duncan  ( 1 9 7 3 ) ,  w a s  u s e d  

to  p e r f o r m  t h e  a n a l y s i s .  The p rog ram u s e s  t h e  f o r m u l a t i o n  

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

Chang ( 1 9 7 0 )  b a s e d  on  h y p e r b o l i c  s t r e s s - s t r a i n  r e l a t i o n s h i p  

a n d  s t r e s s - d e p e n d e n t  i n i t i a l  e l a s t i c  m o d u l i .  The  p r o g r a m  

a l s o  emp loys  a n a l o g o u s  e x p r e s s i o n s  f o r  t h e  P o i s s o n ' s  r a t i o  

d e v e l o p e d  by  Kulhawy, e t  a l .  ( 1 9 6 9 ) .  

The two-d imens iona l ,  p l a n e  s t r a i n  p rogram a p p r o x i m a t e s  

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

c e d u r e s .  The l o a d i n g  is s u b d i v i d e d  i n t o  a number o f  s m a l l  

i n c r e m e n t s ,  and  s o i l  b e h a v i o r  i s  assumed t o  b e  l i n e a r  w i t h i n  

e a c h  i n c r e m e n t .  T h e  e l a s t i c  m o d u l u s  a n d  P o i s s o n ' s  r a t i o  

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

l o a d i n g  i n c r e m e n t  b a s e d  o n  t h e  new c o n f i n i n g  stress and t h e  

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

u s u a l l y  d e t e r m i n e d  by  a se r i e s  of r o u t i n e  t r i a x i a l  c o m p r e s s i o n  

tests. Many s a n d s  have  b e e n  t e s t e d  b y  r e s e a r c h e r s  i n  t h e  past  

a n d  amp le  d a F a  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

N o n l i n e a r  e l a s t i c  mode l s  c an  be u sed  s u c c e s s f u l l y  f o r  

m o d e r a t e l y  s t r a i n e d  s o i l s .  However, i f  t h e  stress l e v e l s  i n  

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

mode l ed  by o t h e r  means  t o  allow f o r  p l a s t i c  b e h a v i o r .  I m -  

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

of t h e  c o n s t i t u t i v e  model  i n c l u d e  t h e  b u i l d u p  of t e n s i o n  i n  

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

t h e  s o i l ' s  s t r e n g t h .  F o r  t h e  p r o f i l e  a n a l y z e d ,  i t  was found  



t h a t  r e a s o n a b l e  r e s u l t s  were o b t a i n e d  f o r  t h e  r a n g e  o f  s e t t l e -  

m e n t  p r o f i l e s  e x p e c t e d  u p  t o  a  maximum s e t t l e m e n t  o f  a l m o s t  7 

f e e t .  

MATERIAL PROPERTIES 

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

d a t a  f o r  s a n d  w i t h  s i m i l a r  g r a i n  s i z e  c h a r a c t e r i s t i c s  a s  

c o m p i l e d  b y  K u l h a w y  e t  a 1  ( 1 9 6 9 )  w a s  u s e d .  T h e  s e l e c t e d  

m a t e r i a l  w a s  S a c r a m e n t o  R i v e r  Sand t e s t e d  f o r  v a r i o u s  r e l a t i v e  

d e n s i t i e s .  F i g u r e  3 s h o w s  a  c o m p a r i s o n  o f  t h e  g r a i n  s i z e  

d i s t r i b u t i o n  c u r v e  f o r  S a c r a m e n t o  R i v e r  s a n d  w i t h  t h e  r a n g e  o f  

g r a i n  s i z e s  f o r  t h e  a c t u a l  s a n d  f i l l .  The  minimum r e l a t i v e  

d e n s i t y  o f  t h e  f i l l  w a s  e s t i m a t e d  t o  b e  60  p e r c e n t .  F o r  t h e s e  

c o n d i t i o n s ,  t h e  f o l l o w i n g  d i m e n s i o n l e s s  parameters  were 

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

e l a s t i c  m o d u l u s :  

K = 5 4 5 ,  n  = 0 . 5 4 ,  a n d  Rf = 0 . 8 6 ;  

a n d  d e f i n i n g  P o i s s o n ' s  r a t i o :  

G = 0 . 5 5 ,  F = 0 . 2 6 ,  a n d  d  = 2 . 1  

U.S. STANDARD SIEVE SIZE 

F i g u r e  3 .  G r a d a t i o n  o f  F i l l  S a n d s  a n d  

S a c r a m e n t o  R i v e r  Sand 



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

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

o f  t h e  s a n d  was  e s t i m a t e d  t o  b e  3 2  d e g r e e s ;  c o h e s i o n  was  

z e r o .  

The ground w a t e r  t a b l e  w i t h i n  t h e  f i l l  was assumed t o  be 

a t  E l e v a t i o n  +96 f e e t .  Wet and buoyan t  G n i t  w e j g h t s  o f  120 

and 60  pounds p e r  c u b i c  f oo t ,  r e s p e c t i v e l y ,  were used .  The 

i n i t i a l  stress c o n d i t i o n s  were c a l c u l a t e d  by e s t i m a t i n g  ' 
t h e  r a t i o  of h o r i z o n t a l  stress o v e r  t h e  o v e r b u r d e n  stress. 

T h i s  r a t i o  was e s t i m a t e d  t o  v a r y  a c r o s s  t h e  f i l l  a s  shown i n  

F i g u r e  4 ( a ) .  I n  a s s i g n i n g  t h e  KO v a l u e s ,  s u b s t a n t i a l l y  

F i g u r e  4.  Sand F i l l  Model and  I n p u t  ( a )  Assumed I n i t i a l  
S t r e s s  C o n d i t i o n s ,  ( b )  F i n i t e  Element  Gr id  Used 
t o  Model Sand F i l l ,  and ( c )  C a l c u l a t e d  and A c t u a l  
S e t t l e m e n t  P r o f i l e s  



lower  K O  v a l u e s  were a s s i g n e d  i n  a r e a s  o f  t h e  f i l l  w h e r e  

e x t e n s i o n  was  e x p e c t e d  t o  t a k e  place as  a r e s u l t  o f  i n i t i a l  

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

MODEL SETUP AND COMPUTATIONAL PROCEDURE 
8 

F i g u r e  4 ( b )  s h o w s  t h e  f i n i t e  e l e m e n t  g r i d  u s e d  t o  model  

t h e  s a n d  f i l l .  The t o p  o f  t h e  g r i d  i n c l u d e s  a 1 2 - f o o t - h i g h  

s u r c h a r g e  o v e r  t h e  e n t i r e  a r e a  w h i c h  e x t e n d s  t o  E l e v a t i o n  + I 1 5  

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

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

d i s p l a c e m e n t  was  s i m u l a t e d  f o r  t h e  o v e r l y i n g  f i l l  by  compress- 

i n g  a bottom row o f  "dummy" e l e m e n t s  w i t h  a p p l i e d  f o r c e s .  The 

dummy e l e m e n t s  were a s s i g n e d  a m o d u l u s  o r d e r s  o f  m a g n i t u d e  

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

e l a s t i c ,  so  a simple r e l a t i o n s h i p  b e t w e e n  d i s p l a c e m e n t s  a n d  

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

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

n a t u r a l  s a n d s )  are s u p e r i m p o s e d  o n  F i g u r e  2 .  

Shown i n  F i g u r e  4 ( c )  are  p r o f i l e s  o f  v e r t i c a l  d i s p l a c e -  

m e n t s .  The s o l i d  l i n e  i n d i c a t e s  t h e  c a l c u l a t e d  s e t t l e m e n t  

p r o f i l e  f o r  t h e  o r g a n i c s  w h i c h  was u s e d  as  t h e  i n p u t  d i s p l a c e -  

m e n t s  f o r  t h e  bottom o f  t h e  s a n d  f i l l  m o d e l .  The d a s h e d  l i n e  

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

e l e m e n t  m o d e l  a t  E l e v a t i o n  +90 f e e t  a n d ,  f o r  c o m p a r i s o n ,  t h e  

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

E l e v a t i o n  +90 f e e t .  

A l l  l o a d  c h a n g e s  a n d  t h e  s e t t l e m e n t  i n c r e m e n t s  were 

a p p l i e d  as  n o d a l  p o i n t  forces. The  i n i t i a l  stress c o n d i t i o n s  

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

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

f r o m  t h e  b u i l d i n g  a r e a  w h i l e  a n  assumed  b u i l d i n g  l o a d  ( i n c l u d -  

i n g  t h e  w e i g h t  o f  a  p l a n n e d  be rm s u r r o u n d i n g  t h e  s t r u c t u r e )  

we:re a p p l i e d  s i m u l t a n e o u s l y ,  S u b s e q u e n t  t o  a n a l y z i n g  t h e s e  



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

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

p e r c e n t a g e  i n c r e m e n t s  o f  t h e  t o t a l  s e t t l e m e n t  p r o f i l e  shown i n  

F i g u r e  4 ( c ) .  The p e r c e n t a g e  i n c r e m e n t s  a p p l i e d  were 4 ,  8 ,  1 6 ,  

3 2 ,  a n d  4 0 ,  w h i c h ,  w h e n  summed,  e q u a l  1 0 0  p e r c e n t .  T h e  

n o n l i n e a r i t y  o f  t h e  s o i l  was c l o s e l y  f o l l o w e d  b y  u s i n g  smaller  

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

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

e q u a l  i n c r e m e n t s  had  r e s u l t e d  i n  u n r e a l i s t i c  r e s u l t s  b e c a u s e  

of e a r l y  d e v e l o p m e n t  o f  s h e a r  stresses e x c e e d i n g  t h e  s o i l ' s  

a c t u a l  s t r e n g t h .  

The p r o g r a m ' s  r e s t a r t  o p t i o n  made i t  p o s s i b l e  t o  i n t e r a c t  

b e t w e e n  d i s p l a c e m e n t  i n c r e m e n t s  t o  c o r r e c t  l o c a l  s t ress  

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

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

e x c e s s i v e  stress b u i l d u p  o n l y  o n c e ,  a f t e r  t h e  t h i r d  d i s p l a c e -  

m e n t  i n c r e m e n t ,  when 28 p e r c e n t  o f  t h e  t o t a l  d i s p l a c e m e n t  was  

a p p l i e d .  T h e  e x c e s s i v e  s t ress  b u i l d u p  w a s  c o r r e c t e d  b y  

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

b y  t h u s  s o f t e n i n g  t h e s e  e l e m e n t s  t h e i r  s h e a r  f a i l u r e  w a s  

s i m u l a t e d .  The e l e m e n t s  f o r  w h i c h  s u c h  m o d i f i c a t i o n s  were 

n e c e s s a r y  a r e  s h a d e d  i n  F i g u r e  4 ( b ) .  A s  c a n  b e  s e e n ,  t h e  

e l e m e n t s  r e q u i r i n g  s o f t e n i n g  are l i m i t e d  t o  a s h a l l o w  z o n e .  

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

t i o n a l  e l e m e n t s  were a p p r o a c h i n g  c r i t i c a l  stress c o n d i t i o n s  

i n d i c a t i n g  t h a t  f u r t h e r  d i s p l a c e m e n t  would  r e s u l t  i n  w i d e -  

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

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

ANALYSIS RESULTS 

T h e  c a l c u l a t e d  n o d a l  p o i n t  d i s p l a c e m e n t  f i e l d s  were 

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

b o u n d a r y .  A f t e r  2 8  p e r c e n t  o f  t h e  t o t a l  s e t t l e m e n t  w a s  

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



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

a p p l i c a t i o n  o f  a d d i t i o n a l  d i s p l a c e m e n t  i n c r e m e n t s .  F i g u r e  5  

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

t h i r d  and f i f t h  i n c r e m e n t s ,  e q u i v a l e n t  t o  28  and 100 p e r c e n t  

o f  t h e  t o t a l  v e r t i c a l  s e t t l e m e n t  c o n s i d e r e d .    he dashed  l i n e s  

i n  F i g u r e s  5 ( a )  and 5 ( b )  mark t h e  edge  b o u n d a r i e s  beyond which 

c a l c u l a t e d  h o r i z o n t a l  d i s p l a c e m e n t s  were s m a l l e r  t h a n  1 / 4  

i n c h .  W i t h i n  t h e  o v e r a l l  a c c u r a c y  o f  t h i s  a n a l y s i s ,  a n y  

d i s p l a c e m e n t  l e s s  t h a n  a b o u t  1 / 4  i n c h  was  c o n s i d e r e d  t o  

i n d i c a t e  s t a b l e  g round .  
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F i g u r e  5. D i sp l acemen t  F i e l d s  w i t h  B o u n d a r i e s  o f  S t a b l e  
Zones.  ( a )  A f t e r  ~ h i r d  D i sp l acemen t  I n c r e m e n t  
( 2 8  p e r c e n t  o f  T o t a l ) .  ( b )  A f t e r  F i f t h  
D i sp l acemen t  I n c r e m e n t  ( 100 p e r c e n t  o f  T o t a l )  

A l though  t h e  t o t a l  a p p l i e d  bo t tom boundary  d i s p l a c e m e n t s  

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

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

f i n a l  g r a d e  e s s e n t i a l l y  a t  t h e  same p o i n t .  However, a t  d e p t h ,  

t h e  e d g e  bounda ry  a f t e r  t h e  f i f t h  i n c r e m e n t  is  r o t a t e d  f u r t h e r  

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

s t e e p e r  t h a n  a f t e r  t h e  t h i r d  i n c r e m e n t .  



Based o n  t h e  r e s u l t s  o f  t h i s  a n a l y s i s ,  i t  was conc luded  

t h a t  t h e  assumed b u i l d i n g  l o c a t i o n  was s t a b l e .  T h i s  . conc lu -  

s i o n  was b a s e d ,  i n  p a r t ,  on t h e  f a c t  t h a t  t h e  b u i l d i n g  would 

be  c i r c u l a r  i n  p l a n  and ,  t h a t ,  i n  t h e  a n a l y s i s ,  t h e  b u i l d i n g  

_was assumed t o  be l o c a t e d  a t  i t s  c l o s e s t  a p p r o a c h  t o  t h e  d e e p  

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

problem t o  b e  two-d imens iona l  ( p l a n e  s t r a i n ) ,  and c o n s i d e r e d  

what  was a c t u a l l y  t h e  worst o r g a n i c  p r o f i l e  i n  t h e  a r e a .  A s  

c a n  be  s e e n  by t h e  o r g a n i c  d e p t h  c o n t o u r s  i n  F i g u r e  1, t h e  

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

l o c a l i z e d .  F i n a l l y ,  a l s o  i g n o r e d  were t h e  s t a b i l i z i n g  and 

r e i n f o r c i n g  e f f e c t s  t h e  s t r u c t u r e  i t s e l f  would have o n  t h e  

s o i l  t h r o u g h  f r i c t i o n  a l o n g  t h e  b a s e  o f  t h e  f o u n d a t i o n  and t h e  

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

Supp lemen ta ry  r u n s  made on a  s l i g h t l y  m o d i f i e d  p r o f i l e  

showed t h a t  t h e  l o c a t i o n  and o r i e n t a t i o n  o f  t h e  edge  boundary  

o f  t h e  d i s p l a c e m e n t  f i e l d  d e p e n d s  on  t h e  d e p t h  t o  t h e  bo t tom 

boundary  and t h e  s h a p e  o f  t h e  a p p l i e d  s e t t l e m e n t  p r o f i l e .  I n  

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

d e c r e a s e s ,  t h e  s l o p e  o f  t h e  edge  boundary  becomes f l a t t e r .  

A n a l y s i s  o f  a  s a n d  f i l l  o n l y  25 f e e t  t h i c k  showed t h e  edge  

boundary  t o  be a p p r o x i m a t e l y  a  s t r a i g h t  l i n e  i n c l i n e d  a t  30 

t o  35 d e g r e e s  t o  t h e  h o r i z o n t a l .  I n  compar i son ,  t h e  a l m o s t  

4 5 - f o o t - t h i c k  sand  f i l l  a n a l y z e d  i n  F i g u r e s  5 ( a )  and 5 ( b ) ,  

s h o w s  a n  e d g e  b o u n d a r y  i n c l i n e d  a t  a n  a v e r a g e  o f  40 t o  60  

d e g r e e s .  

The  s u p p l e m e n t a r y  s t u d i e s  were u s e d  t o  e v a l u a t e  t h e  

e f f e c t s  o f  a  change  i n  t h e  a c t u a l  g r a d i n g  scheme f o r  d e v e l o p -  

ment  of  t h e  s i t e  a r e a .  The f i n i t e  e l e m e n t  model  u sed  i n  t h e  

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

'boundary shown i n  F i g u r e  2 .  However, c h a n g e s  i n  t h e  i n i t i a l  

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

a c t u a l l y  b e i n g  e x c a v a t e d  t h a n  was assumed i n  t h e  a n a l y s i s .  

The m o d i f i e d  g r a d i n g  p l a n  l e f t  a n  a d d i t i o n a l  wedge o f  muck 



i n p l a c e  a s  shown i n  F i g u r e  2 .  T h i s  r e s u l t e d  i n  a  s t e e p e r  

s e t t l e m e n t  p r o f i l e  ( d o t t e d  l i n e  i n  F i g u r e  4 )  t h a n  c o n s i d e r e d  

i n  t h e  a n a l y s i s  ( d a s h e d  l i n e ) .  I n  a d d i t i o n ,  t h e  s e t t l e m e n t  

c o n t r i b u t i o n  o f  these  o r g a n i c s  is  a c t i n g  on  t h e  s and  f i l . 1  a t  a  

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

Supe r impos ing  t h e  r e s u l t s  of  t h e  s u p p l e m e n t a r y  s t u d y  o f  t h e  

t h i n n e r  s and  f i l l  model ,  i t  was conc luded  t h a t  t h e  change  i n  

t h e  e x c a v a t i o n  p l a n  would n o t  a l t e r  t h e  l o c a t i o n  o f  t h e  s t a b l e  

zone boundary  and ,  t h e r e f o r e ,  t h e  b u i l d i n g  c o u l d  b e  l o c a t e d  a s  

a n a l y z e d .  

COMPARISON OF MEASURED AND CALCULATED DISPLACEMENTS 

A c t u a l  d i s p l a c e m e n t s  w i t h i n  and a d j a c e n t  to  t h e  o r g a n i c  

s o i l  a r e a  were m o n i t o r e d  u s i n g  s u r f  a c e  s e t t l e m e n t  p l a t e s  

and i n c l i n o m e t e r  c a s i n g s .  T h i s  d a t a  was used  t o  check  t h e  

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

s e t t l e m e n t  p l a t e s  were i n s t a l l e d  i n  a  100- foo t  g r i d  p a t t e r n .  

The l o c a t i o n s  o f  P l a t e s  3 4 , : 3 5 ,  43,  and 44 a r e  shown i n  F i g u r e  

2 .  Th ree  i n c l i n o m e t e r  c a s i n g s ,  d e s i g n a t e d  1, 2A, and 3 ,  were 

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

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

t h e s e  c a s i n g s  a r e  shown i n  F i g u r e s  1 and 2.  

The a d d i t i o n a l  muck l e f t  i n  p l a c e  by t h e  change  i n  t h e  

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

t o p  o f  t h e  f i l l  ( w h e r e  i t  was  m e a s u r e d )  t h a n  t h e  a n a l y s i s  

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

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

d i s c u s s e d  and  a r e  compared i n  F i g u r e  4 ( c ) .  

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

' d i s p l a c e m e n t s  a t  i n c l i n o m e t e r  l o c a t i o n s  a r e  c o m p a r e d ' i n  F i g u r e  

6 .  The r e l i a b i l i t y  o f  t h e  d a t a  f rom Cas ing  3 is reduced  by 

i t s  t e n d e n c y  t o  b u c k l e  due  t o  v e r t i c a l  s e t t l e m e n t  o f  t h e  f i l l .  

A l s o ,  Cas ing  1 is known t o  have  been  d i s t u r b e d  b y  c o n s t r u c t i o n  



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

However,  i t  is  n o t  l i k e l y  t h a t  t h i s  d i s t u r b a n c e  r e a c h e d  d e e p e r  

t h a n  a p p r o x i m a t e l y  1 0  t o  1 5  f e e t .  T a k i n g  i n t o  a c c o u n t  t h e  

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

b e t w e e n  t h e  a c t u a l  a n d  a n a l y z e d  p r o f i l e s ,  it ' is  c o n c l u d e d  t h a t  

. t h e  f i n i t e  e l e m e n t  r e s u l t s  a g r e e d  r e a s o n a b l y  w e 1 1  w i t h  t h e  

a c t u a l  f i e l d  d i s p l a c e m e n t s .  

CASINO 1 

F i g u r e  6. C o m p a r i s o n  o f  P r e d i c t e d  a n d  Measured  H o r i z o n t a l  
D e f l e c t i o n s  a t  I n c l i n o m e t e r  C a s i n g  L o c a t i o n s  

SUMMARY AND CONCLUSIONS 

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

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

u s i n g  f i n i t e  e l e m e n t  t e c h n i q u e s .  The s t u d y  was  u n d e r t a k e n  t o  

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

- - g r o u n d  area w h e r e  a s t r u c t u r e  c o u l d  b e  s u p p o r t e d  w i t h i n  t h e  

s a n d  f i l l .  The s a n d  f i l l  w a s  i n s t r u m e n t e d  w i t h  s e t t l e m e n t  

p l a t e s  a n d  i n c l i n o m e t e r s  to  c h e c k  t h e  a n a l y t i c a l  r e s u l t s .  On 

t h e  ba s i s  of a n a l y s e s  o f  s e v e r a l  d i f f e r e n t  p r o f i l e s ,  i t  was 



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

t h e  s t a b l e  z o n e  w i t h i n  t h e  s a n d  f i l l  m o d e l  d e p e n d s  o n :  

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

c o m p r e s s i v e  l a y e r ;  

2 .  The m a g n i t u d e  o f  t h e  s e t t l e m e n t s ;  a n d  

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

f i l l .  

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

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

t h e  b o u n d a r y  o f  t h e  s t a b l e  z o n e  becomes  s teeper.  However ,  

s u f f i c i e n t  parametric w o r k  was n o t  p e r f o r m e d  d u r i n g  t h i s  s t u d y  

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

The s u b j e c t  s t u d y  i s  a n  e x a m p l e  o f  how s t a n d a r d  n u m e r i c a l  

too l s  c a n  b e  u s e d  w i t h o u t  j e o p a r d i z i n g  a project  b u d g e t  w i t h  

c o s t l y  a n d  time c o n s u m i n g  p r o g r a m  d e v e l o p m e n t  e f f o r t s .  U s i n g  

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

a p p l i c a t i o n s  made i t  p o s s i b l e  t o  k e e p  l a b o r  a n d  c o m p u t e r  costs  

low. F o r  t h e  m o d e l i n g  o f  t h e  o n e  s u b s u r f a c e  p r o f i l e  d i s c u s s e d  

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

CPU t i m e  w a s  2-1/2 m i n u t e s  o n  a CDC 6 6 0 0  c o m p u t e r  w i t h  t h e  

costs f o r  s t o r a g e  d e v i c e s  a p p r o x i m a t e l y  e q u a l i n g  t h e  computa -  

t i o n  cos ts .  A p p r o x i m a t e l y  4 0  m a n - h o u r s  were r e q u i r e d  f o r  

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