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1 INTRODUCTION 

A major expansion project at Walt Disney 
World in Florida includes about 5 miles 
(8 km) of new, elevated monorail. The new 
system will connect the existing monorail 
with the new development, located 3-112 
miles (5.6 km) to the south. 

The existing monorail system was sup- 
ported on piles because the upper soil 
profile was found to be generally poor 
and variable. The piles were driven to 
bearing in the underlying limestone 
formation, which was encountered at a 
depth of 5 0  to 6 0  feet (15 to lam). 

In contrast, along the new alignment 
the upper 25 to 50 feet (8 to 15m) of the 
subsurface profile generally consists of 
moderately dense fine sands, which are 
free of the clayey layers present along 
the old system. The surface of the lime- 
stone is also deeper along the new align- 
ment, ranging in depth from about 60 to 
100 feet (18 to 30m). For these reasons, 
it was decided to evaluate the possibil- 
ity of supporting as many of the piers as 
possible on shallow foundations rather 
than on piles. The controlling aspect of 
the design was settlement performance. 

Settlements of shallow foundations in 
sand are known to be difficult to evalu- 
ate, particularly when the sand profile 
is nonhomogeneous. This i s  especially 
true when looser sands are present and 
there is a high water table, conditions 
vhich make it extremely difficult to 
obtain good-quality samples. Therefore. 
any realistic settlement analysis must 
depend heavily on in situ testing, such 
as Standard Penetration Tests (SPT). 
Dutch Cone Penetration Tests (CFT), plate 
load tests, etc. Laboratory triaxial 
tests following realistic stress paths 
(Lambe and Whitman, 1969) or with the 

objective of establishing a relationship 
between elastic modulus and confining 
pressure (Janbu. 1963) have also been 
found to provide realistic settlement 
results for fairly homogeneous, medium 
dense to dense sand layers. However, for 
large sites with varying soil conditions, 
it is convenient to establish e relation- 
s h i p  between i n  situ test data 'and 
compressibility, rather than perform 
these sophisticated tests for each 
individual footing location. 

For many years, engineers have used SPT 
blowcounts (empirically correlated to 
plate load testsandlor 'actual footing 
performance) for settlement predictions 
in sands (Terzaghi and Peck, 1967: Heyer- 
hof, 1965; Peck, et al, 1974). However, 
inconsistencies in performing the SPTs 
(Fletcher. 1965). including the use of 
different drill rigs and even different 
operators, c a n  affect the quality of the 
data. There is also reason to believe 
that dynamic tests such as the SPT may 
induce partial liquefaction in looser, 
saturated fine sands below the water 
table. Therefore, the results may indi- 
cate soil conditions worse than actually 
exist. The SPT i s  also dependent on a 
drill rig. and each test requires an 
interruption of the drilling procedure. 
If the sand profile is variable, numerous 
tests and considerable time are required 
to develop a complcte description of the 
profile. 

CPT soundings, on the other hand, are 
considered to overcome most of the dis- 
advantages of the SFT. Tho CPT is a fast, 
relatively inexpensive in situ testing 
technique vhich also provides more con- 
tinuous information than the SPT. For 
these reasons, it vas decided to use the 
C P T  for investigating monorail pier 
locations. 



2 PROJECT CONSIDERATIONS 

The  new m o n o r a i l  beamway c o n s i s t s  o f  a  
sys tem o f  m d t i s p a n  c o n c r e t e  beans .  The 
beams a re  s u p p o r t e d  a b o u t  26 t o  2 8  f e e t  
( 8  t o  9 n )  a b o v e  g r a d e  a n  2 7 6  p i e r s ,  
s p a c e d  a b o u t  e v e r y  1 0 0  f e e t  ( ) O m ) .  
T y p i c a l  c r a s s  s e c t i o n a l  v i e w s  o f  t h e  
p i e r s  a r e  shown an F i g u r e  2 .  Once  i n  
p l a c e ,  e v e r y  f i v e  t o  s i x  i n d i v i d u a l  s p a n s  
a re  p o s t - t e n s i o n e d  t o  f o r n  a  c o n t i n u o u s  
beam. The c e n t r a l  p i e r  i n  e a c h  c o n t i n u -  
ous beam i s  d e s i g n e d  t o  p r o v i d e  t h e  
p r imary  r e s i s t a n c e  t o  l o n g i t u d i n a l  f o r c e s  
a c t i n g  a long  t h e  beamway. 

E a c h  p i e r  i s  a n a l y z e d  f a r  s e v e r a l  
c o m b i n a t i o n s  o f  d e a d  l o a d ,  t r a i n  l o a d ,  
i m p a c t ,  w ind  a n d  b r e a k i n g  f o r c e s .  The  
d e f l e c t i o n  performance of a d j a c e n t  p i e r s  
must be  c o m p a t i b l e ;  d i f f e r e n t i a l  d i s p l a c e -  
ments c o u l d  a f f e c t  t h e  beamway a l i g n m e n t  
and t h e  s t r e s s e s  deve loped  i n  t h e  beams. 
P i e r  l o a d i n g s  and t h e  r e s u l t i n g  d e f l e c -  
t i o n s  a r e  shown i n  a  g e n e r a l  m a n n e r  on 
F i g u r e  1.  

The g e n e r a l i z e d  s u b s u r f a c e  c o n d i t i o n s  
a l o n g  t h e  a l i g n m e n t  a r c  shown on F i g u r e  
1 .  T h e  s u b s u r f a c e  p r o f i l e  c o n s i s t s  o f  
t h r e e  main s t r a t a :  t h e  Upper Sands ,  t h e  
Hawthorn f o r m a t i o n ,  and l i n e s t a n e .  The 
Upper  S a n d s  c o n s i s t  o f  f i n e  t o  medium 
s a n d s  g e n e r a l l y  c o n t a i n i n g  l e s s  t h a n  5  t o  
7  p e r c e n t  s i l t  o r  c l a y  s i z e  m a t e r i a l .  
T y p i c a l  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 s  a r e  
shown on F i g u r e  3a. The t h i c k n e s s  o f  t h i s  
s t r a t a  r a n g e s  f r o m  2 5  t o  4 5  f e e t  ( 8  t o  
14~1).  Except f o r  t h e  upper  2  t o  3  f e e t  
( Im),  t h e s e  s a n d s  a re  g e n e r a l l y  m o d e r a t c l y  
dense .  L a y e r s  of weakly cemented,  s i l t y  
f i n e  s a n d s  ( h a r d p a n ) ,  t y p i c a l l y  5  t o  1 0  
f e e t  ( 2  t o  3 n )  t h i c k ,  a r e  f r e q u e n t l y  
p r e s e n t  w i t h i n  t h e  u p p e r  2 0  f e e t  (6m).  
The s h a l l o w  g r o u n d  w a t e r  t a b l e  e x i s t s  
w i t h i n  5  f e e t  ( 1 . 5 m )  o f  t h e  g r o u n d  
s u r f a c e .  

B e l o w  t h e  U p p e r  S a n d s  i s  a s t r a t a  
of l o o s e  t o  modera te ly  d e n s e ,  f i n e  sandy 
s i l t  t o  s i l t y  f i n e  s a n d .  T h i s  s t r a t a ,  
l o c a l l y  r e f e r r e d  t o  a s  t h e  H a w t h o r n  
f o r m a t i o n ,  i s  t y p i c a l l y  3 5  t o  5 0  f e e t  
( 1 1  t o  15m) t h i c k .  T y p i c a l  g r a i n - s i r e  
c u r v e s  f o r  t h e s e  s o i l s  a r e  s h o w n  o n  
F i g u r e  3b. L a b o r a t o r y  c o n s o l i d a t i o n  
t e s t s  i n d i c a t e  t h i s  f o r m a t i o n  i s  moder- 
a t e l y  o v e r c o n s o l i d a t e d  (OCR a p p r o x i m a t e l y  
1.5).  

L i m e s t o n e  i s  f o u n d  a t  d e p t h s  r a n g i n g  
f rom 6 0  t o  1 0 0  f e e t  ( 1 8  t o  )On) .  The  
l i n e s t a n e  i s  t y p i c a l  o f  t h e  c a v e r n o u s  
m a t e r i a l  found th roughou t  c e n t r a l  F l o r i d a .  
The  q u a l i t y  o f  t h e  l i m e s t o n e  c a n  v a r y  
from a lmos t  c r y s t a l l i n e  rock  t o  l i g h t l y  
cemented s a n d s  and s i l ts .  

L W S E  S i W  

S l L N  F I E  SAW TO 
F I V E  SM! S I L T  

Fig .  1 S u b s u r f a c e  P r o f i l e  
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Fig .  3  Grain-Size  D i s t r i b u t i o n  
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3 TEE DUTCH CONE PENETRATION TEST 

A CPT s o u n d i n g  was p e r f o r m e d  a t  e a c h  
p i e r  l o c a t i o n  where sha l low founda t ions  
appeared  f e a s i b l e  based on a  p re l iminary  
s t u d y .  A m e c h a n i c a l  f r i c t i o n - c o n e  
was u s e d .  The t i p  i s  a  6 0  d e g r e e  h a r d  
s t e e l  c o n e  w i t h  a p r o j y t e d  a r e a  o f  1 0  
s q u a r e  c e n t i m e t e r s  (em ). The f r i c -  
t i o n  s l e e v e  h a s  a  circumference of 11.2 
cm a n 5  is 13.35 em l o n g  ( f r i c t i o n  a r e a  = 
150  cm ). 

F i g u r e  4 shows  t h e  o p e r a t i o n  of  t h e  
m e c h a n i c a l  f r i e t i o n - c o n e .  The c o n e  is 
f i r s t  a d v a n c e d  t o  t h e  d e s i r e d  d e p t h  by 
p u s h i n g  o n  t h e  o u t e r  r o d s  o f  a  two-rod 
system. Then t h e  cone,  a t t a c h e d  t o  t h e  
bottom of  t h e  i n n e r  r o d s ,  i s  pushed i n t o  
u n d i s t u r b e d  m a t e r i a l  a t  a  c o n s t a n t  pene- 
t r a t i o n  r a t e  o f  1 t o  2 c m f s e c .  T h e  
measured t h r u s t  d i v i d e d  by t h e  p r o j e c t e d  
cone  a r e a  g i v e s  t h e  cone bear ing  c a p a c i t y ,  
o r  penetration r e s i s t a n c e ,  q . Continued 
p u s h i n g  o f  t h e  i n n e r  r a d s C e n g a g e s  t h e  
s t e e l  f r i c t i o n  s l e e v e  which, upon f u r t h e r  
e x t e n s i o n ,  measures  t h e  t h r u s t  on t h e  cone 
p l u s  t h e  f r i c t i o n  s l e e v e .  The s l e e v e  
f r i c t i o n  is  o b t a i n e d  by s u b t r a c t i n g  the  
c o n e  t h r u s t  and d i v i d i n g  by t h e  s l e e v e  
a r e a  ( t h i s  assumes the  cane t h r u s t  d i d  no t  
change i n  the  p rocess ) .  The o u t e r  rods 
a r e  then pushed t o  c o l l a p s e  the  te lescoped  
a p p a r a t u s ,  and i t  i s  a d v a n c e d  t o  a  new 
d e p t h  w h e r e  t h e  p r o c e s s  i s  r e p e a t e d .  
Readings a re  u s u a l l y  taken a t  20 cn depth 
i n t e r v a l s .  T h e r e f o r e ,  t h e  t e s t  e s s e n -  
t i a l l y  p r o v i d e s  a c o n t i n u o u s  r e c o r d  of  
cone and f r i c t i o n  r e s i s t a n c e s .  

During t h e  i n v e s t i g a t i o n  a t  p i e r  loca-  
t i o n s ,  a  t o t a l  o f  195  cone  s o u n d i n g s  
were  p e r f o r m e d .  Each s o u n d i n g  was ad-  
v a n c e d  a t  l e a s t  1 0  f e e t  (3m) i n t o  t h e  
P a w t h o r n  f o r m a t i o n .  From a  s e t t l e m e n t  
s t a n d p o i n t ,  t h e  l o w e r  p o r t i o n  of  t h e  
llawthorn format ion  was no t  a s i g n i f i c a n t  
f a c t o r  b e c a u s e  o f  i t s  d e p t h  a n d  t h e  
t r a n s i e n t  n a t u r e  o f  t h e  mos t  c r i t i c a l  
l o a d i n g  c o n d i t i o n  (wind). To s i m p l i f y  t h e  
s e t t l e m e n t  a n a l y s e s ,  e i g h t  g e n e r a l i z e d  
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cone sounding p r o f i l e s  were developed t o  
r e p r e s e n t  t h e  v a r i o u s  c o n d i t i o n s  a l o n g  t h e  
a l i g n m e n t .  Two of  t h e s e  g e n e r a l i z e d  
p r o f i l e s  a r e  shown o n  F i g u r e  5. The 
sounding a t  each  i n d i v i d u a l  p i e r  was then 
matched w i t h  one of t h e  e i g h t  g e n e r a l i z e d  
p r o f i l e s .  

4 LABORATORY TESTIllC 

C o r r e l a t i o n  f a c t o r s  r e l a t i n g  CPT d a t a  t o  
compression moduli have been s t u d i e d  by 
s e v e r a l  r e s e a r c h e r s  ( D e B e e r ,  1 9 6 7 ;  
Schmertmann, 1970; Garga,  1974). As p a r t  
o f  t h i s  s t u d y ,  a  s e r i e s  o f  t r i a x i a l  
compression t e s t s  was performed t o  check 
t h e  v a l i d i t y  o f  t h e s e  c o r r e l a t i o n  f a c t o r s  
For t h i s  s i t e .  These t e s t s  were performed 
on r e p r e s e n t a t i v e  s a m p l e s  o f  t h e  t h r e e  
t y p i c a l  s a n d  g r o u p s  p r e s e n t  w i t h i n  t h e  
Upper Sands: the  upper l o o s e  f i n e  s a n d ,  
t h e  upper  medium dcnse t o  dense  s a n d ,  and 
the  lower l o o s e  f i n e  sand.  

Two t y p e s  of t r i a x i a l  t e s t s  were per- 
formed: conso l ida ted-undra ined  (TXCU), 
and c o n s o l i d a t e d - d r a i n e d  (TXCD). For  
both t e s t s ,  t h e  samples were al lowed t o  
c o n s o l i d a . t e  f u l l y  u n d e r  t h e  a p p l i e d  
c o n f i n i n g  p r e s s u r e  p r i o r  t o  t h e  s t a r t  of 
t h e  t e s t .  T h e  v o l u m e  c h a n g e  d u r i n g  
c o n s o l i d a t i o n  was determined by measuring 
the  wate r  and /or  a i r  e x p e l l e d .  For the  
TXCU t e s t s ,  no d r a i n a g e  was p e r m i t t e d  
d u r i n g  s h e a r i n g ,  and t o t a l  s t r e s s e s  were 
m e a s u r e d .  I n t e r g r a n u l a r  ( e f f e c t i v e )  
s t r e s s e s  were measured d i r e c t l y  by per-  
f o r m i n g  TXCD t e s t s .  D u r i n g  t h e  TXCD 
t e s t s ,  d r a i n a g e  was p e r m i t t e d ,  a n d  t h e  
s h e a r i n g  p e r f o r m e d  s l o w l y  e n o u g h  t a  
p revent  t h e  bu i ldup  of  e x c e s s  pore water  
p r e s s u r e s .  T y p i c a l  s t r e s s - s t r a i n  c u r v e s  
measured d u r i n g  t h e  TXCD t e s t s  a r e  pre- 
s e n t e d  o n  F i g u r e  6a.  
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J a n b u  ( 1 9 6 3 )  p r o v i d c s  a r e l a t i o n s h i p  
between i n : t i a l  Young's modulus (Ei) and 
c o n f i n i n g  p r e s s u r e  ( a 3 ) :  

w h e r e  K a n d  n a r e  d i m e n s i o n l e s s  p a r a -  
m e t e r s ,  and p  i s  a t m o s p h e r i c  p ressure .  
T h i s  r e l a t i o n " s h i p  c a n  b e  g r a p h i c a l l y  
s o l v e d  u s i n g  a  l o g - l o g  p l o t  o f  u,/pa 
v e r s u s  E /pa .  A  s t r a i e h t  l i n e  drawn 
t h r o u g h  t h e  d a t a  p o i n t s  w i l l  h a v e  a n  
i n t e r c e p t  K a t  o 3  = 1 and a s l o p e  n, 
a s  d e p i c t e d  on F i g u r e  6b. 

T h e  i n i t i a l  m o d u l u s  was  o b t a i n e d  by 
g r a p h i c a l l y  f i t t i n g  a t a n g e n t  t o  t h e  
s t r e s s - s t r a i n  diagram o b t a i n e d  from t h e  
t r i a x i a l  tests  ( F i g u r e  6 a ) .  I n  tests  
wherc t h e  i n i t i a l  p o r t i o n  of  t h e  s t r e s s -  
s t r a i n  c u r v e  was q u e s t i o n a b l r i ,  due t o  end 
d i s t u r b a n c e  e t c . .  Ei was  e s t i m a t e d  by 
f i t t i n g  a  h y p e r b o l a  th rough  d a t a  p o i n t s  a t  
70 t o  95  p e r c e n t  of  t h e  peak stresi, a s  
s u g g e s t e d  by Kulhawy.  e t  a l . ,  ( 1 9 6 9 ) .  

A c o n p a r i s o n  was made of  t h e  d ~ f o r m a t i o n  
b e h a v i o r  o f  t h c  s a n d s  u n d e r  d r a i n e d  and 
u n d r a i n e d  c o n d i t i o n s .  The s t r c s s - s t r a i n  
c u r v e s  o f  t h e  undra ined  tests c o n s i d e r a b l y  
s t i f f e n e d  s h o r t l y  a f t c r  i n i t i a l  s t r a i n i n g ,  
accompanied by a  b u i l d u p  o f  n e g a t i v e  pore  
p r e s s u r e s .  Howevei, t h e  i n i t i a l  moduli 
s t i l l  f a l l  i n  t h e  same r a n g e  f o r  bo th  t h e  
d r a i n e d  a n d  u n d r a i n e d  t e s t s ,  a s  c a n  b e  
s e e n  o n  F i g u r e  6b. 

5  SETTLEMEIUT ANALYSIS BASED ON CPT 

T h e  m o s t  w i d e l y  r e c o g n i z e d  m e t h o d s  'of 
p r e d i c t i n g  s e t t l e m e n t s  b a s e d  on t h e  CPT 
a r e  t h o s e  deve loped  by Schmertmann (1970, 
1978) and by DeBeer (1967).  Both methods 
arc based  on e m p i r i c a l  r e l a t i o n s h i p s  and, 
p rov ided  a r e a l i s t i c  c o r r e l a t i o n  betwee" 
cone r e s i s t a n c e  and s o i l  s t i f f n e s s ,  can be 
e s t a b l i s h e d ,  thcy  b a t h  y i e l d  reasonable  
r e s u l t s  c o n f i r m e d  b y  n u m e r o u s  f i e l d  

n e a s u r e m e n t s  ( S c h m e r t m a n n ,  1 9 7 0 ) .  
Schmer tmann p r o p o s e d  a  t r i a n g u l a r  d i s -  
t r i b u t i o n  o f  a  s t r a i n  i n f l u e n c e  f a c t o r  
w h i c h ,  m u l t i p l i e d  by t h e  c o n s t a n t  E  / p  
(Es - e q u i v a l e n t  Y o u n g ' s  m o d u l u s  F o r  
s a n d  i n  c o m p r e s s i o n ,  a n d  p  = f o o t i n g  
p r e s s u r e )  g i v e s  t h e  compressive s t r a i n .  
I n  a  r e c e n t  p a p e r  Schmer tmann ( 1 9 7 8 )  
s u g g e s t e d  a  c o r r e l a t i o n  o f  E  = 2 . 5  

f o r  s q u a r e  f o o t i n g s ,  a n d  E: = 3 . 5  
:c ( w i t h  somewhat d i f f e r e n t  s t r a i n  fac -  
t s r s )  f o r  l o n g  r e c t a n g u l a r  f o o t i n g s .  
However ,  b e c a u s e  Schmer tmann b a s e s  h i s  
method on t h e  v e r t i c a l  s t r a i n  d i s t r i b u -  
t i o n  under  a  uniformly l o a d e d  f o u n d a t i o n ,  
i t  i s  no t  r e a d i l y  a p p l i c a b l e  f o r  nonuni- 
f o r m  s t r e s s e s  r e s u l t i n g  f r o m  moment  
l o a d i n g .  

D e B e e r ' s  method ( 1 9 6 7 )  u t i l i z e s  t h e  
c o m p r e s s i b i l i t y  i n d e x ,  C ,  w h i c h  i s  
g i v e n  by t h e  e m p i r i c a l  r e l a t i o n s h i p ,  
C = 1.5 q / p ' ,  w h e r e  p '  i s  t h e  e f f e c -  
t i v e  o v e r % u r d e n  p r e s s u r e ,  a n d  q i s  
t h e  CPT r e s i s t a n c e .  The set t lement:  s ,  
f o r  any l a y e r  t h i c k n e s s ,  H ,  i s  o b t a i n e d  
from: 

w h e r e  pi i s  t h e  i n c r e a s e  i n  e f f e c t i v e  
s t r e s s  i n  t h e  l a y e r  due t o  t h e  f o u n d a t i o n  
load .  Becausc DeBeer's method works w i t h  
s o i l  stresses r a t h e r  than  s t r a i n s ,  i t  i s  
convenien t  t o  u s e  f o r  nonuniform Eounda- 
t i o n  p r e s s u r e s .  

The d e s i g n  of  t h e  s h a l l o w  monora i l  p i e r  
f o u n d a t i o n s  i s  c o n t r o l l e d  by a  c r i t e r i a  
which limits t h e  t r a n s v e r s e  d e f l e c t i o n  a t  
t h e  beamway h e i g h t  r e s u l t i n g  from wind, 
c e n t r i f u g a l ,  a n d  t r a i n  l o a d i n g  f o r c e s ,  
r a t h e r  t h a n  by t h e  a l l o w a b l e  b e a r i n g  
v a l u e s  o r  a  p u r e l y  v e r t i c a l  s e t t l e m e n t  
c r i t e r i a .  F o r  t h i s  r e a s o n ,  D e B e e r ' s  
method of  s e t t l e m e n t  a n a l y s i s  was chosen 
f o r  t h i s  s tudy .  

T h e  e m p i r i c a l  r e l a t i o n s h i p  o f  t h e  
c o m p r e s s i b i l i t y  i n d e x  C  = 1.5 q c / ~ ' ,  
a s  s u g g e s t e d  o r i g i n a l l y  by DeBeer ,  h a s  
b e e n  f o u n d  t o  r e s u l t  i n  g e n e r a l l y  con-  
s e r v a t i v e  s e t t l e m e n t  e s t i m a t e s .  Meyerhof 
(1965) For a  s i m i l a r  t y p e  o f  s e t t l e m e n t  
a n a l y s i s  sugges ted  a  c o r r e l a t i o n  f a c t o r  
o f  1 . 9 .  A l t h o u g h  u s e d  i n  d i f f e r e n t  
fo rmulas ,  Schmertmann (1970) e q u a t e s  h i s  
s t i f f n e s s  d e f i n i t i o n  w i t h  t h e  d e f i n i t i o n  
o f  DeBcer, which s u g g e s t s  a  f a c t o r  o f  2.5 
f o r  D e B c e r ' s  c o r r e l a t i o n  of  C  t o  q  . 
Garga  ( 1 9 7 4 ) .  b a s e d  on e x t e n s i v e  s c r f w  
p l a t e  t e s t s  a n d  p l a t e  l o a d  t e s t s  o f  up 
t o  2.5 x 2.5 mete rs  ( 8  x  8  f e e t )  performed 
on f i n e  t o  medium s a n d s ,  found a  c o r r e l a -  
t i o n  f a c t o r  o f  2 . 9 .  F o r  t h e  moment  
d e f l e c t i o n  a n a l y s e s  p e r f o r m e d  f o r  t h i s  



Fig.  7 S e t t l e m e n t  P r o f i l e  

s t u d y ,  C = 2 . 5  q c I P '  was u s e d .  T h i s  
c o r r e l a t i o n  i s  s u p p o r t e d  by a  comparison 
made w i t h  t h e  t r i a x i a l  compress ion  t e s t  
r e s u l t s ,  a s  shown i n  T a b l e  I. 

F o r  t h e  f i n e r - g r a i n e d  s o i l s  of  t h e  
Hawthorn f o r m a t i o n ,  t h e  c o m p r e s s i b i l i t y  
was d e r i v e d  f r o m  c o n s o l i d a t i o n  t e s t s .  
Cons ider ing  t h e  t r a n s i e n t  n a t u r e  of t h e  
p i e r ' s  moment l o a d i n g ,  t h e  u s e  o f  c o n -  
s o l i d a t i o n  t e s t  r e s u l t s  i s  s o m e w h a t  
c o n s e r v a t i v e .  However ,  b e c a u s e  o f  i t s  
d e p t h ,  t h e  c o n t r i b u t i o n  of  t h e  Hawthorn 
f o r n a t i o n  t o  t h e  o v e r a l l  d e f l e c t i o n s  is  
s l r a l l .  By e q u a t i n g  T e r z a g h i ' s  ( 1 9 4 3 )  
s e t t l e m e n t  fo rmula ,  

t o  D e B e e r ' s  f o r m u l a  ( 1 ) .  a n  e q u i v a l e n t  
cone r e s i s t a n c e  q  was c a l c u l a t e d  from Cc 
which c o u l d  the;  be u s e d  i n  D e B e e r l s  
formula.  

S e t t l e m e n t  a n a l y s e s  were performed f o r  
each  of  t h e  e i g h t  g e n e r a l i z e d  cone pro- 
f i l e s  f o r  a  v a r i e t y  of  f o o t i n g  s i z e s  and 
l o a d i n g  c o n d i t i o n s .  The s t r e s s  d i s t r i b u -  
t i o n  f o r  each c a s e  was c a l c u l a t e d  u s i n g  
t h e  Boussinesq f o r m u l a t i o n ,  a s  employed by 
a  s t a n d a r d  s e t t l e m e n t  computer  program. 
The program was m o d i f i e d  t o  c a l c u l a t e  
c o m p r e s s i b i l i t i e s  d i r e c t l y  f r o m  c o n e  
d a t a .  Nonuniform c o n t a c t  ' p r e s s u r e s  were 
approximated w i t h  a  s t e p  f u n c t i o n  c o n s i s t -  
i n g  o f  s i x  a r e a s  o f  d i f f e r e n t  u n i f o r m  
p r e s s u r e .  Dead a n d  l i v e  l o a d s  w e r e  
a p p l i e d  i n  s e p a r a t e  i n c r e m e n t s .  T h e  
a n a l y s i s  r e s u l t e d  i n  a  s l i g h t l y  bowl-  
shaped s ' e t t l ement  p r o f i l e ,  imply ing  some 
bending of t h e  f o u n d a t i o n .  T h i s  bending  
would n o t  a c t u a l l y  o c c u r  b e c a u s e  a f  a  
r a t h e r  s t i f f  f o o t i n g  d e s i g n .  T h e r e f o r e .  
t h e  t i l t i n g  of t h e  f o o t i n g  was a p p r o x i -  
mated  by c o n s i d e r i n g  t h e  d i f f e r e n t i a l  
s e t t l e m e n t  b e t w e e n  two p o i n t s  l o c a t e d  
on t h e  c e n t e r l i n e  o f  t h e  f o o t i n g  a t  a 

d i s t a n c e  of  one- th i rd  o f  t h e  w i d t h , f r o m  
t h e  c e n t e r  ( F i g u r e  7). The d e f l e c t i o n  a t  
t h e  beanway l e v e l  was  t h e n  c a l c u l a t e d  
u s i n g  t h i s  s l o p e  f o r  t h e  f o o t i n g  t i l t  and 
m u l t i p l y i n g  by t h e  h e i g h t  of t h e  beamway 
above t h e  f o o t i n g  base.  The d e f l e c t i o n s  
of s t r u c t u r a l  members were n o t  c o n s i d e r e d  
i n  t h i s  a n a l y s i s .  

A d e s i g n  c u r v e  b a s e d  o n  a n  a p p l i e d  
t r a n s v e r s e  moment of 1.000 f o o t - k i p s  was 
deve loped  f o r  each  of t h e  e i g h t  g e n e r a l -  
i z e d  cone  p r o f i l e s  f a r  use i n  s i z i n g  t h e  
f o o t i n g s  f o r  t h e  e n t i r e  al ignment  (F igure  
8 ) .  F o r  t h e  r a n g e  o f  moments a n t i c i -  
p a t e d ,  i t  was assumed t h a t  t h e  f o u n d a t i o n  
t i l t  would  b e  d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  a p p l i e d  moment. T h e r e f o r e ,  h a v i n g  
a s s i g n e d  a  g e n e r a l i z e d  cone  p r o f i l e  t o  
r e p r e s e n t  t h e  s o i l  c o n d i t i o n s  a t  e a c h  
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p i e r ,  and k n o w i n g  t h e  magnitude of t h e  
a p p l i e d  moment a n d  t h e  h e i g h t  o f  t h c  
beamway above t h e  f o o t i n g  b a s e ,  t h e  p roper  
d e s i g n  curve could  be used t o  s e l e c t  t h c  
f o o t i n g  s i z e  t o  m a i n t a i n  t h e  beamway 
d e f l e c t i o n  w i t h i n  t h e  s p e c i f i e d  t o l e r a n c e .  
To remain c o n s i s t e n t  w i t h  a n a l y s i s  assump- 
t i o n s ,  t h e  f o o t i n g  s i z e  was t h c n  checked 
t o  p r e v e n t  u p l i f t .  

6  SWCIARY AND CONCLUSZONS 

The D u t c h  Cone  w a s  u s e d  t o  a i d  i n  t h e  
d e s i g n  o f  s h a l l o w  f o u n d a t i o n s  a l o n g  5  
m i l e s  ( 8  km) o f  new, e l e v a t e d  m o n o r a i l  
a l ignment  a t  Walt Disncy World i n  F l o r i d a .  
The g e n e r a l  s u b s u r f a c e  c o n d i t i o n s  a l o n g  
t h e  a l i g n m e n t  c o n s i s t  of  25 t o  4 5  f e e t  (8 
t o  14m) of  randomly v a r y i n g  s a n d s  over-  
l y i n g  3 5  t o  5 0  (11 to  1 5 m )  f e e t  o f  f i n e r -  
g r a i n e d  s o i l s ,  o v e r l y i n g  l i m e s t o n e .  The 
f o u n d a t i o n  d e s i g n  was based  on a  c r i t e r i a  
t o  l i m i t  t i l t i n g  o f  t h e  f o u n d a t i o n .  

A s e t t l e m e n t  a n a l y s i s  was p e r f o m e d  f o r  
each o f  e i g h t  g e n e r a l i z e d  cone  p r o f i l e s  
u s i n g  DeBeer 's  method. T r i a x i a l  compres- 
s i o n  t e s t s  were used t o  d e v e l o p  a  s i t e -  
s p e c i f i c  c o r r e l a t i o n  between CP? d a t a  and 
i n  s i t u  compress ion  moduli .  The r e s u l t s  
of  t h e  s e t t l e m e n t  a n a l y s e s  were p r e s e n t e d  
i n  t h e  f o r m  o f  d e s i g n  c u r v c s  r e l a t i n g  
b a s e  t i l t  t o  l o a d  a n d  f o o t i n g  s i z e  f o r  
e a c h  of  t h e  g e n e r a l i z e d  c o n e  p r o f i l e s .  

I n  summary. t h e  f o l l o w i n g  s t a t e m e n t s  
c a n  be made: 

1. On l a r g e  p r o j e c t s  w i t h  v a r y i n g  s o i l  
c o n d i t i o n s  i t  i s  m o r e  c o n v e n i e n t  t o  
e s t a b l i s h  a  r e l a t i o n s h i p  b e t w e e n  i n  
s i t u  t e s t  d a t a  a n d  c o m p r e s s i b i l i t y .  
r a t h e r  t h a n  per form b o r i n g s  and l a b o r a -  
t o r y  tests f o r  e a c h  i n d i v i d u a l  l o c a t i o n .  

2. T h e  CPT o v e r c o m e s  many  o f  t h e  
d i s a d v a n t a g e s  ( d y n a m i c  s i d e  e f f e c t ,  
i n c o n s i s t e n t  o p e r a t i n g  p r o c e d u r e s ,  e t c . )  
o f  t h e  SPT. 

3. T h e  CPT c a n  b e  p e r f o r m e d  q u i c k l y  
and r e l a t i v e l y  i n e x p e n s i v e l y .  

4. T h e  CPT p r o v i d e s  e s s e n t i a l l y  a  
c o n t i n u o u s  r e c o r d  o f  p e n e t r a t i o n  r e s i s t -  
a n c e ,  w h i c h ,  when c o r r e l a t e d  w i t h  d a t a  
f r o m  s a m p l e d  b o r i n g s  a n d  l a b o r a t o r y  
t e s t  r e s u l t s ,  a l l o w s  f o r  a d i r e c t  e v a l u a -  
t i o n  o f  i n  s i t u  s o i l  p r o p e r t i e s  s u c h  
a s  d e n s i t y ,  s h e a r  s t r e n g t h  and compressi-  
b i l i t y .  

5'. P u b l i s h e d  c o r r c l a t i o n  f a c t o r s  
f o r  CPT d a t a  can v a r y  depending  on l o c a l  
s o i l s  a n d  o t h e r  s i t e - s p e c i f i c  , c o n d i -  
t i o n s .  T h e r e f o r e ,  s u c h  f a c t o r s  s h o u l d  
b e  c o n f i r m e d  by l a b o r a t o r y  t e s t i n g  on 
samples t a k e n  from r e p r e s e n t a t i v e  c o r r e l a -  
t i o n  b o r i n g s .  

The a u t h o r s  w i s h  t o  t h a n k  WED E n t e r -  
p r i s e s ,  Glenda le ,  C a l i f o r n i a ,  f o r  p e m i s -  
s i o n  t o  s h a r e  t h e  r e s u l t s  of t h i s  s tudy .  
S p e c i a l  t h a n k s  a l s o  t o  M i g u e l  Tamayo, 
Dames 6 Elaore s t a f f  e n g i n e e r ,  f o r  h i s  
l o n g  hours  and e f f o r t s  d u r i n g  the  f i e l d  
program. 
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