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COMPARATIVE MODELING OF VERTICAL PILE GROUPS 

M. W .  O ' N e i l l ,  M. ASCE' andHoBooHa, A.1.1. ASCE' 

Abst rac t  

The recen t  development of mathematical models f o r  syn thes iz ing  load- 

deformation behavior  of p i l e  groups sugges t s  t h e  need f o r  c a l i b r a t i n g  

such models t o  f i e l d  behavior.  Two gener ic  models descr ibed h e r e i n  a r e  

used t o  model v e r t i c a l  load-deformation c h a r a c t e r i s t i c s  of f i v e  f u l l -  

s c a l e  compression t e s t s  of p i l e  groups i n  a v a r i e t y  of c l a y  s o i l s .  Val- 

ues of i n p u t  parameters necessary  t o  achieve reasonable  compat ib i l i ty  

w i t h  measurements a r e  d i f f e r e n t  i n  t h e  two models. Those d i f f e r e n c e s  

a r e  exp la inab le  i n  terms of model mechanics. An ex tens ion  of compression 

behavior t o  l o a d - u p l i f t  behavior i s  described.  

In t roduc t ion  

t i  Exis t ing  and proposed concepts f o r  o f f shore  p la t forms r e q u i r e  founda- 

t i o n  support  i n  t h e  form of p i l e  groups sub jec ted  t o  both  compression 

and u p l i f t  loading.  Mathematical models f o r  syn thes iz ing  group behavior 

g e n e r a l l y  f a l l  i n t o  t h r e e  ca tegor ies :  ( a )  f i n i t e  element models (13) ,  

(b) e l a s t i c  s o l i d  models (1 ,  14, 16) , and (c )  "hybrid1' models (3 ,  4 ,  10, 

19) .  F i n i t e  element models, whi le  providing t h e  most r a t i o n a l  represen- 

t a t i o n  of t h e  p i l e - s o i l  system, a r e  expensive t o  execute,  r e q u i r e  some 

empi r i ca l  i n p u t s ,  and must s t i l l  be  considered resea rch  t o o l s .  The e las -  - 
t i c  s o l i d  and hybrid models a r e  s impler ,  al though approximate, and have 

found t h e i r  way i n t o  des ign use. They a r e  t h e  s u b j e c t  of t h i s  paper. 

The p r i n c i p a l  p i l e  group e f f e c t s  a r e  (a)  i n s t a l l a t i o n  e f f e c t s ,  i n  

which t h e  i n s t a l l a t i o n  of a group of p i l e s  may p rogress ive ly  dens i fy  o r  

d e s t r u c t u r e  t h e  mass of s o i l  surrounding t h e  p i l e s ,  r e l i e v e  r e s i d u a l  

s t r e s s e s ,  and/or i n h i b i t  d i s s i p a t i o n  of excess pore p ressures ,  and (b) 

mechanical e f f e c t s ,  i n  which t h e  e f f e c t  of loading t h e  p i l e s  inf luences  
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response  of ne ighbor ing  p i l e s .  The former e f f e c t  a t  p r e s e n t  can b e  con- 

s i d e r e d  on ly  e m p i r i c a l l y  i n  t h e  models,  w h i l e  t h e  l a t t e r  e f f e c t  is handled 

i n  a  r a t i o n a l  way. 

The s t r u c t u r a l  d e s i g n e r  i s  i n t e r e s t e d  i n  ( a )  t h e  s t i f f n e s s  of t h e  . 

p i l e  group, which i s  of impor tance  i n  s t a t i c  and dynamic s t r e s s  a n a l y s i s ,  

and (b) t h e  d i s t r i b u t i o n  of l oads  t o  t h e  v a r i o u s  p i l e s  i n  t h e  group i n  

o r d e r  t o  de te rmine  t h e  most advantageousgeometr ic  p o s i t i o n s  f o r  t h e  p i l ~ s .  

These parameters  a r e  o u t p u t s  of t h e  two s u b j e c t  models. A t h i r d  f a c t o r  

of importance,  group e f f i c i e n c y  , i s  n o t  d i r e c t l y  o b t a i n a b l e  w i t h  e i t h e r  

9f t h e  models and s o  must b e  determined e x t e r n a l l y .  

The e l a s t i c  s o l i d  and h y b r i d  models are based  on somewhat d i f f e r e n t  

premises ,  s o  t h a t  d i f f e r e n t  i n p u t s  a r e  r e q u i r e d  t o  o b t a i n  optimum out-  

p u t  accuracy .  Two computer programs r e p r e s e n t a t i v e  of t h e  models,  

DEFPIG (14 ,  e l a s t i c  s o l i d )  and PILGPl (12,  h y b r i d ) ,  have  been used t o  

conduct  a  compara t ive  s t u d y  of t h e  two models. The methodology fol lowed 

w a s  t o  model t h e  load - se t t l emen t  behav io r  of f i v e  well-documented mono- 

t o n i c  compression l o a d  tests on f u l l - s i z e d  v e r t i c a l  p i l e  groups by  f i r s t  

C i  modeling t h e  r e sponse  c h a r a c t e r i s t i c s  of a n  i s o l a t e d  p i l e  a t  each t e s t  

s i t e ,  i n p u t t i n g  t h e  r e s u l t i n g  s i n g l e  p i l e  c h a r a c t e r i z a t i o n s  i n t o  t h e  pro- 

grams, and then  v a r y i n g  s o i l  s t i f f n e s s  i n p u t s  t o  o b t a i n  t h e  o u t p u t  most 

n e a r l y  s i m u l a t i n g  measured group b e h a v i o r .  

Model D e s c r i p t i o n  - 
Although t h e  p r i n c i p l e s  of b o t h  models have been d e s c r i b e d  e l sewhere  

(8,  9 ,  10,  11, 1 4 ) ,  a b r i e f  compara t ive  d e s c r i p t i o n  u s i n g  c o n s i s t e n t  no- 

t a t i o n  i s  g iven  below. Both models permi t  c o n s i d e r a t i o n  of a depthwise  

v a r i a b l e  s o i l  modulus. Both can  c o n s i d e r  l a te ra l  p i l e  r e sponse  and mul t i -  

d i r e c t i o n a l  l oad ing .  DEFPIG treats cap - so i l  i n t e r a c t i o n ;  PILGPl does no t .  

Only t h o s e  f e a t u r e s  p e r t a i n i n g  t o  v e r t i c a l  behav io r  of v e r t i c a l  p i l e s  

whose cap does n o t  c o n t a c t  t h e  s o i l  a r e  cons ide red  h e r e .  Schematic  des- 

c r i p t i o n s  of t h e  two models a r e  shown i n  F ig .  1. 

DEFPIG. I n  DEFPIG, a  two-pi le ,  pi le-head i n t e r a c t i o n  f a c t o r  i s  de- 

f i n e d :  

z I . . 
G 1 a = -  

IJ  
. . . . . . . . . . . . . . . . . . . . . . . . .  (1)  

1 
where GZ1 = s e t t l e m e n t  of t h e  head ( d i s c r e t e  element  1) of p i l e  I 



PILES MAY BE BATTERED 
LATERAL LOADING MUST 

RIGID CAP BE PLANAR 

CAP-SOIL INTERACTION CAN 
BE MODELED 

M PILES 
N NODES + BASE REACTION 

qb f!! 111 9: f (VARIABLES ABOVE1 
I - S 4  I 

'GENERA< STEP VARIATION OF E WITH INDEPENDENT 
VALUE BELOW TIPS PERMITTED. POISSON'S RATIO (V1 IS CONSTANT 

DEFPIG 

PILES AND LOADS 
MAY BE 3-DIMENSIONAL 

INPUTS FOR 
LINEAR VARIATION OF BOTH E AND V PERMITTED LSOLATED PILES 
USED ONLY FOR ADJUSTING F-Z AND 0-2. NONLIN SPRINGS. 

PILGPl 

F ig .  1. Comparison of Models S tud ied  

( a  g e n e r i c  p i l e )  when p i l e  I and a s i n g l e  ne ighbor ing  p i l e  

J a r e  loaded  e q u a l l y ,  

Z: = 
s e t t l e m e n t  of  p i l e  I a c t i n g  as an i s o l a t e d  p i l e  under t h e  

same load  a s  above. 

I n  p r i n c i p l e ,  f o r  a s o i l  c h a r a c t e r i z e d  by a uni form Young's modulus: 

I d I I n I I I -1.' 
L 

and i G Z  1 = - [ s I I  + S I J ]  [ [ I ]  - K [ 1 l [ s I 1  + s I J l l  { Y 1  (3) 
s 4 ( ~ / d ) ~  a 



I n  Eqs. 2 and 3 

d = p i l e  d i ame te f ,  L = p i l e  l e n g t h ,  

s = Young's modulus of s o i l ,  

n = number of d i s c r e t e  increments  i n  a p i l e ,  
1 1 = ( n  + 1) p i l e  compression s t i f f n e s s  c o e f f i c i e n t  matrix (a), 

2 
Ka 

= a x i a l  r e l a t i v e  s t i f f n e s s  = (Iip/ES) (4llpIIld , where Ep = 

Young's modulus of p i l e  material and $ = c r o s s - s e c t i o n a l .  

a r e a  of p i l e  m a t e r i a l ,  
I 

[ ,I  ] = ( n  + 112 m a t r i x  of i n t e r a c t i o n  terms d e s c r i b i n g  e f f e c t  of 

s o i l  s t i f f n e s s  on i n f l u e n c e  of  l o a d  t r a n s f e r r e d  from each  

element  a l o n g  p i l e  I t o  s o i l  d i sp l acemen t s  a t  a l l  e lements  

a long  same p i l e .  M i n d l i n ' s  e q u a t i o n s  of  e l a s t i c i t y  a r e  

used t o  d e r i v e  terms (8), 
J 

[ s I  ] = same as above, excep t  d e s c r i b i n g  t h e  i n f l u e n c e  of  l o a d  t r a n s -  

f e r r e d  from e lements  a l o n g  ne ighbor ing  p i l e  J ,  
2 

[I] = (n  + 1) i d e n t i t y  ma t r ix ,  

{Y) = ( n + l )  n u l l  v e c t o r ,  except  y = Pn/Ild, where P is  load  at 
1 

head of p i l e  I (may b e  u n i t y  f o r  e l a s t i c  a n a l y s i s ) ,  

{z') = (n  + 1) v e c t o r  of d i sp l acemen t s  a l o n g  p i l e  I a c t i n g  as i s o l a -  

t e d  p i l e ,  
I {GZ } = ( n + l )  v e c t o r  of d i sp l acemen t s  a l o n g  p i l e  I a c t i n g  i n  two- 

p i l e  group. 

For a group w i t h  a r i g i d  cap,  

[ A ]  {PI = {Q) . . . . . . . . . . . . . . . . . . . . . . . . . ( 4 )  
2 

where [A]  = (m + 1) m a t r i x ,  where m = number of p i l ~ s  i n  group and 

a = 1 ( i  # m); a m m =  0 ;  a (i # j ;  i, j # m) = aIJ ( = oJI) ,  
i i i j 

a = 1 ( m i  j ) ;  ajm = -1 ( j  # m), 
m j 

( P I  = (m+ 1) v e c t o r ;  f i r s t  m terms a r e  pi le-head loads ;  (m+ 1) st  

term i s  group s e t t l e m e n t  r a t i o  ( s e t t l e m e n t  of g r o u p / s e t t l e -  

ment of i s o l a t e d  p i l e  under group l o a d  ~ / m ) ,  

{Q) = (m + 1) l oad  v e c t o r ,  where q = 0 ,  i # m,  and % = Q y  t h e  
i 

a p p l i e d  group load .  
. . 

The pi le-head s e t t l e m e n t s  a r e  computed from t h e  s e t t l e m e n t  r a t i o .  

The terms t o  t h e  r i g h t  of t h e  d o t s  i n  Eqs. 2 and 3 r e p r e s e n t  t h e  vec- 

t o r  of s i d e  s h e a r ,  f ,  and end b e a r i n g ,  q stresses for t h e  v a r i o u s  e l e -  
b '  

ments. When any term exceeds a . p r e s e t  l i m i t i n g  v a l u e ,  such  as c a 



(adhes ive  s t r e n g t h ) ,  t h e  term may b e  f i x e d  a t  t h e  l i m i t  and t h e  ca lcu la -  

t i o n s  repeated  u n t i l  no computed p i l e - s o i l  t r a n s f e r  s t r e s s  exceeds t h e  

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

reached. I n  t h i s  way, DEFPIG can produce a n o n l i n e a r  load-set t lement  . 
curve,  a l though n o n l i n e a r i t y  does no t  begin  u n t i l  adhes ive  f a i l u r e  beg ins  

t o  p rogress  along one o r  more p i l e s ,  

PILGPl. PILGPl assumes t h a t  i s o l a t e d  p i l e  behavior  is def ined  com- . 
p l e t e l y  by t h e  p i l e  f l e x i b i l i t y  and by uncoupled u n i t  load t r a n s f e r  

curves ,  termed f-z and q -z curves ,  which a r e  genera l ly \non- l inear .  Such b 
curves must b e  ob ta ined  from load t e s t s  on i s o l a t e d  p i l e s  o r  from appro- 

p r i a t e  c r i t e r i a .  See Refs.  2 ,  6 ,  17, 20. 

PILGPl employs t h e  fo l lowing b a s i c  f l e x i b i l i t y  equation:  

I I 
where (Z  ) and {Y) a r e  a s  de f ined  b e f o r e  and [ I ] is  a banded p i l e - s o i l  

P s 
i n t e r a c t i o n  matrix f o r  an  i s o l a t e d  p i l e  I of t h e  form 

I n  t h e  above equa t ion  

"kf = s e c a n t  t o  f-z o r  q -z curve  f o r  element i on P i l e  I f o r  in-  
1 b 

crement R ,  

For an a r b i t r a r y  i n i t i a l  l aad  increment ,  each k va lue  is assumed t o  be  

equa l  t o  t h e  i n i t i a l  s l o p e  of t h e  f -z  o r  q - z  curve f o r  element i, and 
b 

t h e  d isp lacements  a r e  computed a t  a l l  elements a long t h e  p i l e .  Adjust- 

ments a r e  made t o  k i f  displacement  incompa tab i l i ty  is  found, and t h e  

s o l u t i o n  i s  repea ted  u n t i l  c l o s u r e  i s  achieved.  
. . 

The l o a d  increment is  then  inc reased ,  t h e  process  is  repeated ,  and 

f . a non l inea r  load-se t t lement  curve i s  generated.  A load-se t t lement  curve  

i s  synthes ized  f o r  every s t r u c t u r a l l y  d i s s i m i l a r  p i l e  i n  t h e  group and /o r  
- .  

f o r  every p i l e  having d i s s i m i l a r  f-z and q -2  curves.  Then, f o r  an 
b 



a p p l i e d  group load  Q,  t h e  pi le-head load  d i s t r i b u t i o n  is  ob ta ined  from 

n. -1 R . . . . . . . . . . . . . . . . . . . . . .  where { P I =  [ B ]  { Q ) .  (7) 

I n  t h e  above e q u a t i o n  A i s  t h e  number of l o a d  inc remen t s  f o r  Q (1  f o r  a 

l i n e a r  s o l u t i o n )  . Also ,  [ B ]  i s  an  (m+ 1) f l e x i b i l i t y  m a t r i x  i n  which . 
11 I 

ii 
= 1/ C (i # m); b = 0 

mrn 

where 'c' i s  t h e  s e c a n t  modulus t o  t h e  f i r s t  quadrant  l oad - se t t l emen t  
R 

cu rve  f o r  p i l e  I f o r  l o a d  increment  R .  { P) is  t h e  v e c t o r  of i nc remen ta l  
R 

p i l e  head f o r c e s  f o r  l o a d  increment  R. { Q )  is  t h e  inc remen ta l  l oad  vec- 

t o r ,  where q = 0 excep t  f o r  i = m + l ,  where 
i g = Q / A .  

Equat ion  6 y i e l d s  t h e  d i s t r i b u t i o n  of l o a d s  t o  t h e  p i l e  heads,  assum- 

i n g  no mechanica l  p i l e - s o i l - p i l e  i n t e r a c t i o n .  For each p i l e  I i n  t h e  

system, Eq. 5 i s  t h e n  s o l v e d  w i t h  t h e  a p p r o p r i a t e  l o a d  boundary condi- 

t i o n s ,  and d e f l e c t i o n s  a l o n g  each  p i l e  are computed. From t h e  element  

d e f l e c t i o n s  t h e  f and qb v a l u e s  a long  t h e  p i l e s  are ob ta ined .  Mind l in ' s  

e q u a t i o n s  of e l a s t i c i t y  are then  used t o  compute t h e  s o i l  d i sp lacement  a t  

, 
each  element a l o n g  eve ry  p i l e  J i n  t h e  group due  t o  t h e  d i s t r i b u t e d  f o r c e s  

a long  eve ry  p i l e  I (J  # I ) .  The e n t i r e  s e t  of f-z and qb-z curves  f o r  a l l  

p i l e s  i s  then  r e fo rmula t ed  such t h a t  a t  a l l  v a l u e s  of stress 

where c r e f e r s  t o  t h e  v a l u e  computed from Eq. 6 ,  e r e f e r s  t o  t h e  e l a s t i c  

d i sp l acemen t s  computed from M i n d l i n ' s  e q u a t i o n s ,  and o r e f e r s  t o  t h e  

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

The e n t i r e  p roces s ,  beg inn ing  w i t h  Eq. 5, i s  r e p e a t e d  t h r e e  times i n  

PILGP1, a l t hough  more r e p e t i t i o n s  may improve t h e  s o l u t i o n ,  p a r t i c u l a r l y  

where z l ies  i n  h i g h l y  n o n l i n e a r  p o r t i o n s  of t h e  u n i t  l oad  t r a n s f e r  
C 

curves .  The r e s u l t i n g  l o a d s  and d i sp l acemen t s  c o n s t i t u t e  t h e  group s o l -  

u t i o n ,  e q u i v a l e n t  t o  Eq. 4 f o r  DEFPIG. 

P r i n c i p a l  D i f f e r e n c e s  

The p r i n c i p a l  d i f f e r e n c e s  i n  t h e  models,  i n  terms of t h e i r  p r a c t i c a l  



e f f e c t s  on ou tpu t ,  can b e  summarized a s  fol lows:  

1. I n  DEFPIG t h e  e l a s t i c  modulus c o n t r o l s  bo th  t h e  s i n g l e  p i l e  load- 

s e t t l e m e n t  behavior  and mechanical p i l e - s o i l - p i l e  i n t e r a c t i o n .  I n  PILGP1 

t h e  e l a s t i c  modulus c o n t r o l s  only  t h e  l a t t e r  e f f e c t ,  s o  t h a t  t h e  modulus 

can b e  a d j u s t e d  t o  account  f o r  p i l e  re inforcement  of t h e  s o i l ,  provided 

proper  " c a l i b r a t i o n "  t e s t s  a r e  a v a i l a b l e .  The same adjus tments  can b e  

made i n  DEFPIG, b u t  doing s o  has  a  more s i g n i f i c a n t  e f f e c t  on d i s t r i b u t i o n  

of loads  t o  t h e  p i l e s  than  i n  PILGPl. 

2. A t  r e l a t i v e l y  low loads  ( b e f o r e  t h e  f i r s t  p i l e - s o i l  s l i p  occurs ) ,  

PILGPl should g i v e  a  more uniform d i s t r i b u t i o n  of loads  among p i l e  loads  

than  DEFPIG because t h e  g e n e r a l  non l inea r  form of t h e  u n i t  l oad  t r a n s f e r  

curves permi ts  t h e  p i l e s  which a t e t r a c t  t h e  most load  i n  an  o the rwise  l i n -  

e a r  e l a s t i c  a n a l y s i s  (e .g . ,  corner  p i l e s  i n  a  squa re  group) t o  r e l a x  and 

shed load back t o  t h e  o t h e r  p i l e s .  A t  l oads  approaching f a i l u r e  bo th  

models may underp red ic t  s e t t l e m e n t  because t h e  impl ied  premise t h a t  t h e  

s o i l  t r a n s m i t t i n g  s t r e s s e s  between p i l e s  is e l a s t i c  may no l o n g e r b e v a l i d .  

3. I n t u i t i v e l y ,  l oad  t r a n s f e r  curves  (PILGP1) should r e p r e s e n t  s o i l  

response  b e t t e r  than  e l a s t i c - p l a s t i c  r e l a t i o n s h i p s  (DEFPIG), s i n c e  they  

a r e  p red ica ted  on a d a t a  b a s e  of load  t e s t s  on instrumented p i l e s  and 

thereby i n c l u d e  such e f f e c t s  a s  s o i l  d i s t u r b a n c e  i n  t h e  nea r  f i e l d  around 

a p i l e ,  r e s i d u a l  d r i v i n g  s t r e s s e s ,  e f f e c t s  of d r i v i n g  through s t r a t i f i e d  

s o i l s  on t h e  smear zone around p i l e s ,  and s o i l  compaction. The complex 

n a t u r e  of t h e s e  curves ,  however, r e s t r i c t s  t h e  advantage of PILGPl and, 

i n  i n s t a n c e s  where such curves a r e  improperly formulated,  PILGP1 can pro- 

duce mis leading r e s u l t s .  

4 .  Both models may b e  l e s s  e f f e c t i v e  i n  s o i l s  where i n s t a l l a t i o n  of 

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

f i e l d  s o i l  mass between and surrounding t h e  group p i l e s  ( a s  f o r  p i l e  

groups i n  l o o s e  sands)  than  i n  s o i l s  where such changes do n o t  occur. 

Nei ther  model i s  i n h e r e n t l y  s u p e r i o r  t o  t h e  o t h e r .  Both have fea- 

t u r e s  uhich  can b e  manipulated by t h e  u s e r  t o  d e f e a t  some of t h e  problems 

descr ibed .  For example, t h e  s o i l  below t h e  p i l e  t i p s  can b e  ass igned a 

s o i l  modulus independent of t h e  modulus w i t h i n  t h e  p i l e  zone i n  DEFPIG. 

Inc reas ing  t h a t  modulus r e s u l t s  i n  an i n c r e a s i n g  uni formi ty  of pile-head 

loads .  PILGPl permi ts  t h e  same type  of manipula t ion  by varying  t h e  f-z 

and q -z curves.  I n  t h e  c a l i b r a t i o n s  desc r ibed  below, however, a  p ro toco l  b 



was e s t a b l i s h e d  whereby, f o r  f r i c t i o n  p i l e  groups i n  c l a y ,  on ly  uniform 

t" o r  uni formly  v a r y i n g  moduli  were pe rmi t t ed  f o r  b o t h  models and whereby 
i 

on ly  t h e  u n i t  l oad  t r a n s f e r  cu rves  measured on r e f e r e n c e  p i l e s  a t  t h e  

v a r i o u s  t e s t  si tes were used i n  PILGP1. 

Model Comparisons 

T r a d i t i o n a l  p h y s i c a l  model t e s t s  do n o t  s i m u l a t e  t h e  e f f e c t i v e  stress 

s t a t e s  of s o i l  i n  s i t u  o r  a t  t h e  s o i l - p i l e  i n t e r f a c e .  The re fo re ,  f u l l -  

s c a l e  t e s t s  were chosen f o r  t h e  c a l i b r a t i o n  p roces s .  C a l i b r a t i o n s  a r e  

l i m i t e d  t o  monotonic l o a d i n g  of p i l e  groups i n  c l a y .  Of t h e  s e v e r a l  sets 

of e x i s t i n g  d a t a  f o r  f u l l - s c a l e  group t e s t s  i n  c l a y ,  f i v e  were chosen f o r  

t h i s  s tudy .  The f i v e  sets r e p r e s e n t  groupings of 3 t o  9  f l o a t i n g  p i l e s ,  

spac ings  of 3 t o  4 . 5  d i ame te r s ,  and s o i l s  r ang ing  from i n s e n s i t i v e  t o  

s e n s i t i v e  and from l i g h t l y  t o  h e a v i l y  ove rconso l ida t ed .  F u r t h e r ,  each  

group test had an  a s s o c i a t e d  in s t rumen ted  i s o l a t e d  p i l e  test and r e l i a b l e  

d a t a  on d i s t r i b u t i o n  of l o a d s  among p i l e s  i n  t h e  group. The v a r i o u s  

tests a r e  d e p i c t e d  s c h e m a t i c a l l y  on Fig .  2  (5 ,  12, 15, 18) .  I n  t h e  Uni- 

v e r s i t y  of  Houston (UH) test  s e r i e s ,  two tests were  conducted; f i r s t ,  on 

t h e  e n t i r e  9 - p i l e  group and,  second,  on t h e  4 -p i l e  group i n d i c a t e d  with-  

i n  t h e  9 - p i l e  group. Load test procedures  v a r i e d  among t h e  tests, b u t  i n  

each c a s e  t h e  i s o l a t e d  r e f e r e n c e  p i l e s  were t e s t e d  acco rd ing  t o  thescheme 

used t o  test  t h e  group. 

Each of t h e  tests was modeled w i t h  DEFPIG and PILGPl u s i n g  t h e  f o l -  

lowing~methodology.  Uni t  l o a d  t r a n s f e r  cu rves  and uniform s o i l  moduli  

a p p r o p r i a t e  f o r  modeling s i n g l e  p i l e s  were  o b t a i n e d  from t e s t s  on t h e  

i s o l a t e d  p i l e s .  See  Fig.  3 . The s i t e - s p e c i f i c  cu fves  were  used as in-  

p u t s  f o r  PILGPl i n  l i e u  of cu rves  ob ta ined  from pub l i shed  c r i t e r i a  s o  as 

t o  p rov ide  a p o s i t i v e  check on t h e  model. T r i a l  s o i l  moduli  i n p u t s  f o r  

DEFPIG were e s t i m a t e d  from hand s o l u t i o n s .  For each test two modulus 

v a r i a t i o n s  were i n v e s t i g a t e d  w i t h  bo th  models (1) uniform and (2)  l i n -  

e a r l y  i n c r e a s i n g  from ze ro  a t  t h e  s o i l  s u r f a c e , w i t h  depth .  Two o r  more 

numer ica l  v a l u e s  were then  modeled f o r  each  p a t t e r n  of v a r i a t i o n .  

P o i s s o n ' s  r a t i o  was assumed t o  b e  0.5 throughout .  

With r e s p e c t  t o  t h e  l i n e a r l y  i n c r e a s i n g  modulus p a t t e r n ,  t h e . t w o  

models assume d i f f e r e n t  c o n d i t i o n s  benea th  t h e  p i l e  t i p s .  DEFPIG as- 

sumes t h a t  t h e  s o i l  modulus benea th  t h e  t i p s  ( b a s e  modulus) i s  c o n s t a n t  

and independent  of t h e  modulus a long  t h e  s h a f t s .  S i d e  f r i c t i o n  i n t e r -  
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t- , ,  

a c t i o n  i s  i n f l u e n c e d  by t h e  v a l u e  of b a s e  modulus a s  w e l l  a s  by t h e  v a r i a -  

t i o n  of modulus a long  t h e s h a f t s .  Fo rpurposes  of t h i s  s tudy ,  which modeled 

f l o a t i n g  p i l e  groups u n d e r l a i n  a t  some dep th  by s t i f f e r  s o i l s ,  t h e  s o i l  

modulus w a s  v a r i e d  from z e r o  a t  t h e  s u r f a c e  l i n e a r l y  t o  some v a l u e  a t  t h e  

p i l e  t i p s .  Below t h a t  dep th ,  t h e  b a s e  modulus was assumed t o  equa l  t h e  

e x t r a p o l a t e d  l i n e a r  modulus a t  a  dep th  of 1.25 p i l e  l e n g t h s .  Below 1 .5  

l e n g t h s  t h e  s o i l  was modeled as r i g i d .  PILGPl on t h e  o t h e r  hand, computes 

m o d i f i c a t i o n s  of u n i t  l o a d  t r a n s f e r  curves  by  u s i n g  d i r e c t l y  t h e  average  

modulus between p o i n t s  I i  and J j  . (F ig .  I ) ,  s o  t h a t  t h e  p a t t e r n  of modulus 

v a r i a t i o n  benea th  t h e  p i l e  t i p s  has  no p h y s i c a l  meaning and does n o t  in -  

f l u e n c e  t h e  s o l u t i o n .  

The number of d i s c r e t e  elements  was kep t  e q u a l  f o r  bo th  DEFPIG and 

PILGPl. Depending on p i l e  l e n g t h ,  10 t o  18 e lements  were used i n  eve ry  

case .  From 3 t o  5 l o a d  v a l u e s  were a p p l i e d  t o  produce each l o a d - s e t t l e -  

ment cu rve  and r e l a t e d  ou tpu t s .  

The numer i ca l  r e s u l t s  of t h e  s t u d y  are p resen ted  s y n o p t i c a l l y  i n  

F igs .  4 and 5 and i n  Tab le  1. Where measured s e t t l e m e n t  r a t i o s  f e l l  be- 

) 
tween computedvalues ,  r e s u l t s  were i n t e r p o l a t e d  f o r  purposes of making 

e n t r i e s  i n  Tab le  1. 

The sum of CPU and 110  times f o r  PILGPl was about  h a l f  of t h a t  f o r  

DEFPIG. However, p r e l i m i n a r y  r u n s  had t o  b e  made w i t h  PILGPl i n  t h i s  

s t u d y  t o  c a l i b r a t e  t h e  u n i t  l oad  t r a n s f e r  curves  g iven  i n  F ig .  3 f o r  s i n -  

g l e  p i l e  behav io r ,  s o  t h a t  t h e  o v e r a l l  computa t iona l  e f f o r t  w i t h  PILGPl 

exceeded t h a t  f o r  DEFPIG. 

DEmIG does n o t  o u t p u t  d i s t r i b u t i o n  of l o a d s  a long  p i l e s ;  PILGPldoes. 

F igu re  6 compares d i s t r i b u t i o n  of load  a l o n g  p i l e s  i n  t h e  UH 9-p i l e  t e s t  

computed from PILGPl w i t h  measured v a l u e s  f o r  a  l o a d  approximating a  s t a t -  

i c  working l o a d ,  u s i n g E  v a l u e s  from Tab le  1. The comparison shown i n  Fig. 

6 i s  t y p i c a l  of a l l  t e s t s  modeled w i t h  t h e  e x c e p t i o n  of t h e  Koizumi and 

I t o  t e s t ,  where PILGPl o v e r p r e d i c t e d  r a t e  of load  t r a n s f e r ,  e s p e c i a l l y  i n  

the c e n t e r  p i l e .  The s imul taneous  c l o s e  comparison of s e t t l e m e n t  r a t i o ,  

d i s t r i b u t i o n  of load  t o  p i l e  heads ,  and d i s t r i b u t i o n  of l o a d  a l o n g  p i l e s  

sugges t s  t h a t  PILGPl i s  modeling t h e  p h y s i c a l  problem approx ima te ly ' co r -  

r r e c t l y  i n  t h e  c l a s s  of s o i l  p r o f i l e s  cons idered  h e r e .  

I n  t h e  Koizumi and I t o  t e s t s ,  i n  which a  comple te ly  r i g i d  p i l e  cap 
+* was used and where t h e  p i l e s  were d r i v e n  i n t o  a  ve ry  s e n s i t i v e  c l a y ,  
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TABLE 1. TYPICAL RESULTS AT WORKING LOAD ( 1 k = 4 .45  kN) 

TEST/ 
MODEL 

SCHLITT 
DEFPIG 

PILGPl 

KOIZUMI-IT0 
DEFPIG 

PILGP 1 

BRE 
DEFPIG 

PILGP 1 

UH9-PILE 
DEFPIG 

PILGPl 

UH 4-PILE 
DEFPIG 

PILGP 1 

1 MEASURED 
a p p r o p r i a t e  E / c  (avg:  U; p i l e  t i p s :  V) 

u 

LOAD 
(k) 

545 

123  

2 6 

581 

288 

2 

BEST - FIT 
MODULUS 
( X  cu)  

U ;  600* 
V;  400 
U; 850 
V ;  2000 

U; 400  
V; 500 
U; 500 
V; 900  

U; 1200 
V; 1500 
U; 2000 
V;  4000 

U; 700 
V; 350 
U; 1400 
V; 2000 

U ;  700 
V; 300 
U ;  1600 
V; 1800 

COMPUTED *U: 

SETTLEMENT 
. RATIO 

MI 

2 . 3  
2 . 3  
2 .3  
2 .3  

3.3 
3 . 3  
3 . 3  
3 . 3  

1.1 
1.1 
1.1 
1.1 

1 .7  
1 .7  
1 . 7  
1.7 

1.2 
1 .2  
1.2 
1.2 

un i fo rm;  

* 
AVG. PILE-HEAD LOADS (k)  

c2 

2.3 
2 . 3  
2 . 3  
2 .4  

3 . 8  
3.3 
3.2 
3 .3  

1.1 
1.1 
1.1 
1.1 

1.7  
1 . 8  
1.7 
1.7 

1 .2  
1.2 
1.2 
1 . 2  

V: 

CENTER 
' 

74 
74 
74 
74 

7 
7 
7 
7 

8 
8 
8 
8 

6 0  
6 0  
60  
6 0  

- - 
- - 

29 
37 
57 
5 7  

4 
8 

12 
12 

7 
8 
8 
8 

35 
44 
62 
62 

- - 
- - 

v a r i a b l e ;  

EDGE 

M 

65  
65  
65 
65 

14 
14  
14 
14 

- - 
- 
- 
64  
64 
64  
64  

- 
- - 
- 

C 

5 3  
5 5  
59 
60  

11 
12 
1 3  
1 3  

- - - 
- 
58  
6 0  
64 
64  

- - - - 
n u m e r i c a l  

CORNER 

M 

6 4  
64  
64  
6 4  

19 
19 
19 
19 

9 
9 
9 
9 

66  
66 
66 
66 

72 
72 
72 
72 

v a l u e  

C 

76 
71 
6 3  
62 

1 8  
17 
14 
14  

9 
9 
9 
9 

78 
74 
66 
66 

72 
72 
72 
72 

= 
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(1 i n .  = 25.4 mm; 1 f t .  = 

0.305 m; 1 p s i  = 6.89 kPa) 

UNIFORM E =  1400 C,(avg) 
VARIABLE E = 2000CJtip) 

0.6 DEFPIG ( --I t VARIABLE E =3OO C, (tip) - UNIFORM E = 700 C,(avg) 

Fig.  8. Comparison of P red ic t ed  Load-Uplift Curves; 

UH 9-Pi le  Group (1 in .  = 25.4 mm; 1 k = 4.45 kN) 



DEFPIG gave s u p e r i o r  r e s u l t s  a t  working load .  The r e sponse  of t h e  p i l e s  

a t  t h e  BRE and UH sites w a s  v e r y  s t i f f ,  s o  t h a t  r e l a t i v e l y  minor f l e x i -  

I b i l i t y  i n  t h e  caps  could  have produced more uni form pi le-head l o a d s  than  

would have occurred  i n  s o f t e r  s o i l s ,  r e s u l t i n g  i n  an  appa ren t  p r a c t i c a l  

( b u t  n o t  t h e o r e t i c a l )  advantage  f o r  PILGP1. The S c h l i t t  test  cap w a s  s e m i -  

f l e x i b l e ,  a l t hough  t h e  mode of l o a d i n g  ( u s e  of b a l l a s t  beams) should have  

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

t h e  S c h i t t  t e s t ,  which w a s  a t e s t  conducted a f t e r  an  i n i t i a l  c y c l e  of 

l o a d  was a p p l i e d .  

The s o i l  moduli  from Tab le  1 can b e  expressed  as fo l lows  f o r  s t e e l  

p i l e s ,  a s  f u n c t i o n s  of measured undra ined  cohesion:  

DEFPIG: 

E/cU ( t i p )  = 2300 i c o s  (1000 A /A ) I - ~ ( L / ~ )  
-0.25 . . . . . (10) 

P g 

PILGP 1 : 

E / C ~  ( t i p )  = 4800 (A / A  ) 0 * 4 ( ~ / d ) 0 * 2  . . . . . . . . . . . (12) 
P s 

where A = c r o s s - s e c t i o n a l  a r e a  of p i l e  material i n  t h e  group ( ave rage  
P 

f o r  t a p e r e d  p i l e s ) ;  A = a r e a  of s o i l  enc losed  w i t h i n  p e r i m e t e r  of group; 
S 

and A = t o t a l  area ( i n c l u d i n g  p i l e s )  enc losed  w i t h i n  p e r i m e t e r  of group. 
g 

The argument of  t h e  c o s i n e  t e r m  is i n  deg rees .  The ave rage  and maximum 

( i n  p a r e n t h e s e s )  e r r o r s  i n  t h e  above e q u a t i o n s  i n  % are 10 (19 ) ,  18 (24) ,  

6 ( l l ) ,  and 15 ( 2 5 ) ,  r e s p e c t i v e l y .  

When a p p l y i n g  t h e s e  e q u a t i o n s  t o  f u t u r e  a n a l y s e s ,  i t  should b e  rea-  

l i z e d  t h a t  t h e y  a r e  h i g h l y  dependent on t h e  measured undra ined  cohes ion  

v a l u e s  and t h e  manner i n  which t h o s e  v a l u e s  a r e  ob ta ined .  I n  each  of t h e  

t e s t s  modeled t h e  p r a c t i c a l  test method judged most l i k e l y  t o  approximate 

i n  si:u s h e a r  s t r e n g t h  w a s  adopted:  UU t r iaxial  t e s t s  on th in-wal led  

t u b e  samples i n  a l l  c a s e s  excep t  Koizumi and I t o  and UH. Q u a s i - s t a t i c  

cone v a l u e s  were used f o r  Koizumi and I t o ' s  t e s t  i n  v e r y  s e n s i t i v e  c l a y  

and normalized pa rame te r s  (12) were used f o r  t h e  UH tests. I n  an  o f f -  

s h o r e  environment sampling d i s t u r b a n c e  may l e a d  t o  lower i n d i c a t e d  

s t r e n g t h s ,  and t h e  r a t i o s  i n  Eqs. 9-12 may need t o  b e  inc reased .  



The range of E/c v a l u e s  f o r  b o t h  a lgor i thms  i s  w i t h i n  t h a t  o f t e n  
U 

assumed f o r  undis turbed s o i l s ,  sugges t ing  t h a t  group. behavior  is  con t ro l -  

l e d  l a r g e l y  by behavior  of minimally d i s t u r b e d  s o i l  o u t s i d e  (below and 

l a t e r a l l y  beyond) t h e  immediate volume of t h e  p i l e s  and enclosed s o i l ,  

P a r t i c u l a r  a t t e n t i o n  needs t o  be  pa id ,  t h e r e f o r e ,  t o  t h e  e f f e c t s  of t h e  

s t i f f n e s s  of t h e  s o i l  below t h e  p i l e  t i p s .  These e f f e c t s  a r e  handled i n  

a  r a t i o n a l  way i n  DEFPIG, b u t  they  must b e  cons idered  by a r t i f i c i a l l y  

r a i s i n g  t h e  modulus i f  necessary  i n  t h e  depth  range  of t h e  p i l e s  i n  PILGPl. 

Furthermore, t h e  s o i l  modulus i n  PILGPl i s  used only  t o  model group a c t -  

i on ,  n o t  i n d i v i d u a l  p i l e  behav io r , a s  i s  a l s o  necessa ry  i n  DEFPIG,so t h a t  

t h e  modulus more s t r o n g l y  r e f l e c t s  t h e  re inforcement  ( s t i f f e n i n g )  of t h e  

s o i l  by t h e  p i l e s  i n  PILGPl. These two e f f e c t s  combine t o  r e q u i r e  con- 

s i d e r a b l y  h i g h e r  moduli i n  PILGP1. \ 

I n  a l l  t e s t s  evidence e x i s t s  t h a t  t h e  i n  s i t u  s o i l  modulus inc reased  

w i t h  depth ,  i n  an  approximately l i n e a r  fashion .  Somewhat c l o s e r  c o r r e l a -  

t i o n s  w i t h  pile-head load  d i s t r i b u t i o n s  were obta ined  w i t h  DEFPIG when 

t h e  depthwise v a r i a b l e  modulus was used, a s  might b e  expected i n  such 

s o i l s .  No major d i f f e r e n c e s  could b e  observed i n  d i s t r i b u t i o n s  of l o a d s  

t o  p i l e s  i n  PILGPl w i t h  r e s p e c t  t o  t h e  depthwise v a r i a t i o n  of t h e  s o i l  

modulus, which r e f l e c t s  t h e  i n a b i l i t y  of PILGPl t o  model d i r e c t l y  t h e  

s t i f f n e s s  of t h e  s o i l  below t h e  p i l e  t i p s .  A s  seen  i n  Fig. 6,  however, 

u s e  of t h e  l i n e a r l y  v a r i a b l e  modulus d i d  improve p r e d i c t i o n  of load  d i s -  

t r i b u t i o n  a long t h e  p i l e s .  

I n  a l l  b u t  t h r e e  cases  t h e  magnitude of t h e  b e s t - f i t  E /c  a t  t h e  
U 

t i p  f o r  t h e  v a r i a b l e  modulus form was h ighe r  than. t h e  corresponding mag- 

n i t u d e  f o r  t h e  uniform modulus form. I n  t h r e e  cases  f o r  DEFF'IG t h e  oppo- 

s i t e  e f f e c t  occurred ( S c h l i t t  and bo th  UH t e s t s ) .  I n  each of t h e s e  cases  

t h e  p i l e  t i p s  were i n  s o i l  t h a t  was cons ide rab ly  s t i f f e r  than t h e  over- 

l y i n g  s o i l ,  so  t h a t  s t r o n g e r  c o n t r o l  of t h e  s e t t l e m e n t  came from s o i l  a t  

o r  beneath t h e  p i l e  t i p s .  Where such a  c o n d i t i o n  occurs ,  t h e  p i l e  t i p s  

c a r r y  more load and t h e  s e t t l e m e n t  r a t i o  tends  t o  b e  lower t h a t  when p i l e  

t i p s  c a r r y  n e g l i b l e  l o a d s ,  a s  when t h e  group f l o a t s  i n  a  completely uni- 

f  o m  s o i l  ( 7 )  . 
U p l i f t  Behavior 

L i t t l e  exper imenta l  d a t a  a r e  a v a i l a b l e  on p i l e  groups under u p l i f t  

loading.  The t o p i c  i s  of i n c r e a s i n g  importance, however, because new 



o f f s h o r e  s t r u c t u r e  concepts  use  p i l e  groups i n  t ens ion .  Both a lgor i thms  

desc r ibed  can t r e a t  l o a d - u p l i f t  behavior .  Experimental  u n i t  load t r ans -  

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

tests (Fig .  7) s o  bo th  models were used t o  s y n t h e s i z e  l o a d - u p l i f t  behavi- 

o r  of t h e  UH 9 - p i l e  group. No p h y s i c a l  u p l i f t  test was a c t u a l l y  per- 

formed on t h a t  group. 

The u n i t  load  t r a n s f  er curves i n  Fig. 7  d i f f e r  from those  i n  Fig. 3 be- 

causeof  r e s i d u a l s t r e s s  e f f e c t s .  I n b o t h  f i g u r e s ,  t h e c u r v e s  a re"apparen t l '  

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

i n  o rde r  t o  gene ra te  t h e  curves .  a he b a s e  r e s i s t a n c e  curve  i n  Fig.  7 r e p r e s e n t s  

a r e l e a s e o f r e s i d u a l l o a d t h a t m u s t  b e  inc luded i n  PILGPl. The r e f e r e n c e  
p i l e s  had been f a i l e d  i n  compression b e f o r e  u p l i f t  t e s t i n g ,  so t h a t  t h e  

r e s i d u a l  stresses may have been h ighe r  than  had monotonic u p l i f t  t e s t i n g  

been conducted d i r e c t l y  a f t e r  d r i v i n g  (12) .  Also, i n s t a l l a t i o n  group ef-  

f e c t s  e x i s t  w i t h  r e s p e c t  t o  r e s i d u a l  stresses. I n  gene ra l ,  r e s i d u a l  

s t r e s s e s  a r e  reduced i n  p i l e s  p laced  i n  groups (12) ,  i n d i c a t i n g  t h a t  use  

of t h e  post-compression-test u n i t  l oad  t r a n s f e r  curves  from s i n g l e ,  r e f -  

e rence  p i l e s  i n  PILGPl w i t h  b e s t - f i t  s o i l  moduli from compression tests 

t may o v e r p r e d i c t  p i l e  rebound and thus  y i e l d  a  l i m i t i n g  (h igh  displacement)  

c o n d i t i o n  f o r  group l o a d - u p l i f t  behavior .  On t h e  o t h e r  hand, a p p l i c a t i o n  

of t h e  b e s t - f i t  moduli f o r  compression t e s t i n g  d i r e c t l y  t o  u p l i f t  l oad ing  

i n  DEFPIG y i e l d s  l o a d - u p l i f t  curves  t h a t  e s s e n t i a l l y  m i r r o r  t h e  load- 

s e t t l e m e n t  curves  and may t h u s  produce an o p p o s i t e  l i m i t .  Synthesized 

group l o a d - u p l i f t  curves  from b o t h  models a r e  shown i n  Fig. 8. Consid- 

e r i n g  t h e  preceding comments, i t  appears  t h a t  u s e  of t h e  v a r i a b l e  modulus 

form w i t h  e i t h e r  model may produce t h e  most r e a l i s t i c  l o a d - u p l i f t  curves  

f o r  t h i s  si te.  

Conclusions 

1. DEFPIG and FILGP1 r e q u i r e  d i f f e r e n t  s o i l  modulus i n p u t s  t o  a- 

ch ieve  r easonab le  compa tab i l i ty  w i t h  measured load-se t t lement  r e l a t i o n -  

s h i p s  f o r  f u l l - s c a l e  compression t e s t s  i n  c lay .  

2.  Appropr ia te  c o r r e l a t i o n s  f o r  moduli a r e  given i n  Eqs. 9-12 f o r  

t h e  undrained loading cond i t ion .  

3 .  DEFPIG modeled load d i s t r i b u t i o n  among p i l e s  b e t t e r  i n  r e l a t i v e -  

f l y  s o f t ,  s e n s i t i v e  s o i l  where a  massive cap w a s  used. I n  s t i f f  s o i l s  

where a  s m a l l  degree  of e i t h e r  s o i l  n o n l i n e a r i t y  o r  cap f l e x i b i l i t y  



e x i s t e d ,  PILGP1 y i e l d e d  b e t t e r  l oad  d i s t r i b u t i o n .  

4 .  I n  modeling l o a d - u p l i f t  b e h a v i o r ,  u n i t  l o a d  t r a n s f e r  curves  from 

s i n g l e  p i l e  u p l i f t  t e s t s  combined w i t h  s o i l  moduli  a p p r o p r i a t e  f o r  model- 

i n g  compression behav io r  may r e s u l t  i n  an  o v e r e s t i m a t i o n  of u p l i f t  magni- 

t u d e  w i t h  PILGP1. DEFPIG may unde res t ima te  u p l i f t  magnitude when moduli  

from compression c a l i b r a t i o n s  a r e  used.  
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