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ABSTRACT 

The dynamic response  of l a t e r a l l y  loaded s i n g l e  p i l e s  and p i l e  groups 

(each c o n s i s t i n g  of f o u r  evenly-spaced p i l e s ,  and spaced a t  d i f f e r e n t  

d i s t a n c e s  i n  each  group), embedded i n  l o o s e ,  dense,  d ry  and s a t u r a t e d  sands ,  

i s  s t u d i e d  us ing  t h e  c e n t r i f u g a l  modeling technique .  The response of 

s i n g l e  p i l e s  and p i l e  groups t o  forced  v i b r a t i o n s  was found t o  depend 

s t r o n g l y  on t h e  magnitude and frequency of l oad ing  as w e l l  a s  the  d e n s i t y  

of t he  s o i l s .  The r e s u l t s  i n d i c a t e  t h a t  a s  t h e  l e v e l  of f o r c e  inc reased :  

(1)  non l inea r  s o f t e n i n g  behavior  was evidenced by a  decrease  i n  t he  

resonant  f requency of t he  s o i l - p i l e  system, ( 2 )  t h e r e  was an  i n c r e a s e  i n  

i n t e r n a l  s o i l - p i l e  damping, and ( 3 )  t he  maximum bending moment moved 

p r o g r e s s i v e l y  deeper  below t h e  s o i l  s u r f a c e  and inc reased  s u b s t a n t i a l l y  

i n  magnitude. Also, s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t s  were observed wi th  

c l o s e  p i l e  spac ing .  F i n a l l y ,  t h e  exper imenta l  s t i f f n e s s  and damping 

r e s u l t s  were compared w i t h  t h e o r e t i c a l  va lues  a s  p r e d i c t e d  by Novak's work. 

INTRODUCTION 

The p r e d i c t i o n  of p i l e  response  t o  h o r i z o n t a l ,  time dependent load-  

i n g s  such a s  caused by ear thquakes ,  machine v i b r a t i o n s ,  wind o r  wave 

a c t i o n s ,  i s  one of t h e  most cha l l eng ing  problems i n  foundat ion  engineer-  

i ng .  R e l i a b l e  p r e d i c t i o n s  a r e  made d i f f i c u l t  by the  complex i n t e r a c t i o n  

between t h e  e l a s t i c  p i l e  and the  i n e l a s t i c  s o i l .  A s u b s t a n t i a l  number of 

t h e o r e t i c a l  s t u d i e s  have been conducted i n  r e c e n t  yea r s  t o  determine the  

dynamic response of p i l e s  sub jec t ed  t o  h o r i z o n t a l  o r  v e r t i c a l  l o a d s .  Most 

of t h e s e  s t u d i e s  a r e  l i m i t e d ,  however, t o  t he  c o n s i d e r a t i o n  of a n  e l a s t i c  

s o i l  and p e r f e c t  bonding between the  p i l e  and the  surrounding medium, 

hypotheses which may be v a l i d  f o r  srna'll l e v e l s  of e x c i t a t i o n .  When dea l -  

i n g  wi th  l a r g e  ampli tude f o r c e s  and d isp lacements ,nonl inear  s o i l  behavior  

and non l inea r  e f f e c t s  such a s  s e p a r a t i o n  and gapping must be taken i n t o  



account .  Despi te  the  very  few non l inea r  s t u d i e s  ( s e e ,  e.g., Ref. I ) ,  i t  

seems t h a t  exper imenta l  s t u d i e s  w i l l  be  t h e  only  s u r e  way t o  explore  ~8 . , 

t h e s e  n o n l i n e a r  e f f e c t s .  T r a d i t i o n a l l y ,  des igne r s  have thus  had t o  r e l y  

upon f u l l - s c a l e  t e s t s  a s  the  p r i n c i p a l  source  of des ign  informat ion .  . 
These t e s t s  r e q u i r e  much t i m e  and c a p i t a l  f o r  s u c c e s s f u l  completion. 

Fu r the r ,  w i t h  r e s p e c t  t o  t h e i r  t h e o r e t i c a l  u t i l i t y ,  f u l l - s c a l e  t e s t s  o f t e n  

y i e l d  d a t a  of  i n s u f f i c i e n t  g e n e r a l i t y  due t o  t h e  i n h e r e n t  inhomogeneity 

of i n - s i t u  s o i l  strata. I n  t h i s  paper ,  t h e  dynamic response of l a t e r a l l y  

loaded s i n g l e  p i l e s  and p i l e  groups i s  s t u d i e d  us ing  the  c e n t r i f u g a l  

modeling technique and t h e  exper imenta l  r e s u l t s  a r e  compared w i t h  theo re t -  

i c a l  r e s u l t s  a n t i c i p a t e d  by w e l l  e s t a b l i s h e d  t h e o r i e s  [ 3 , 4 ] .  

A c e n t r i f u g e  can  s imu la t e  gravi ty- induced s t r e s s e s  i n  s o i l  d e p o s i t s  

a t  a  reduced geometr ica l  s c a l e  through c e n t r i f u g a l  modeling. Conceptual- 

l y ,  t he  technique c o n s i s t s  of i n c r e a s i n g  t h e  con f in ing  s t r e s s  i n  the  

model s o i l  s o  t h a t  i t  i s  i d e n t i c a l  t o  t he  con f in ing  s t r e s s  i n  the  proto-  

type s o i l  a t  homologous p o i n t s .  Hence, t he  s t r e s s - s t r a i n  behavior  of any 

h o r i z o n t a l  s o i l  l a y e r  i n  the  model i s  t h e  same a s  t h a t  of t he  homologous 

l a y e r  i n  t he  p ro to type .  The technique a l lows  s o i l - s t r u c t u r e  i n t e r a c t i o n  

t e s t s  t o  be performed a t  a  convenient ly  reduced s c a l e ,  and provides  d a t a  

a p p l i c a b l e  t o  f u l l - s c a l e  problems. Fu r the r ,  t h e  tests can  be  performed 

on any p a r t i c u l a r  s o i l  type  and/or  d e p o s i t ,  and f o r  any s t r u c t u r e  config-  

u r a t i o n .  The modeling technique l e a d s  t o  a  s e t  of s c a l i n g  r e l a t i o n s h i p s ,  

o r  s c a l i n g  laws, t h a t  a f f e c t  time, p h y s i c a l  dimensions, and t h e  many 

d e r i v a t i v e s  of  t h e s e  combinations such a s  v e l o c i t y ,  a c c e l e r a t i o n ,  f o r c e ,  

e t c .  These s c a l i n g  r e l a t i o n s  have been d i scussed  i n  t h e  l i t e r a t u r e  ( s e e  

e .g . ,  1121 and [13 ] ) ,  and t h e  r e l a t i o n s  between t h e  q u a n t i t i e s  of i n t e r e s t  

he re  have been l i s t e d  i n  [ 6 ] .  The technique promises t o  be a n  inva luab le  

a i d  f o r  s tudy ing  a  v a r i e t y  of complex geo techn ica l  problems ( s e e ,  e .g . ,  

[ l o ]  and [13] ) and i n  p a r t i c u l a r ,  f o r  s tudy ing  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  problems ( s e e ,  e . g . ,  [ 2 ] ,  [ 6 ] ,  [ 7 ] ,  [ 9 ] ,  [ l l ] ,  [ 12 ] ) .  

EQUIP!fEST AXD IXSTRWTATION 

A. Centr i fuge  

The c e n t r i f u g e  used i s  a  Model 1230-1 Genesco "G-accelerator". ,  

h y d r a u l i c a l l y  d r iven ;  f o r  d e t a i l e d  d e s c r i p t i o n  s e e  Ref. 6 .  

B. P i l e s  and Deformation Sensors  

The p i l e  models used f o r  t he  experiments were made from 0.2188 inches  / ' 



O . D . ,  0.0156 i n c h e s  w a l l  t h i c k n e s s  3003 H-14 aluminum a l l o y  tub ing  ( y i e l d  
3 6 s t r e n g t h  = 21 x 1 0  p s i ;  modulus of e l a s t i c i t y  = 1 0  x 1 0  p s i ) .  E igh t  

model p i l e s  w i t h  t h e  same d iameter  bu t  d i f f e r e n t  l e n g t h s  t o  ach ieve  v a r i -  

ous embedment dep ths  were used f o r  the  experiments  a s  summarized i n  Table  

1. Two p i l e s  of type  No. 1 were gauged w i t h  LO micro-measurement s t r a i n  

gauges l o c a t e d  a t  0.0799, 0.572, 1 .06 ,  1.56 and 2.35 inches  below t h e  s o i l  

s u r f a c e .  To i n c r e a s e  t h e  s t r a i n  r ead ing ,  two gauges were glued a t  each 

dep th  on o p p o s i t e  s i d e s  o f  t h e  p i l e  and wired i n t o  a d j a c e n t  p o s i t i o n s  i n  

a  common b r i d g e .  The gauged p i l e s  were coa t ed  w i t h  micro-measurement 

"M-bound" p r o t e c t i v e  c o a t i n g .  The p i l e s  had a f l e x u r a l  r i g i d i t y ,  E I ,  of  
2  approximately 410 l b s - i n  (based on a n  average  o f  t h e  v a l u e s  measured 

expe r imen ta l l y  from dynamic and s t a t i c  c a l i b r a t i o n  t e s t s ) .  

The s i n g l e  p i l e s  w e r e  mounted w i t h  a cap which conta ined  a  c o i l  and 

an  acce l e rome te r ,  and weighed 0.0397 l b s .  Four p i l e s  of type  No. 1 were 

r i g i d l y  mounted on a  3/16 i n c h  t h i c k  aluminum mat t o  s imu la t e  a  p i l e  

group. The m a t ,  a  5 x 5 i nches  squa re ,  was designed t o  convenien t ly  ac- 

commodate t h r e e  s e p a r a t e  p i l e  groups of d i f f e r e n t  p i l e  spac ings  as shown 

i n  F ig .  1. The t h r e e  p i l e  spac ings  s e l e c t e d  f o r  t he se  experiments  were 

1 . 0 ,  2.5 and 4.0 i nches  t o  ach i eve  S/D r a t i o s  ( p i l e  spac ingld iameter )  of  

4.56, 11.4 and 18 .3 ,  r e s p e c t i v e l y .  

Displacements  of  t h e  p i l e  caps  were ob ta ined  by i n t e g r a t i n g  twice t h e  

r ead ing  o f  t h e  Kist ler  811 p i c o t r o n  min i a tu re  acce le rometer  a t t a c h e d  t o  

t he  p i l e  cap .  Occas iona l ly ,  t h e  acce le rometer  o u t p u t  was ampl i f i ed  b e f o r e  

r eco rd ing  by a  Sensotec  SA-B t r ansduce r  a m p l i f i e r  c a l i b r a t e d  t o  140 ga in .  

C. S i g n a l  Condi t ion ing  and Data Acqu i s i t i on  

A l l  s t r a i n  gauges,  c o i l  and acce le rometer  s i g n a l s  were recorded on a  

4-channel Norland 3001 D i g i t a l  Osc i l l o scope  w i t h  accompanying 3106 Monitor 

which a c q u i r e s  waveform d a t a ,  s t o r e s  t h e  d a t a  i n  i t s  d i g i t a l  memory and 

can d i s p l a y  t h e  waveforms on a  CRT sc reen .  The waveforms were s t o r e d  on 

a  Norland 2701-R f l e x i b l e  d i s k  permanent s t o r a g e  system. For each test,  

the time s c a l e  and v o l t a g e  range  were s p e c i a l l y  s e l e c t e d  f o r  each waveform 

i n  o r d e r  t o  op t imize  t h e  r e s o l u t i o n  of  t h e  s i g n a l s  and t o  a s s u r e  a  mini- 

mum of f i v e  c y c l e s  i n  t h e  d i s p l a y .  A f t e r  p r o c e s s i n g , t h e  r e s u l t s  were 

p l o t t e d  on a Hewlett-Packard 70458 X-Y p l o t t e r .  

D. Forced Vib ra t i on  Device 

An e l ec t romagne t i c  "shaker" [6]  w a s  used t o  v i b r a t e  t h e  p i l e s ,  i n  

t h e  l a t e r a l  d i r e c t i o n ,  ove r  a  b road ' r ange  of f r equenc i e s .  The dev ice  



c o n s i s t s  of two s t a t i o n a r y  e lec t romagnets  mounted on a n  aluminum frame 
< -  1 

and a s m a l l e r  dumbell-shaped c o i l  c o a x i a l l y  l o c a t e d  between t h e  two l a r g e r  
'l 

f l  

electromagnet 's  and mounted t o  t h e  p i l e  cap. Details about  t h e  des ign  a r e  

r epo r t ed  i n  [ 2 , 7 , 9 ] .  The system i s  n o t  mechanical ly  opera ted  and i s  inde- 

pendent  of t h e  h igh  g ' s  c r e a t e d  i n  t h e  c e n t r i f u g e .  Fu r the r ,  t he  system 

has  h igh  frequency c a p a b i l i t i e s  (over 4 kHz), a l lowing  i n v e s t i g a t i o n  of 

h igh  v i b r a t i o n  mode responses .  

E .  Shaker C a l i b r a t i o n  

An impor tan t  p a r t  of t h e  exper imenta l  i n v e s t i g a t i o n  was t o  develop 

a n  adequate  procedure f o r  c a l i b r a t i n g  t h e  c o i l  and e s t a b l i s h i n g  an accur-  

a t e  r e l a t i o n s h i p  between the  o u t p u t  v o l t a g e  of t h e  c o i l  and t h e  r e s u l t i n g  

a p p l i e d  f o r c e  t o  t h e  p i l e  cap .  The c a l i b r a t i o n  was achieved by v i b r a t i n g  

( a t  1 g) a  c a n t i l e v e r e d  p i l e  clamped a t  t h e  bottom end and wi th  i t s  upper 

end (mounted w i t h  t h e  p i l e  cap) h e l d  between t h e  p o l e s  of t he  s t a t i o n a r y  

magnets. A c o n s t a n t  c u r r e n t  of 250 mA was passed through t h e  two e l e c t r o -  

magnets and t h e  coil-magnet spac ing  was maintained a t  0 .1 i nch .  The i n p u t  

c u r r e n t  t o  t he  c o i l  was then  inc reased  by 50 mA increments  f o r  each f r e -  

quency of  i n t e r e s t .  The r e s u l t i n g  f o r c e  ampli tude v s  c o i l  ou tpu t  v o l t a g e  

w a s  ob ta ined  by s imple a n a l y s i s  of the  v i b r a t i n g  system. i(l 

F. S o i l  Tested 
< 

A f i n e  uniform s i l i c a  sand (Ottawa sand)  w i t h  a  mean g r a i n  diameter  

of 0.008 inches  was used throughout t h e  experiments .  Various d e n s i t y  and 

wa te r  con ten t  of t h e  d e p o s i t  (about  9  i nches  deep) were used: 

1. Loose, d ry  sand: prepared by pouring t h e  sand i n t o  the  bucket  

and smoothing t h e  s u r f a c e .  

2. Dense, d ry  sand:  t he  top f i v e  inches  of t h e  d e p o s i t  were p laced  

i n  0.25 t o  0.5 i nch  l a y e r s  which were tamped w i t h  a 2 l b  weight .  

3. Medium dense,  s a t u r a t e d  sand: t h e  sand was prepared as i n  (2) 

above, excep t  t h a t  t h e  water  t a b l e  was brought  t o  t h e  c u r r e n t  

s o i l  s u r f a c e  a f t e r  each new l a y e r  had been tamped. 

F i n a l l y ,  each  s o i l  d e p o s i t  was allowed t o  c o n s o l i d a t e  a t  100 g ' s  f o r  

about  one hour be fo re  t he  experiments  were s t a r t e d .  

FORCED VIBRATION TEST RESULTS 
. . 

A.  Response Curves: S ing le  P i l e s  

Typica l  response curves  of a c c e l e r a t i o n  ampl i tudes  ( abso lu t e  va lues ;  

peak t o  peak) ve r sus  e x c i t i n g  f r equenc ie s  f o r  p i l e s  1 a t  t h r e e  load  l e v e l s  0 
( l oad  l e v e l  3 i s  the  l a r g e s t )  a r e  shown i n  F ig .  2. F i r s t  and second mode 



resonances a r e  e a s i l y  d i s c e r n i b l e .  The h igh  sha rp  peaks of f i r s t  mode 

response i n d i c a t e  t h a t  t h e r e  i s  l i t t l e  damping a s s o c i a t e d  wi th  t h a t  mode. 

Acce le ra t ions ,  f r equenc ie s  and damping va lues  ( c a l c u l a t e d  us ing  the  one- 

half-power p o i n t s  method), a r e  presented  i n  Table 2 f o r  t he  f i r s t ,  second, 

and t h i r d  resonance modes. The d a t a  show t h a t :  

1. The n a t u r a l  f r equenc ie s  dec rease  wi th  i n c r e a s i n g  loads ,  which i s  a 

t y p i c a l  behavior  of a  s o f t e n i n g  dynamical system. I t  i s  a n  ev i -  

dence of s o i l  n o n l i n e a r i t y  and i s  caused by a  decrease  i n  p i l e - s o i l  

s t i f f n e s s  w i th  a n  i n c r e a s e  i n  dynamic s t r e s s  and s t r a i n .  

2. The damping a t  r e sonance ' i nc reases  w i t h  i n c r e a s i n g  load  ( a t  bo th  

t h e  f i r s t  and second modes), ano the r  evidence of s o i l  n o n l i n e a r i t y ,  

and dec reases  w i t h  i n c r e a s i n g  frequency.  Fu r the r ,  an  important  

q u a l i t a t i v e  obse rva t ion  about  t he  damping mechanism can  be made 

from Fig .  2 .  A s  c l e a r l y  d i sp l ayed  i n  F ig .  2,  t he  p o s i t i v e  s l o p e  

of t h e  response  curve  around t h e  f i r s t  mode i s  f a r  s t e e p e r  than  t h e  

nega t ive  s l o p e .  This  imp l i e s  t h a t  damping i s  h ighe r  j u s t  above t h e  

f i r s t  n a t u r a l  f requency than  below. This  r e s u l t  i s  c o n s i s t e n t  w i t h  

a  mechanism proposed by Novak 141. 

The s t r a i n  d a t a  measured a long  t h e  l e n g t h  of t h e  p i l e  were converted 

t o  moment v a l u e s  and a r e  d isp layed  i n  F ig .  3 f o r  the  f i r s t  and second 

resonance modes, r e s p e c t i v e l y .  A s  t he  load  i n c r e a s e s ,  i t  i s  observed t h a t  

t he  maximum bending moment moves p rog res s ive ly  deeper  below t h e  s o i l  sur -  

f a c e ,  and i n c r e a s e s  s u b s t a n t i a l l y  i n  magnitude 

B .  Response Curves: Group P i l e s  

Acce le ra t ions ,  f r equenc ie s  and damping v a l u e s  a r e  presented  i n  Table 

4 f o r  t he  f i r s t  and second modes a t  two load  l e v e l s  f o r  t h r e e  p i l e  groups 

c o n s i s t i n g  of 4 p i l e s  each a t  d i f f e r e n t  spac ings .  It i s  of i n t e r e s t  t o  

no te  t h a t :  

1. The p i l e  groups w i t h  4.0 and 2.5 i nches  spac ings  d i s p l a y  s t i f f n e s s  

c h a r a c t e r i s t i c s  s i m i l a r  t o  those observed f o r  the  s i n g l e  p i l e s ,  

i . e . ,  t he  n a t u r a l  f r equenc ie s  dec rease  w i t h  i n c r e a s i n g  load  ampli- 

tude.  However, t h e  t h i r d  p i l e  group w i t h  a  1 . 0  i nch  spac ing  d i s -  

p l a y s  behavior  r a d i c a l l y  d i f f e r e n t .  A s  i n d i c a t e d  i n  Table 4 ,  an  

i n c r e a s e  i n  l oad  l e v e l  induces  a  marked i n c r e a s e  i n  n a t u r a l ' f r e -  

quency i n  t h a t  c a s e ,  i . e . ,  t he  system s t i f f e n s  w i th  i n c r e a s i n g  

load .  This  behavior  i s  i n  sharp  c o n t r a s t  t o  t he  behavior  observed 

f o r  t he  o t h e r  two groups and i s  i n  accordance wi th  t h e  t h e o r e t i c a l  



r e s u l t s  of Poulos [ 5 ]  which p r e d i c t  s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t s  ,,f" 

f o r  low S/D r a t i o s .  

2 .  The damping v a l u e s  c l e a r l y  r e f l e c t  t h r e e  t r ends :  a n  i n c r e a s e  i n  

damping w i t h  i n c r e a s i n g  load  l e v e l ,  a  dec rease  i n  damping w i t h .  

dec reas ing  spac ing  between the  p i l e s ,  and a n  i n c r e a s e  i n  damping 

w i t h  h ighe r  mode responses .  A l l  t h e s e  obse rva t ions  c l e a r l y  sugges t  

a  h igh ly  n o n l i n e a r  p i l e - s o i l  behavior .  

Bending moments a t  f i r s t  resonance a long  t h e  p i l e s  f o r  v a r i o u s  spac- 

i n g  a r e  shown i n  Fig.  4 .  It i s  observed t h a t  t h e  maximum moment dec reases  

sha rp ly  w i t h  dec reas ing  p i l e  spac ing .  

C. Paramet r ic  Study: S i n g l e  P i l e s  

I n  t h e s e  t e s t s  t h e  e f f e c t s  of s l ende rness  r a t i o  L/ ro ,  s o i l  d e n s i t y ,  

water  con ten t ,  l oad  l e v e l  and e x c i t a t i o n  frequency on a  s i n g l e  p i l e ' s  

dynamic s t i f f n e s s  and damping c h a r a c t e r i s t i c s  were i n v e s t i g a t e d .  For con- 

venience,  t h e  t e s t s  were performed a t  e x c i  t a t i o n  f r equenc ie s  be tween t h e  

f i r s t  and second resonances (of Fig. 2) of 400, 500, 600, 700, 800, and 

900 Hz, and a t  t h r e e  load  l e v e l s  ( s ee  Ref. 2 f o r  d e t a i l s ) .  Seven p i l e s  

( P i l e s  2 - 8) w i t h  d i f f e r e n t  s l ende rness  r a t i o s  were t e s t e d  a s  summarized 

i n  Table 1. These t e s t s  were performed i n  l o o s e  d r y  sand d e p o s i t s .  How- F9r 

e v e r ,  P i l e  #4 was a l s o  t e s t e d  i n  d r y  dense and s a t u r a t e d  medium dense sand 

d e p o s i t s .  Typica l  r e s u l t s  a r e  shown i n  Fig. 5 which shows t h e  h y s t e r e s i s  

l oops  measured a t  900 Hz e x c i t a t i o n  frequency a t  t h r e e  load  l e v e l s  f o r  

P i l e  #4 embedded i n  a  d ry  dense sand d e p o s i t .  From such loops  the  equiv- 

a l e n t  s t i f f n e s s  and damping c h a r a c t e r i s t i c s  of each p i l e ,  a t  each load 

l e v e l ,  and f o r  each  e x c i t a t i o n  frequency were determined. 

The o b j e c t i v e  of t h i s  paramet r ic  s tudy  w a s  t o  compare t h e  experimen- 

t a l  r e s u l t s  w i th  t h e o r e t i c a l  va lues  a s  p red ic t ed  by we l l  e s t a b l i s h e d  

techniques.  For t h a t  purpose Novak's computer program "PILAY" [3]  .was 

used t o  o b t a i n  t h e o r e t i c a l  v a l u e s  f o r  comparison w i t h  the  t e s t  r e s u l t s .  

To f a c i l i t a t e  the  comparisons, a l l  q u a n t i t i e s  involved were non-dimen- 

s i o n a l i z e d  a s  suggested by Novak [ 4 ] ,  and t h e  fo l lowing  non-dimensional- 

i z e d  form of frequency,  s t i f f n e s s  and damping were adopted:  

a. = ur0/vs  , 
3 

r ,, 



where E I i s  t h e  bending s t i f f n e s s  of t h e  p i l e ;  V i s  t h e  s h e a r  wave 
P  P  S 

v e l o c i t y  i n  s o i l ;  r i s  t h e  o u t e r  r a d i u s  of t h e  p i l e ,  C i s  the  equiva- 
0  

l e n t  v i scous  damping, k i s  the  equ iva l en t  s t i f f n e s s ,  and w i s  t h e  

frequency ( i n  r a d / s e c ) .  

The s h e a r  wave v e l o c i t i e s  were computed from t h e  fo l lowing  formula [8]. 

0.25 
Vs = [170 -(78.2)e]00 , ( 4 )  

i n  which a. = KOav and . 
= ysZ v  ( 5 )  

where z = depth  below s u r f a c e ;  
s 

= u n i t  weight of t h e  s o i l ;  KO = la t -  

e r a l  s t r e s s  c o e f f i c i e n t  a t  r e s t ;  and e  = void r a t i o .  

The va lues  used a r e  shown i n  Table 6 .  The shea r  wave v e l o c i t y  below 

t h e  t i p  of t h e  p i l e  was assumed t o  be 1 .5  t imes the  v e l o c i t y  a t  t he  t i p ,  

and t h e  u n i t  weight of t he  s o i l  was assumed c o n s t a n t  throughout t he  depth  

of t h e  d e p o s i t .  

Typica l  r e s u l t s  a r e  presented  i n  F igs .  6 - 9 .  F igures  6 ,  7 ,  and 8 

show the  v a r i a t i o n s  of t he  p i l e  dynamic s t i f f n e s s  ful and damping 
fu2 

parameters  w i th  frequency i n  d ry  l o o s e ,  dense and s a t u r a t e d  medium dense 

sand d e p o s i t s  f o r  s i m i l a r  s l ende rness  r a t i o s .  Also shown i n  dashed l i n e s  

i n  those  f i g u r e s  a r e  t h e  corresponding t h e o r e t i c a l  r e s u l t s  ob ta ined  by 

us ing  PILAY 131. Figure  9 shows the  v a r i a t i o n s  of t he  p i l e  dynamic s t i f f -  

n e s s  fU1 and damping fU2 parameters  w i t h  s l ende rness  r a t i o  i n  a dry  

l o o s e  sand d e p o s i t  a t  a  g iven  frequency.  

The exper imenta l  r e s u l t s  i n d i c a t e  t h a t  t h e  p i l e  s t i f f n e s s  i s  very  

much frequency dependent b u t  t h a t  t h e  damping i s  n o t .  The t h e o r e t i c a l  

s t i f f n e s s  p r e d i c t i o n s  do no t  e x h i b i t  t h e  s t r o n g  frequency dependence 

observed i n  t he  exper imenta l  r e s u l t s ,  bu t  t h e  damping p r e d i c t i o n s  do 

ag ree  w e l l  w i t h  t h e  exper imenta l  r e s u l t s .  Four words of c a u t i o n  a r e  i n  

o r d e r  a t  t h i s  s t a g e :  (1) i t  should be remembered t h a t  t he  c e n t r i f u g e  

t e s t s  were c a r r i e d  w i t h i n  the  confined environment of t he  c e n t i f u g e  

bucket ,  and t h e r e f o r e  may have been a f f e c t e d  by r e f l e c t i n g  waves from 

bottom and s i d e s  of t he  bucket .  Th i s  problem i s  being researched  exten-  

s i v e l y  a t  P r ince ton  Un ive r s i t y .  (2) The frequency range of t he  exper i -  

f 
ments i s  r a t h e r  smal l  and l i m i t e d  t o  f r equenc ie s  between the  f i r s t  and 

second resonance modes of t h e  p i l e s .  ( 3 )  Novak's work i s  l i m i t e d  t o  



t h e  c o n s i d e r a t i o n  of an e l a s t i c  s o i l  and p e r f e c t  bonding between t h e  p i l e  ,. -7 

and t h e  sur rounding  medium, hypotheses which may be v a l i d  f o r  smal l  l e v e l s  p ,  
I 

of e x c i t a t i o n .  I t  has  been long recognized,  however, t h a t  non l inea r  e f -  

f e c t s ,  such as non l inea r  s o i l  behavior ,  s l i p p a g e ,  and even tua l  gapping, 

p l a y  a fundamental r o l e  i n  t h e  response of p i l e s  t o  c y c l i c  l oads  of moder- 

a t e  t o  l a r g e  ampl i tudes .  Obviously, i n  t h e  t e s t s  most of t h e s e  non l inea r  

e f f e c t s  were encountered.  ( 4 )  Add i t iona l  work i s  needed, both a n a l y t i c a l -  

l y  and exper imenta l ly ,  t o  r e f i n e  t h e  approximate exp res s ions  f o r  p i l e  

s t i f f n e s s  and damping and t o  d e f i n e  b e t t e r  t h e i r  range of a p p l i c a b i l i t y  

and accuracy of  some of t h e s e  formulas  and compare and e v a l u a t e  more 

f u l l y  v a r i o u s  s o l u t i o n s .  

CONCLUSIONS 

The r e s u l t s  of t h i s  exper imenta l  i n v e s t i g a t i o n  demonstrate  t he  f e a s i -  

b i l i t y  of performing 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  t e s t s  a t  a reduced 

s c a l e  i n  a c e n t r i f u g e .  Nonlinear  e f f e c t s ,  such a s  non l inea r  s o i l  behavior ,  

s l i p p a g e ,  and even tua l  gapping, which p l a y  a fundamental r o l e  i n  t he  dynam- 

i c  response of p i l e s  t o  c y c l i c  l oads  of moderate t o  l a r g e  ampli tudes can 

be explored v i a  t he  c e n t r i f u g a l  modeling. I n  a r e l a t i v e l y  l i m i t e d  f r e -  

quency range (between t h e  f i r s t  and second resonant  modes of s i n g l e  p i l e s ) ,  
n 

- 

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

frequency-dependent b u t  t h a t  t h e  damping is  n o t .  The t h e o r e t i c a l  s t i f f -  

n e s s  p r e d i c t i o n s  do n o t  e x h i b i t  t h e  frequency dependence observed exper- 

imen ta l ly ,  bu t  t h e  damping p r e d i c t i o n s  do ag ree  w e l l  w i t h  t h e  t e s t  r e s u l t s .  

Re f l ec t ion  of waves from the  w a l l s  of t h e  c e n t r i f u g e  bucket  could a f f e c t  

t h e  exper imenta l  r e s u l t s ,  and a d d i t i o n a l  work i s  needed t o  s tudy  t h i s  

e f f e c t .  Nonetheless ,  t h e  r e s u l t s  r e i n f o r c e  confidence i n  t he  c e n t r i f u g a l  

modeling technique by demonstrat ing i t s  v e r s a t i l i t y  and accuracy;  many 

impor tan t  des ign  parameters  can be  measured a c c u r a t e l y  i n  t h e  c e n t r i f u g e  

w i t h  g r e a t  convenience and low c o s t .  
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TABLE 1 

MODEL PILES USED I N  THE TESTS 

Wall Thickness = 3.969 1 0 - ~ r n  

TABLE 2 

PILE 
No. 

1 

2 

3 

4 

4* 

4** 

ACCELERATIONS,FREQUENCIES AND CORRESPONDING 

DAMPING RATIOS AT THE RESONANT PEAKS FOR'EACH 

MODE OF THE SINGLE PILE - 3 LOAD LEVELS 

**Pile t e s t e d  i n  s a t u r a t e d  medium dense sand. 

6- 
-, 

. -- -. . .- 
- 

TOTAL 
LENGTH 
Ll(m-) 

0.270 

0.252 

0.230 

0.218 

0.218 

0.218 

.. 
Load 
Level 

1 

2 

I 
3 

EMBEDMENT 

L (m.1 

0.222 

0.212 

0.190 

0.178 

0.158 

0.163 

OUTER 
RADIUS 
ro(mw) 

0.003 

0.003 

0.003 

0.003 

0.003 

0.003 

FIRST MODE 

SLENDER- 
NESS RATIO 
L / ro  

74.07 

70.67 

63.33 

59.33 

52.67 

54.33 

Freq 
(Hz) 

132.9 

127.4 

125.4 

SECOND MODE 
Accel 
(GI 

15.36 

40.61 

54.20 

Freq 
(Hz) 

1061 

1040 

THIRD MODE 
Damp- 

i n g  

2.56% 

2.96% 

3.37% 

Freq 
(Hz) 

2816 

-- 
1040 46.86 12.50% -- I I 

Accel 
( G )  

11.67 

36.56 

-- I -- 

Damp- 
i n g  

2.13% 

1.89% 

Accel 
( G )  

2.26 

-- 

Damp- 
i n g  

1.59% 

-- 



TABLE 3 

LOCATION AND M~GNITUDE OF MAXIMUM 

BENDING MOMENTS I N  THE SINGLE PILE 

TABLE 4 

Load 
Level  

1 

2 

3 

ACCELERATIONS, FREQUENCIES AND CORRESPONDING 

DAMPING RATIOS AT EACH RESONANT PEAK: 

FOR THREE PILE GROUPS - TWO LOAD LEVELS 

FIRST MODE 

.- 
Load 
Level  

4 

5 

4 

5 

4 

5 

Maximum 
Moment (N-M) 

.073 

.18 

.24 

Depth 
(cm) 

0 

.43 

.40 

SECOND MODE 

P i l e  
Spacing 

( i n )  

4.0 

4.0 

2.5 

2.5 

1 . 0  

1 .0  

Maximum 
Moment (N-M) 

,0016 

.0043 

.005 7 

THIRD MODE 
Depth 

(cm) 

.21 

1 .01  

1 .25  

Maximum 
Moment (N-M) 

.000031 

-- 
-- 

Depth 
(em) 

0 

-- 
-- 

FIRST MODE 

Freq 
(Hz) 

620.5 

619.1 

631.9 

629.7 

666.5 

671.1 

* 
SECOND MODE 

Accel 
(GI 

21.2 

55.5 

4.35 

44.5 

1.19 

1 .79  

Freq 
(Hz) 

3275. 

-- 
3246 

-- 
3218 

-- 

Damp- 
i n g  

0.64% 

0.89% 

0.49% 

0.68% 

0.34% 

0.46% 

Accel 
( G I  

1.55 

-- 
-89  

-- 
1.49 

-- 

Damp- 
i n g  

0.68% 

-- 
-- 
- - 

0.77% 

-- 



,<--' 

1 
TABLE 5 P 

. ,  

LOCATION AND MAGNITUDE 

OF THE MAXIMUM BENDING MOMENTS 

I N  THE PILE GROUPS 

TABLE 6 

SHEAR WAVE VELOCITY DETERMINATION 

P i l e  
Spacing 
( inches )  

4.0 

4.0 

2.5 

1 . 0  

Load 
Level  

4 

5 

5 

5 

S o i l  Type 

Dry l o o s e  sand 

Dry dense sand 

Sa tu ra t ed  medium dense sand 

Ys 
kg/m3 

1437.308 

1743.120 . 

1987.767 

FIRST MODE 

Maximum 
Moment (N-M) 

2.57 x 

2.75 x 

2 .lo lo-3 

.062 x 

0.6 

0.4 

0.4 

Depth 
(cm) 

1.10 

.86 

I.1O 

.49 

SECOND MODE 

Maximum 
Moment (N-M) 

1 .93  x 10'~ 

-- 
-- 
-- 

e 

0.78 

0.51 

0.68 

Depth 
(cm) 

0 

-- 
-- 
-- 

f 



f ACCELEROMETER 

0 PlLE GROUP # l S =  4" 
@ PlLE GROUP r 2 ~ ~ 2 . 5 "  

0 PlLE GROUP + 3 S =  l .o" 

Fig .  1 Layout  o f  t h e  t h r e e  p i l e  g roups  used i n  t h e  tests. 
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FORCED VIBRAT l ON 
,* 
- $ 

TESTSPPILE GROUPS . . 
LOOSE SAND 
LOAD LEVEL 5 

-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

- -. - ABSOLUTE BENDING MmENT IN ( N - M ) x 10- " 
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