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SOIL STRAIN RATE EFFECTS ON AXIAL PILE CAPACITY 

by R. G .  Bea, Ocean Engineer ing  D i v i s i o n  
PMB Systems E n g i n e e r i n g ,  I n c .  

San F r a n c i s c o ,  C a l i f o r n i a  

ABSTRACT 

S o i l  s t r a i n  r a t e  e f f e c t s  a r e  known t o  have i m p o r t a n t  i n f l u e n c e s  on 
t h e  l o a d  and deformat ion  r e s p o n s e  of a x i a l l y  loaded  p i l e s  embedded i n  
c o h e s i v e  s o i l s .  G e n e r a l l y ,  h i g h  r a t e s  o f  l o a d i n g  r e s u l t  i n  i n c r e a s e d  
l o a d  r e s i s t a n c e  and s t i f f n e s s .  Low r a t e s  o f  l o a d i n g  r e s u l t  i n  de- 
c r e a s e d  l o a d  r e s i s t a n c e  and s t i f f n e s s .  

I n  t h i s  p a p e r ,  r e s u l t s  from r e c e n t  d e e p - p e n e t r a t i o n  p i l e  l o a d  t e s t s  
( 8 , 1 3 )  i n  which r a p i d  r a t e s  o f  l o a d i n g  were a p p l i e d ,  a r e  used t o  de- 
s c r i b e  s t r a i n  r a t e  e f f e c t s .  These r e s u l t s  a r e  compared w i t h  t h o s e  
from l a b o r a t o r y  s o i l  t e s t s  employing h igh  r a t e s  o f  s t r a i n .  A v i s c o u s  
damping c o e f f i c i e n t  is  d e r i v e d  from t h e s e  r e s u l t s .  

The v i s c o u s  damping c o e f f i c i e n t  is  u t i l i z e d  i n  a  r e c e n t l y  developed 
computer code (INTRA) i n t e n d e d  f o r  a n a l y s e s  of dynamic s o i l - s t r u c t u r e  
i n t e r a c t i o n s  ( 2 ) .  The code and damping c o e f f i c i e n t s  a r e  used i n  a  
s t u d y  of t h e  dynamic r e s p o n s e  c h a r a c t e r i s t i c s  o f  a  p i l e  benea th  a  
1000 f t  water  dep th  p l a t f o r m  l o c a t e d  i n  t h e  Gulf o f  Mexico. 

Based on r e s u l t s  f  rom an e m p i r i c a l  approach ( 5 )  , and t h e  a n a l y t i c a l  
approach d i s c u s s e d  i n  t h i s  p a p e r ,  s u b s t a n t i a l  i n c r e a s e s  a r e  found i n  
t h e  l o a d  r e s i s t a n c e  of t h e  p i l e  f o u n d a t i o n  s u b j e c t e d  t o  t y p i c a l  com- 
b i n a t i o n s  o f  s t a t i c  and dynamic l o a d i n g s .  
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INTRODUCTION 

C u r r e n t  (1982) o f f s h o r e  e n g i n e e r i n g  p r a c t i c e  is  t o  d e s i g n  p i l e s  f o r  
p l a t f o r m s  u s i n g  s t a t i c  a n a i y s e s  t h a t - h a v e  been c a l i b r a t e d  w i t h  re-  
s u l t s  o f  s t a t i c  p i l e  l o a d  t e s t s  ( 1 1 , 1 8 , 2 0 ) .  

Environmental  l o a d i n g s  a c t i n g  on p l a t f o r m s  a r e  dynamic, s i n c e  b o t h  
t ime v a r y i n g  and c y c l i c  l o a d i n g s  a r e  i n v o l v e d .  I n  a d d i t i o n ,  l a r g e  
s t a t i c  l o a d i n g s  g e n e r a l l y  a r e  p r e s e n t  due t o  t h e  dead weigh t  o f  t h e  
s t r u c t u r e  and i ts  o p e r a t i o n a l  l o a d i n g s  ( 5 , 2 5 ) .  

Recent  r e s e a r c h  r e s u l t s  from a n a l y t i c a l  models (22)  and p i l e  l o a d  
t e s t s  ( 3 , 5 , 1 3 )  show t h a t  h igh r a t e  of l o a d i n g  e f f e c t s ,  d e r i v e d  p r i -  
m a r i l y  from s o i l  s t r a i n  r a t e  e f f e c t s ,  can s u b s t a n t i a l l y  i n c r e a s e  p i l e  
f o r c e  r e s i s t a n c e  over  t h a t  f o r  s t a t i c  l o a d i n g s .  C y c l i c  l o a d i n g s  and 
s u s t a i n e d  l o a d i n g s  induc ing  high s o i l  s t r a i n s  can have o f f s e t t i n g  e f -  
f e c t s  (12,21)  . 
F i g u r e  1 shows a comparison o f  s t r a i n  r a t e  e f f e c t s  a s  i n d i c a t e d  by 
p i l e  l o a d  t e s t s  ( 5 )  and l a b o r a t o r y  t e s t s  on s o i l  samples  ( 7 ) .  The 
p i l e  l o a d  t e s t s  were performed on p i l e s  embedded i n  c o h e s i v e  soils. 
The l a b o r a t o r y  t e s t s  were performed on c o h e s i v e  s o i l s  of moderate  t o  
h igh  p l a s t i c i t y .  S i m i l a r  t r e n d s  a r e  no ted .  

A r a t e  f a c t o r ,  B ,  which is  t h e  r a t i o  of dynamic, Pd, t o  s t a t i c .  
r e s i s t a n c e ,  can be e x p r e s s e d  a s :  

Ps ' 

d  A B = - = F + F2 l o g  . . . . . . . . . . . . . . . . . . . . . . . . . (1) P 
s 

1 
S 

where A i s  t h e  r e f e r e n c e  l o a d i n g  r a t e  and A is t h e  a c t u a l  l o a d i n g  
r a t e .  8ased  on t h e  p i l e  l o a d  t e s t  d a t a  i n  F i g .  1, F f a l l s  i n  t h e  

1 range o f  0.75 t o  1 .25 ,  and F2 i n  t h e  range o f  0.10 t o  0.20. 

Conven t iona l  s t a t i c  p i l e  l o a d  t e s t s  a r e  performed a t  a  r a t e  i n  t h e  
range of 1 t o  10 p e r c e n t  o f  u l t i m a t e  c a p a c i t y  p e r  hour .  Extreme con- 
d i t i o n  wave f o r c e s  a c t i  g on a  p l a t f o r m  can produce p i l e  head load-  r? 5  
i n g s  i n  t h e  range of 10 t o  10 p e r c e n t  o f  u l t i m a t e  c a p a c i t y  p e r  
hour .  Thus,  t h e  e m p i r i c a l  r a t e  f a c t o r  would be  i n  t h e  range  o f  1 .6  
t o  1 . 8 ,  i n d i c a t i n g  a  60 t o  80 p e r c e n t  i n c r e a s e  i n  r e s i s t a n c e  of t h e  
p i l e .  

T h i s  paper w i l l  examine t h e  s t a t i c  and dynamic a x i a l  l o a d  d i s p l a c e -  
ment c h a r a c t e r i s t i c s  of a  t y p i c a l  p i l e  i n  t h e  f o u n d a t i o n  of a 1000 
f o o t  water  d e p t h ,  t empla te - type  p l a t f o r m  l o c a t e d  on t h e  C o n t i n e n t a l  
S lope  o f  t h e  Gulf o f  Mexico. S o i l  c o n d i t i o n s  a t  t h e  s i t e  c o n s i s t  o f  
p l a s t i c ,  u n d e r c o n s o l i d a t e d ,  c o h e s i v e  m a t e r i a l s .  

P i l e ,  s o i l  and d e s i g n  l o a d i n g  c o n d i t i o n s  a r e  u t i l i z e d  a s  i n p u t  t o  a  
computer code (INTRA) i n t e n d e d  f o r  a n a l y s e s  of dynamic s o i l - p i l e -  
s t r u c t u r e  sys tem i n t e r a c t i o n s  ( 2 , 1 5 ) .  Data from p u b l i s h e d  p i l e  l o a d  
t e s t s  ( 8 , 1 3 )  and l a b o r a t o r y  s o i l  t e s t s  (4,s)  a r e  used t o  d e s c r i b e  
p i l e - s o i l  s t r a i n  r a t e  e f f e c t s  i n  t h e  c o h e s i v e  s o i l s .  P i l e  r e s p o n s e  
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is  s t u d i e d  f o r  a  wide *range i n  p o t e n t i a l  s t r a i n  r a t e  e f f e c t s  and com- 
b i n a t i o n s  o f  s t a t i c  and dynamic l o a d i n g s .  

DEEPWATER PLATFORM FOUNDATION 

S o i l  c h a r a c t e r i s t i c s  a t  t h e  s i t e  o f  an example 1000 f t  water  d e p t h  
p l a t f o r m  i n  t h e  Gulf of Mexico a r e  g i v e n  i n  F i g s .  2 ,  3 and 4 .  

The e s t i m a t e d  s o i l  undra ined  s h e a r  s t r e n g t h ,  S , based on t r i a x i a l  u  
t e s t s  and t h e  SHANSEP p r o c e d u r e  (14)  i n c r e a s e s  l i n e a r l y  w i t h  dep th  t o  . 
a  p e n e t r a t i o n  o f  a b o u t  300 f t .  The s h e a r  s t r e n g t h  i s  then  r e l a t i v e l y  
c o n s t a n t  t o  a  dep th  o f  500 f t .  

The e s t i m a t e d  i n - s i t u  v e r t i c a l  e f f e c t i v e  s t r e s s ,  0 , based  on oedomet- 
e r  t e s t s  is shown i n  F i g .  3 .  Comparison wi th  t h e  T o t a l  overburden  
s t r e s s ,  avo, i n d i c a t e s  t h a t  t h e s e  s o i l s  a r e  g e n e r a l l y  underconso l i -  
d a t e d .  T r l a x i a l  t e s t s  i n d i c a t e  a  S /a  r a t i o  o f  a b o u t  0.25. 

u  v  

The L i q u i d i t y  Index ,  L I ,  p r o f i l e  is  shown i n  F i g .  4 .  L i q u i d i t y  i n d i -  
c e s  i n  t h e  range  of 0.8 t o  1 . 0  a t  t h e  mudline d e c r e a s e  to  v a l u e s  o f  
0.3 t o  0.4 a t  c p e n e t r a t i o n  of 300 f t ,  whereupon t h e y  a r e  r e l a t i v e l y  
c o n s t a n t  t o  a  p e n e t r a t i o n  o f  500 f t .  

I n  t h i s  example,  a  72-inch d i a m e t e r ,  open-ended s t e e l  p i l e  having a 
w a l l  t h i c k n e s s  of 1 . 5  i n c h e s  w i l l  be s t u d i e d .  

The computed a x i a l  s t a t i c  c a p a c i t y  of t h e  p i l e  based on API guide-  
l i n e s  (1) and an e f f e c t i v e  s t r e s s  method (10)  a r e  shown i n  F i g .  5.  
I n  t h i s  p a r t i c u l a r  c a s e ,  t h e  two methods f o r  computing p i l e  c a p a c i t y  
r e s u l t  i n  s i m i l a r  c a p a c i t i e s .  The p i l e  is  i n d i c a t e d  t o  have a  com- 
pu ted  u l t i m a t e  s t a t i c  c a p a c i t y  o f  10,000 t o  11,500 k i p s  a t  a  p e n e t r a -  
t i o n  o f  400 f t .  

The computed dynamic a x i a l  l o a d i n g  a c t i n g  on t h e  p i l e  head f o r  t h e  
d e s i g n  wave c o n d i t i o n  is  shown i n  F i g .  6 .  The l o a d i n g  h a s  a  r i s e  
t ime  o f  2  t o  3  seconds  and a  p e r i o d  o f  abou t  6 seconds .  The p e r i o d  
of t h e  p i l e  head a x i a l  l o a d i n g  is c o i n c i d e n t  w i t h ' t h e  fundamental  
p e r i o d  o f  t h e  p l a t f o r m .  The f i r s t  mode i s  a  l a t e r a l  bending o r  
f l e x u r a l  mode, w i t h  a  l a r g e  rock ing  component. 

The peak dynamic l o a d  (compress ive )  is a b o u t  6400 k i p s .  The s t a t i c  
l o a d  on t h i s  p i l e  due t o  t h e  p l a t f o r m  weigh t  and d r i l l i n g - p r o d u c t i o n  
l o a d i n g s  is a b o u t  1800 k i p s .  Thus, t h e  t o t a l  maximum d e s i g n  l o a d  i s  
8200 k i p s .  Mote t h a t  due t o  c u r r e n t ,  wind and wave d r i f t  l o a d s ,  t h e  
p i l e  does  n o t  e x p e r i e n c e  t e n s i l e  l o a d i n g s .  

I f  one were t o  use  a  f a c t o r - o f - s a f e t y  of 1 . 5  a s  s u g g e s t e d  by API ( 1 1 ,  
t hen  an u l t i m a t e  d e s i g n  l o a d  o f  12,300 k i p s  would be r e q u i r e d .  T h i s  
would r e q u i r e  a  p i l e  p e n e t r a t i o n  o f  450 t o  500 f e e t  f o r  an  e q u i v a l e n t  
s t a t i c  c a p a c i t y .  . . 

C ' I f ,  based on t h e  d a t a  i n  F i g .  1, one were t o  r a t i o n a l i z e  t h a t  t h e  dy- 
namic component of t h e  d e s i g n  l o a d  c o u l d  i n c r e a s e  t h e  e f f e c t i v e  re-  
s i s t a n c e  o f  t h e  p i l e  by a  f a c t o r  o f  1 . 4  t o  1 . 8 ,  t h e n  an e q u i v a l e n t  
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s t a t i c  load of 3600 to'4600 k ips  could Sc computcd (6400 kips/l.4 t o  
1 . 8 ) .  Adding t h i s  equ iva l en t  s t a t i c  load  t o  the  s t a t i c  load would 
g ive  an equ iva l en t  t o t a l  s t a t i c  des ign  load of 5400 t o  6400 k ips .  
Again, us ing  a  f a c t o r  of s a f e t y  of 1 .5  would g ive  a design u l t i m a t e  
load of 8100 t o  9600 k ips .  P i l e  p e n e t r a t i o n s  between 35Q and 380 f t  
would be requi red .  

For t he  purpose of t h i s  example, a  p i l e  p e n e t r a t i o n  of 400 f t  w i l l  be 
assumed. In  l i e u  o f t h e  foregoing  empi r i ca l  approach, an a n a l y t i c a l  
approach based on more fundamental p r i n c i p l e s  w i l l  be used t o  inves t -  . 
i g a t e  t he  response of t he  p i l e  t o  s t a t i c  and dynamic loadings .  

DYNAMIC MOD EL 

The computer code INTRA (2 ,5 ,15)  was developed t o  analyze the nonlin- 
ear  response of p i le -suppor ted  o f f s h o r e  p la t forms sub jec t ed  t o  s t a t i c  
and dynamic l c a d s .  I t  is  an e f f i c i e n t ,  design-oriented code capable  
of performing time-domain ana lyses  of p la t form system response t o  
three-dimensional l oad ings  or motions. 

The code u t i l i z e s  a  f i n i t e  element i d e a l i z a t i o n  of the  s t r u c t u r e ,  
p i l e s  and surrounding s o i l s .  The f i n i t e  elements a r e  capable  of m o d -  
e l i n g  the  non-l inear ,  h y s t e r e t i c  behavior of s t r u c t u r a l ,  p i l e  and 
s o i l  e lements .  Other sources  of damping a r e  modeled with v i scous  
dampers. 

In  t h i s  s tudy ,  the p i l e - s o i l  system was modeled a s  shown i n  Fig. 7.  
The p i l e  was modeled wi th  INTRA l i n e a r  t r u s s  elements  (15) r a t h e r  
than nonl inear  t r u s s  elements ,  s i n c e  e l a s t i c  response of the p i l e  
i t s e l f  was expected. 

Spacing between the  p i l e  nodes was chosen t o  develop a s t r u c t u r a l  
d i s c r e t i z a t i o n  whose dynamic response s a t i s f a c t o r i l y  approximated t h e  
cont inuous  system. Wave equat ion  ana lyses  i nd ica t ed  t h a t  node spac- 
ing should not  exceed 8 t o  10 p i l e  d iameters  (48 t o  60 f t ) .  

The masses shown inc lude  the  weight of the  p i l e  and the weight of  t he  
s o i l  i n s i d e  the  p i l e  ( p i l e  assumed f u l l y  f i l l e d ) .  

S o i l  response along the s i d e s  of the p i l e  and a t  i t s  t i p  a r e  modeled 
with e l a s t o - p l a s t i c ,  non-softening h y s t e r e t i c  elements.  I n  t h i s  
s tudy ,  compressive and t e n s i l e  branches of the force-displacement  
c h a r a c t e r i z a t i o n s  were assumed t o  be the  same. 

The va lues  of maximum s t a t i c  s o i l  r e s i s t a n c e  along the p i l e  a r e  tabu- 
l a t e a  i n  F ig .  7 .  The r e l a t i v e  deformation between p i l e  and s o i l  a t  
y i e l d  was assumed t o  be 0.2 inches  along the p i l e  s h a f t  (8 )  and a s  10 
pe rcen t  of the  p i l e  diameter a t  i ts  t i p  ( 2 6 ) .  

INTRA models r a d i a t i o n  o r  geometr ic  damping and s t r a i n  r a t e  dependent 
components of s o i l  behavior with v i scous  dampers. The v e l o c i t y  de- 
pendent fo rce  , 

F~ 
is 
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where C is a  damping c o e f f i c i e n t  and A is t h e  r e l a t i v e  v e l o c i t y  be- 
tween t h e  p i l e  and s o i l  e l ement .  

R a d i a t i o n  damping is  due t o  p r o p a g a t i o n  of energy away from t h e  v i -  
b r a t i n g  p i l e .  T h i s  s o u r c e  o f  energy  d i s s i p a t i o n  is dependent  on 
p i l e - s o i l  s t i f f n e s s ,  f r equency  and mode of l o a d i n g  and p i l e  m a t e r i a l  
and geometry ( l e n g t h ,  r a d i u s )  (19 23) . 
For t h i s  problem,  i n s i g h t  i n t o  t h e  p o t e n t i a l  magnitude o f  t h i s  s o u r c e  
of energy  l o s s  can be g a i n e d  by examining t h e  magnitude of t h e  
d i m e n s i o n l e s s  f requency  f a c t o r ,  a : 

0 

where r  i s  t h e  p i l e  r a d i u s ,  U is t h e  c i r c u l a r  f requency  o f  t h e  load-  
i n g ,  and V is t h e  s h e a r  wave v e l o c i t y  of t h e  s o i l  ( 1 9 , 2 3 ) .  

S 

For a  p i l e  r a d i u s  o f  3 f t ,  a l o a d i n g  p e r i o d  o f  6  seconds  and a  s o i l  
s h e a r  wave v e l o c i t y  i n  t h e  range o f  500 t o  1000 f t / s e c ,  a o is i n  t h e  
range o f  0.003 t o  0.006. For t h i s  r ange ,  r a d i a t i o n  damping e f f e c t s  
a r e  i n d i c a t e d  t o  be  n e g l i g i b l e  ( 1 9 , 2 3 ) .  

The combined s t a t i c  and s o i l  s t r a i n  r a t e  r e s i s t a n c e ,  F,  can  be ex- 
p r e s s e d  a s  

where K is t h e  e l a s t i c  s t i f f n e s s  o f  t h e  s o i l - p i l e  e lement  and x is 
t h e  r e l a t i v e  d i s p l a c e m e n t  between t h e  p i l e  and s o i l  e lement .  Thus, 

F  = Fs t C i  .................................... (5) 

NOW, l e t t i n g  

C = J '  Fs ........................................ ( 6 )  

Then 

S o l v i n g  f o r  t h e  damping paramete r  J ' ,  

The damping parameter  is  t h e  same a s  t h a t  used i n  wave e q u a t i o n  
a n a l y s e s  of p i l e  d r i v i n g  ( 1 6 , 2 4 ) .  



Note i n  Eqn. 8 t h a t ,  g iven  t h e  s t a t i c  r e s i s t a n c e ,  t o t a l  s t a t i c  and 
dynamic r e s i s t a n c e ,  and t h e  v e l o c i t y  of l o a d i n g  producing t h e  t o t a l  
r e s i s t a n c e ,  one can de te rmine  t h e  r a t e  p a r a m e t e r ,  J ' .  The c o r r e s -  
ponding damping c o e f f i c i e n t  can  t h e n  be de te rmined  from Eqn. 6.  

STRAIN RATE CHARACTER1 ZATION 

Three  s o u r c e s  o f  d a t a  on s t r a i n  r a t e  e f f e c t s  were used;  p i l e  l o a d  
t e s t s ,  l a b o r a t o r y  s o i l  t e s t s ,  and l a b o r a t o r y  rod-shear  t e s t s .  Each 
of t h e s e  s o u r c e s  a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  paragraphs .  

P i l e  Load T e s t s .  R e s u l t s  from an e x t e n s i v e  s e r i e s  of s t a t i c  and dy- 
namic p i l e  l o a d  t e s t s  performed i n  Gulf Coas t  p l a s t i c  c l a y s  have been 
p u b l i s h e d  ( 8 , 1 3 ) .  These t e s t s  were performed on f o u r  s h o r t  segments  
of 14- inch d iamete r  s t e e l  p i l e s  d r i v e n  t o  p e n e t r a t i o n s  o f  115 t o  360 
f  t. 

Load-displacement and load-displacement- t ime c h a r a c t e r i s t i c s  f o r  one 
o f  t h e s e  p i l e  segments is  shown i n  F i g s .  8 and 9. Disp lacements  a r e  
t h o s e  o f  t h e  t e s t  p i l e  segment a t  t h e  t o p  of t h e  s o i l  i n t e r v a l  t e s t -  
ed.  

Comparison o f  s t a t i c  and dynamic u l t i m a t e  c a p a c i t i e s  i n  F i g .  8  i n d i -  
c a t e  an i n c r e a s e  i n  r e s i s t a n c e  o f  80 t o  90 p e r c e n t  ( B  = 1 . 8  t o  1 . 9 ) .  
The r a t e  o f  l o a d i n g  was 3 t o  3.5 times t h a t  used f o r  t h e  s t a t i c  
t e s t s .  Examination o f  t h e  p u b l i s h e d  d a t a  (13)  i n d i c a t e s  t h a t  t h e  i n -  
i t i a l  s t a t i c  c a p a c i t y  l o a d i n g s  were developed i n  p e r i o d s  of 4  t o  10 . 
days.  Thus, s t a t i c  l o a d i n g  r a t e s ,  e x p r e s s e d  a s  p e r c e n t  of u l t i m a t e  
c a p a c i t y  pe r  hour ( 3 ) ,  o f  1 t o  0.5 p e r c e n t  pe r  hour were used.  

Other  t e s t s  i n  t h e  s e r i e s  i n d i c a t e  8 ' s  i n  t h e  range o f  1 .4  t o  1 .7  f o r  
l o a d i n g  r a t e s  3  t o  3 .5  t i m e s  t h a t  f o r  t h e  s t a t i c  t e s t s .  K r a f t ,  e t  a 1  
(13) n o t e  t h a t  t r i a x i a l  t e s t s  on t h e  s o i l s  from t h i s  s i t e  i n d i c a t e d  
6's i n  t h e  range o f  1 .5  f o r  3 o r d e r s  o f  magnitude change i n  s t r a i n  
r a t e  comparable t o  t h a t  de te rmined  i n  t h e  p i l e  t e s t s .  

Using t h e  l o a d  t e s t  d a t a  i n  F i g s .  8  and 9 ,  one can d e r i v e  a  r a t e  
pa ramete r  and damping c o e f f i c i e n t  w i t h  Ps = 340 k i p s ,  and PD = 625 
k i p s .  Thus,  

From F i g .  9 :  

= 1.1 i n  ....................... = 0.16 i n / s e c  (10) 
7 s e c  

Thus,  
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L a b o r a t o r y  S o i l  T e s t s .  F i g u r e  10 shows t h e  i n c r e a s e  i n  s o i l  s h e a r  
s t r e n g t h  pe r  l o g  c y c l e  i n c r e a s e  i n  s t r a i n  r a t e , A ~ ~ ,  v e r s u s  t h e  so i l  
L i q u i d i t y  Index .  These r e s u l t s  were developed from t r i a x i a l  t e s t s  
performed on c l a y s  from t h e  Gulf o f  Mexico and o t h e r  s i m i l a r  l o c a -  
t i o n s  ( 6 , 9 , 2 7 ) .  The samples  were t e s t e d  a t  an o v e r c o n s o l i d a t i o n  ra-  
t i o ,  OCR, o f  1 . 0 .  Other  s a m p l e s  t e s t e d  a t  h igher  OCR's developed 
t r e n d s  p a r a l l e l  t o  t h e  one shown i n  F i g .  10 ,  w i t h  t h e  o r d i n a t e s  mul- 
t i p l i e d  by t h e  OCR ( 5 ) .  

These r e s u l t s  can be e x p r e s s e d  i n  t h e  same form a s  Eqn. I, w i t h  F1 = 
1 .0  and,  

OCR - 

Su/ 

For t h e  s o i l s  a t  t h e  example p l a t f o r m  s i t e  (OCR = 1 . 0 ) ,  Su/5, = 0.25,  
and i n  t h e  lower t h i r d  of t h e  p i l e ,  LI 0.35.  Thus, 

A ........................... B = 1 + 0 . 0 7 l o g  - (15)  

f o r  a 3 t o  4 o r d e r  o f  magnitude i n c r e a s e  i n  s t r a i n  r a t e ,  B = 1 . 3  t o  
1 .4 .  

These r e s u l t s  i n d i c a t e  r a t e  p a r a m e t e r s  i n  t h e  lower range o f  t h a t  de- 
t e rmined  from t h e  p i l e  l o a d  t e s t s .  

Rod Shear  T e s t s .  Rod s h e a r  t e s t s  a r e  l a b o r a t o r y  t e s t s  i n  which a 
s t e e l  rod is passed  th rough  t h e  c e n t e r  of a s o i l  specimen c o n f i n e d  
i n s i d e  a t r i a x i a l  c e l l  ( 4 ) .  A f t e r  c o n s o l i d a t i o n  of t h e  sample,  t h e  
rod is  l o a d e d  and t h e  s o i l - s t e e l  i n t e r f a c e  s t r e n g t h  de te rmined .  

Two s e r i e s  o f  rod s h e a r  , t e s t s  were performed on a normal ly  c o n s o l i -  
d a t r i  s i l t y  c l a y  from t h e  Gulf of Mexico ( 4 ) .  The f i r s t  s e r i e s  was 
performed a t  a l o a d i n g  r a t e  o f  0.05 i n c h e s  per  minu te ,  and t h e  second 
a t  0.40 i n c h e s  p e r  minu te .  The h i g h e r  s t r a i n  r a t e  produced i n t e r f a c e  
s h e a r  s t r e n g t h s  t h a t  were a p p r o x i m a t e l y  30 p e r c e n t  g r e a t e r  t h a n  t h o s e  
a t  t h e  lower r a t e .  

. . 

These r e s u l t s  imply a b o u t  a 30 p e r c e n t  i n c r e a s e  i n  s t r e n g t h  f o r  each 
o r d e r  of magnitude i n c r e a s e  i n  s t r a i n  r a t e .  T h i s  would produce a 6 
of a b o u t  1 .9  f o r  3 o r d e r s  o f  magnitude i n c r e a s e  i n  s t r a i n  o r  l o a d i n g  
r a t e ,  a t  t h e  upper bound i n d i c a t e d  by t h e  p i l e  l o a d  t e s t s .  
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ANALYTICAL RESULTS 

Based on t h e  f o r e g o i n g  r e s u l t s ,  t h e  INTRA p i l e - s o i l  model was sup- 
p l i e d  w i t h  s o i l s  r a t e  f a c t o r s ,  J', of  0  s e c / f t ,  3 1  s e c / f t ,  and 62 
sec/ f  t. 

The v i s c o u s  damping c o e f f i c i e n t s  were then  de te rmined  from t h e  s t a t i c  
s o i l  r e s i s t a n c e  f o r  a  g i v e n  p i l e - s o i l  e l ement  ( F i g .  7 )  u s i n g  Eqn. 6 .  
T h i s  a l lowed an a n a l y t i c a l  d e s c r i p t i o n  o f  t h e  s o i l  s t r a i n  r a t e  e f f e c t  
t h a t  would v a r y  c o n t i n u o u s l y  w i t h  t ime,  depending on t h e  computed re-  
l a t i v e  v e l o c i t y  between t h e  p i l e - s o i l  e l ements .  To s i m u l a t e  energy  
l o s s e s  i n  t h e  p i l e  i t s e l f ,  a  damping r a t i o  o f  2 p e r c e n t  of c r i t i c a l  
was added t o  t h e  s o i l  damping c o e f f i c i e n t s .  

To i n v e s t i g a t e  response  of t h e  p i l e  t o  t h e  d e s i g n  l o a d i n g s ,  m u l t i p l e  
c y c l e s  o f  t h e  l o a d  t ime h i s t o r y  i n  F i g .  6 were a p p l i e d  a t  t h e  head o f  
t h e  p i l e .  The d e s i g n  s t a t i c  l o a d  of 1800 k i p s  was s i m u l t a n e o u s l y  ap- 
p l i e d  a t  t h e  p i l e  top .  

The computed p i l e  t i p  and bottom d i sp lacement - t ime  h i s t o r i e s  d u r i n g  
t h e  f i f t h  c y c l e  of l o a d i n g  a r e  shown i n  F i g .  11. T h i s  c a s e  is f o r  a  
J' = 0 ,  o r  no s t r a i n  r a t e  dependen t  r e s i s t a n c e .  

The s t a t i c  d i s p l a c e m e n t  a t  t h e  p i l e  head is  a b o u t  0.04 it. The peak 
s t a t i c  p l u s  dynamic d i s p l a c e m e n t  a t  t h e  p i l e  head and t i p  a r e  a b o u t  
0.26 f t .  and 0.015 f t ,  r e s p e c t i v e l y .  A t  t h e  d e s i g n  l o a d i n g ,  t h e  p i l e  

f d i s p l a c e m e n t s  a r e  w i t h i n  a c c e p t a b l e  l i m i t s  . 
To i n v e s t i g a t e  response  o f  t h e  p i l e  t o  u l t i m a t e  s t a t e  s t a t i c  and dy- 
namic l o a d i n g s ,  a  c o n s t a n t  v a l u e  s t a t i c  l o a d  o f  1800 k i p s  was a p p l i e d  
a t  t h e  p i l e  head.  Then t h e  o r d i n a t e s  o f  t h e  l o a d  t ime h i s t o r y  i n  
F i g .  6  were u n i f o r m l y  s c a l e d  up t o  produce t h e  maximum t o t a l  ( s t a t i c  
and dynamic) l o a d i n g s  i n d i c a t e d  i n  F i g .  12.  The d i s p l a c e m e n t s  of t h e  
p i l e  t i p  were t h e n  de te rmined  u s i n g  t h e  INTRA model. 

F i g u r e  1 2  shows t h e  maximum d i s p l a c e m e n t s  a t  t h e  p i l e  t i p  a t  t h e  end 
of t h e  f i f t h  c y c l e  o f  l o a d i n g  f o r  v a r i o u s  magni tudes  o f  maximum p i l e  
t o p  l o a d i n g .  The s t a t i c  load-d i sp lacement  response  is  shown a s  r e f -  
e r e n c e  t o  two computed dynamic load-d i sp lacement  r e s p o n s e s ,  one f o r  
J' = 3 1  s e c / f t  and one f o r  J '  = 6 2  s e c / f t .  

The r e s u l t s  i n  F i g .  12 i n d i c a t e  t h a t  t h e  s o i l  s t r a i n  r a t e  and dynamic 
l o a d i n g  e f f e c t s  a r e  producing an e f f e c t i v e  u l t i m a t e  r e s i s t a n c e  t h a t  
is  12,500 t o  15,000 k i p s  a s  compared t o  10,500 k i p s  s t a t i c  r e s i s t a n c e  
( 8=  1 .2  t o  1 . 4 ) .  

Applying a  f a c t o r - o f - s a f  e t y  o f  1 . 5  t o  t h e  t o t a l  s t a t i c  and dynamic 
d e s i g n  l o a d  of 8,200 k i p s  r e s u l t s  i n  an u l t i m a t e  d e s i g n  l o a d  of 
12,300 k i p s .  The 400 f t  p e n e t r a t i o n  p i l e  is  i n d i c a t e d  t o  be  s a t i s -  
f a c t o r y  from a  l o a d  r e s i s t a n c e  s t a n d p o i n t ,  even though t h e  s t a t i c . . .  
c a p a c i t y  is o n l y  10,500 k i p s .  

The concern  now s h i f t s  t o  t h e  permanent d i s p l a c e m e n t s  developed i n  
t h e  p i l e  d u r i n g  extreme l o a d i n g s .  To i n v e s t i g a t e  t h i s  b e h a v i o r ,  t h e  
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c u m u l a t i v e  permanent d i s p l a c e m e n t s  a t  t h e  p i l e  t i p  were ana lyzed  a s  a  
f u n c t i o n  o f  t h e  magnit;de and c y c l e s  of dynamic l o a d i n g .  

i 
I n  t h i s  s t u d y ,  t h e  o r d i n a t e s  of t h e  d e s i g n  load- t ime  c u r v e  i n  F i g .  6 
were i n c r e a s e d  by f a c t o r s  of 1 . 5  and 2.0. The g r a v i t y  l o a d  of 1800 
k i p s  was h e l d  c o n s t a n t .  The load- t ime  c u r v e s  were r e p e a t e d  f o r  a  
l a r g e  number of c y c l e s .  I t  is t o  be no ted  t h a t  i t  is n o t  r e a s o n a b l e  
t o  e x p e c t  a  l a r g e  number of c y c l e s  o f  t h e s e  extreme u l t i m a t e  s t a t e  
l o a d i n g s ;  t h e  r e s u l t s  g e n e r a t e d  g i v e  a  p i c t u r e  of expec ted  r e s p o n s e  
a t  t h e  u l t i m a t e  o r  l i m i t  s t a t e .  

F i g u r e  13 summarizes t h e  r e s u l t s .  The maximum cumula t ive  d i s p l a c e -  
ments a t  t h e  p i l e  t i p  a r e  p l o t t e d  a g a i n s t  t h e  number o f  c y c l e s  of ap- 
p l i e d  dynamic l o a d i n g s .  Resu l t s .  a r e  shown f o r  t h e  d e s i g n  l o a d ,  1 . 5  
and 2 . 0  t imes  t h e , d e s i g n  l o a d ,  and a  s o i l  r a t e  parameter  of J' = 62 
sec / f  t .  

The r e s u l t s  i n d i c a t e  maximum cumula t ive  permanent d i s p l a c e m e n t s  a t  
t h e  p i l e  t i p  o f  l e s s  t h a n  0.03 f t  f o r  a  dynamic l o a d  f a c t o r  o f  1 . 5  
f o r  up t o  10 c y c l e s  of l o a d i n g .  Much l a r g e r  d i s p l a c e m e n t s  a r e  shown 
a t  a  dynamic l o a d  f a c t o r  o f  2 .0 .  

S a t i s f a c t o r y  performance o f  t h e  400 f t  p e n e t r a t i o n  p i l e  is  i n d i c a t e d  
f o r , d y n a m i c  l o a d  f a c t o r s  l e s s  t h a n  1 . 5  t imes  t h e  d e s i g n  l o a d ,  even 
though t h e  s t a t i c  u l t i m a t e  c a p a c i t y  is o n l y  a b o u t  1.25 t imes  t h e  de- 
s i g n  l o a d .  

) 
I t  i s  i m p o r t a n t  t o  remind t h e  r e a d e r  t h a t  t h e  r e s i s t a n c e  reduc ing  e f -  
f e c t s  o f  c y c l i c  l o a d i n g s  have n o t  been t aken  i n t o  e x p l i c i t  a c c o u n t  i n  
t h e  a n a l y s e s .  P i l e  l o a d  t e s t s  ( 5 , 1 2 , 1 3 )  , model t e s t s  (17)  , and lab-  
o r a t o r y  rod s h e a r  t e s t s  ( 4 )  i n d i c a t e  t h a t  a s  long  a s  one is concerned 
w i t h  a  s m a l l  number o f  one-way c y c l i c  l o a d i n g s  i n  which t h e  a p p l i e d  
l o a d i n g s  o r  d i s p l a c e m e n t s  a r e  l e s s  t h a n  70 t o  80 p e r c e n t  of t h e  s t a t -  
i c  y i e l d  l o a d  o r  d i s p l a c e m e n t s ,  c y c l i c  d e t e r i o r a t i o n  w i l l  be s m a l l .  

These o b s e r v a t i o n s  a p p l i e d  t o  t h i s  example i n d i c a t e  t h a t  t h e  400 f t  
p e n e t r a t i o n  p i l e  can be expec ted  t o  pe r fo rm s a t i s f a c t o r i l y ,  i. e . ,  t h e  
permanent d i s p l a c e m e n t  of t h e  p i l e  can be expected'  t o  be w i t h i n  ac- 
c e p t a b l e  l i m i t s  w i t h  a  s u f f i c i e n t  f  ac to r -o f - sa f  e t y .  

CONCLUSIONS 

The p r i n c i p a l  c o n c l u s i o n  from t h i s  s t u d y  i s  t h a t  s o i l  s t r a i n  r a t e  e f -  
f e c t s  a r e  i m p o r t a n t  t o  t h e  response  o f  deep p e n e t r a t i o n ,  h igh  capa- 
c i t y  o f f s h o r e  p i l e s  s u b j e c t e d  t o  dynamic l o a d i n g s  and embedded i n  co- 
h e s i v ?  s o i l s .  An a n a l y t i c a l  and d e s i g n  method, based on p i l e  l o a d  
t e s t s  and l a b o r a t o r y  t e s t s ,  h a s  been p r e s e n t e d  t o  account  f o r  such 
e f f e c t s .  

For a  r e a l i s t i c  example o f  a  p i l e  s u p p o r t i n g  a  1000 f t  water  d e p t b  
p l a t f o r m  i n  t h e  Gulf of Mexico, i n c r e a s e s  i n  l o a d  r e s i s t a n c e  of 2 0 . t o  
40 p e r c e n t  were found f o r  d e s i g n  s t a t i c  and wave induced dynamic 
l o a d i n g s .  Permanent d i s p l a c e m e n t s  were found t o  be w i t h i n  a c c e p t a b l e  
l i m i t s  f o r  d e s i g n  l o a d i n g s .  F a c t o r s - o f - s a f e t y  between d e s i g n  and u l -  
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t imate  s t a t e  r e s i s t a n c e s  on load ings  and displacements  were found t o  
,*? 

be acceptab le .  

In  terms of p i l e  p e n e t r a t i o n ,  r ecogn i t i on  of s t r a i n  r a t e  e f f e c t s  f o r  
dynamic wave loadings  i n d i c a t e s  a  p i l e  p e n e t r a t i o n  of about  400  f t  
compared t o  a  p e n e t r a t i o n  of 450 t o  500 f t  based on s t a t i c  methods. 
Due t o  the  high c o s t s  a s s o c i a t e d  with d r i v i n g  such p i l e s  o f f s h o r e ,  
s i g n i f i c a n t  c o s t  sav ings  a r e  implied i f  the  des ign  i s  based on re- 
cogn i t i on  of s t r a i n  r a t e  e f f e c t s .  

Much work remains t o  be done before  t h i s  approach can be commended t o  
everyday design use.  Addi t iona l  p i l e  load  t e s t s  and l a b o r a t o r y  t e s t s  
a r e  needed. 
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UNDRAINED SHEAR STRENGTH, k s f  

F I G .  2 S O I L  SHEAR STRENGTH A'r EXAMPLE PLATFORM S I T E  I N  1000 FEET 

O F  WATER, GI jLF O F  P"EXIC0  



V E R T I C A L  EFFECTIVE S T R E S S ,  k s f  
0 4 8 12 16 20 . 

FIG. 3 VERTICAL EFFECTIVE STRESSES AT EXF-ii-DLE PLATFORM SITE 

-16- 



L IQUID ITY  INDEX 

1 

FIG. 4 S O I L  LIQUIDITY INDICES AT E W P L E  PLATFORM S I T E  



STATIC A X I A L  C A P A C I T Y ,  103k ips  

FIG.  5 COMPUTED STATIC AXIAL CAPACITY OF 72-INCH DIANETER PILE AT 
EXAMPLE PLATFO9I S I T E  



T I M E  , sec 

F I G .  6 TIME H I S T O R Y  OF DESIGid  DYNAMIC LOADING ON EXAMPLE PLATFORM 
I N  1000 FEET O F  WATER, GULF OF k E X I C O  



FIG. 7 
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I N T R A  ElODEL 
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Y i e l d  = 326 kips 
Ultimate = 338 k i p s  
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A X I A L  DISPLACEMENT - in 

F I G .  8 TEST PILE CIEASLJR1:D LOI~?.-PJI SPLACEbENT FO!X STATIC AND 
GYNX4IC TESTS 





LIQUIDITY INDEX 

FIG. 10  I N C E A S E  I N  UNC?J,It;EC S O I L  ZHEAR STRENGTH WITH INCREASED 
S T R A I N  RATE FOR I\~OYWLL'Y CONSOLIDATED CLAYS 



T I M E  , sec  

FIG.  11 COMPUTED TIME HISTORY O F  DISPLACEMENT FOR PILE TOP AND T I P ,  
400 FOOT LONG PILE 7 2  INCHES I N  DIAMETER 
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LOAD ON TOP OF P I L E ,  k i p s  
2500 5000 7500 10,000 12,500 15,000 

FLG. 12 D Y N I L ' I C  PEAK LCAD-DISDLACEAWNT COPIPARED WITH STATIC 
LOAD-DISPLACEMENT 



J = 6 2  s e c / f t  

Design L o a d  ( D L )  

2 3 4 5 

C Y C L E  NUMBER 

FIG. 13 NUMBERS OF CYCLES XJD INCREASING YAGNITUDE OF DYNAMIC LOADING 
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