
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


2/ C/ 1

Modelling pile installation in centrifuge experiments

Etude sur modèle d'installation de pieux lors d'expériences utilisant un centrifugeur

W ILLIAM  H. CRAIG, Lecturer in Engineering, Simon Engineering Laboratories, University o f Manchester, UK

SYNOPSI S The need t o s i mu l a t e  p i l e  i ns t a l l a t i on  at  h i gh  ac c e l e r a t i on  l ev el s  i n c e n t r i ­
f uge mod e l l i n g  i s d i s c us s ed.  The l os s  of  s i mi l a r i t y  as s oc i a t ed  wi t h  f a i l u r e  t o do t hi s  i s  mos t  
c r i t i c a l  f or  ax i a l  l oad i ng  i n sands ,  l es s  c r i t i c a l  f or  l a t er a l  l oad i ng  and per haps  no t  i mpor t ant  
i n c l ay s  whe r e  v o l ume c hanges  dur i ng  i ns t a l l a t i on  ar e smal l .  Res u l t s  s how t he ef f ec t  of  v a r y i ng  
pus h i ns t a l l a t i on  r at es  f or  p i l es  i n c l ay  wi t h  c hanges  i n l oad and i n p l ug  b e h av i ou r  f or  open-  
ended pi l es .  Fi na l  r es u l t s  demons t r a t e  t he behav i ou r  of  mode l  p i l es  s ub j ec t ed  t o i mpac t  d r i v i ng 

wh i c h  appr oac hes  but  does  no t  y e t  ac h i ev e  s i mi l a r i t y  wi t h  f i e l d  t ec hni ques .

I NTRODUCTI ON

Model  s t ud i es  hav e c o n t r i bu t ed  t o t he dev e l o p men t  of  

soi l  mec h a n i c s  and f ounda t i on  e n g i nee r i ng  s i nc e t he 

t i me t hat  t hes e bec ame r ec o g n i s ab l e  d i s c i p l i nes  wi t h i n  

t he b r oad  f i e l d  of  s c i enc e and t ec hno l ogy .  At  t he 

f i r s t  I n t er nat i onal  Con f e r e n c e  t her e  was  a s i ng l e  paper  

by  Pok r ov s k y  and Fedor ov  ( 193b)  des c r i b i ng  model  

s t ud i es  c a r r i ed  out  aboar d  a c en t r i f uge .  Paper s  on 

model  s t ud i es  us i ng c en t r i f uges  hav e appear ed  i n eac h 

of  t he Con f e r enc es  s i nc e 1969 and r ec ogn i t i on  of  t he 

v a l i d i t y  and power  of  c omb i n i ng  c onv ent i ona l  mode l l i n g  

t ec hn i ques  wi t h  t he g ener a t i on  of  s el f  we i g h t  body  

f o r c es  and soi l  s t es s es  by  c e n t r i f ug e  ac c e l e r a t i ons  has  

l ed t o r ap i d  i nc r eas e  i n r es ea r c h  and de v e l op me n t  i n 

t hi s  a r ea i n t he l as t  f i f t een y ear s .  Many  geot ec hn i c a l  

p r ob l ems  hav e now been s t ud i ed  and t he t wo mo s t  popu l a r  

hav e been v ar i ous  as pec t s  of  s l ope s t ab i l i t y  and p i l e  

behav i our .

The i deal  model  wh i c h  i s i n t ended t o s i mu l a t e  a 

r ea l i s t i c  f i e l d  s i t ua t i on  wi l l  be s ub j ec t  t o t he s ame 

r es t r a i n t s  as  i n t he f i e l d  and i n add i t i on  mu s t  s at i s f y  

t he v ar y i ng  r equ i r emen t s  of  mode l l i ng  t heor y  t o t he 

h i g he s t  a t t a i nab l e  degr ee.  As  i n o t he r  ar eas  of  model  

eng i neer i ng ,  i t  i s of t en not  p os s i b l e  t o s a t i s f y  al l  

s i mi l a r i t y  r equ i r emen t s  s i mu l t aneous l y  and s omet h i ng  

l es s  t han t he i deal  i s  t he r es u l t  of  l os s  of  

s i mi l a r i t y ,  a l t hough t hi s  wi l l  o f t en  be qu i t e  

ac c ept ab l e .

Pi l e  b ehav i ou r  i n t he f i e l d  i s r ec ogn i s ed  as  be i ng  a 

f unc t i on  of  many  v ar i ab l es ,  of  wh i c h  t he mo s t  c r i t i c a l  

i s  o f t en  t he me t hod  of  i ns t a l l a t i on .  The a i m of  t he 

p r es en t  paper  i s t o r ev i ew wor k  wh i c h  has  been c ar r i ed  

ou t  ov e r  a number  of  y ea r s  i n mo d e l l i n g  p i l e  

i ns t a l l a t i on ,  ' i n f l i g h t 1 , i nt o v ar i ous  beds  of  soi l  

aboar d  a l ar ge c ent r i f uge .  The need f or  i n f l i gh t  

i ns t a l l a t i on  i s d i s c us s ed  i n i t i a l l y  and t hi s  i s 

f o l l owed  by  d i s c us s i on  of  v a r i ous  t ec hn i ques  us ed t o 

dat e.  The c on f i g u r a t i on  and c apac i t y  of  t he c en t r i f uge  

us ed and t he pr i nc i pal  f ea t u r es  of  t he har dwar e  aboar d  

t he c en t r i f u g e  hav e been d e s c r i bed  by  Cr a i g  and Rowe 

( 1981) .  De t a i l s  of  s i ng l e  p i l e  model  s t ud i es  i nv o l v i ng  

i ns t a l l a t i on  and ax i al  l oad i ngs  i n s and ar e g i v en  by  

Sabagh ( 1983,  84) ,  i n c l ^ y  by  Cr a i g  ( 1983,  84)  and on 

i n s t a l l a t i on  and l at er al  l oad i ng  i n s and by  Ol dham 

( 1983,  84) .

QUASI - STATI C I NSTALLATI ON

Wher e  s i ng l e  model  p i l es  ar e us ed i n s and i t  i s 

i mper a t i v e  t ha t  i ns t a l l a t i on  be c a r r i ed  out  at  

ap p r o p r i a t e  ac c e l e r a t i on  l ev e l s  so as t o r epr oduc e  t he 

pa t t e r n  of  s t r es s  wh i c h  mi g h t  be s et  up a r ound  t he 

f i e l d  p i l e  s ub j ec t ed  t o f i e l d  s t r es s  l ev el s .  

I ns t a l l a t i on  of  a model  p i l e  at  un i t  gr av i t y ,  f o l l owed 

by  c en t r i f u g i n g  t o i nc r eas e  t he soi l  s e l f  we i g h t  wi l l  

l ead t o a s i g n i f i c an t l y  d i f f e r e n t  s t r es s  r eg i me ar ound 

t he p i l e  and d i f f e r e n t  l oad c ap a c i t y  and de f o r ma t i on  

c har ac t e r i s t i c s .  The r eas ons  f or  t h i s  ar e s el f  ev i den t  

and ar e d i s c u s s ed  i n det ai l  by  Cr a i g  ( 1984)  whos e  dat a 

on t he e f f e c t  of  t he v a r i a t i ons  i n ac c e l e r a t i on  l evel  

at  t he t i me of  i ns t a l l a t i on ,  on s ubs equ e n t  pi l e 

c apac i t y ,  ar e c on f i r me d  by  o t h e r  r es ear c hes ,  Ko ( 1984) ,  

Al l a r d  ( 1984) .  The ma g n i t ud e s  of  t he d i s c r epanc i es  ar e 

s uc h as  t o c aus e  s er i ous  doub t  on any  quan t i t a t i v e  dat a 

f r om s t at i c  ax i al  l oad i ng  of  mode l s  whe r e  p i l es  ar e 

i ns t a l l ed  at  l g.  The on l y  c o n s o l a t i o n  i s  t hat  er r or s  

i n t r oduc ed  by  l g i ns t a l l a t i on  ar e  c ons er v a t i v e .  No 

s pec i f i c  dat a  ar e a v a i l ab l e  f r om c y c l i c  or  dy nami c  

ax i al  l oad i ngs  but  i t  i s l i k e l y  t he e f f ec t s  wi l l  be 

s i mi l ar .

The e f f ec t s  of  v ar y i ng  a c c e l e r a t i on  at  i ns t a l l a t i on  on 

p i l es  i n s and may  be l es s  c r i t i c a l  when t hey  ar e 

s u b j ec t ed  t o s t at i c ,  c y c l i c  or  dy nami c  l at er al  l oads .  

The r eas ons  f or  t h i s  ar e t wo f o l d: -

( a)  Whe r e  t he p i l e  has  any  f l ex i b i l i t y  t he 

beha v i o u r  under  l at er al  l oad i ng i s  

domi n a t ed  by  soi l  r eac t i ons  i n upper  l ev el s  

whe r e  i ns t a l l a t i on  i nduc ed s t r es s  c hanges  

ar e l owes t .

( b)  The na t u r e  of  t he p i l e  l oad i ng  mod i f i es  

t he s t r es s  r eg i me ar ound  t he p i l e  t o a 

g r ea t e r  ex t en t  t han i n ax i al  l oadi ng.

Onl y  Ol dham ( 1983)  and Cr a i g  ( 1984)  r epor t  l at er al  

l oad i ng  t es t s  f o l l owi ng  i n f l i gh t  i ns t a l l a t i on .  Cr a i g  

demo n s t r a t e d  t he i nc r eas e  i n s t i f f nes s  of  t he pi  1 e- s oi l  

s y s t em under  s t a t i c  l oad i ng  a f t e r  c en t r i f uge  

i ns t a l l a t i on  when  c ompar ed  wi t h  l g i ns t a l l a t i on,  wh i l e  

Ol dham' s  c ompa r i s o n  s howed s i g n i f i c an t l y  s mal l er  

e f f ec t s  under  c y c l i c  l oadi ng.
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Ar g u a b l y  i n i mper meab l e  c l ay s ,  when  p i l e  i ns t a l l a t i on  

c an be c ons i d e r e d  an e s s en t i a l l y  undr a i ned  phenomenon,  

t he nec es s i t y  f or  i n - f l i gh t  i ns t a l l a t i on  may  be l es s  

c r i t i c a l  t han i n sands .

Si ng l e  p i l e  i ns t a l l a t i on  i n c l ay  under  hi gh 

ac c e l e r a t i ons  has  been r epor t ed  by  Cr a i g  ( 1983,  84)  and 

by  Nunez  and Rando l ph  ( 1984) .  The l a t t e r  us ed  t he 

c o mb i ned  s el f  we i gh t  of  a pi l e and p i l e  c ap t o pus h a 

c l os e d  ended  pi l e,  wh i l e  t he au t ho r ' s  r es u l t s  hav e  al l  

been ob t a i ned  us i ng a s er v o -  c on t r o l l e d  hy dr au l i c  

ac t uat or .

The s i gn i f i c anc e  of  v i s c ous  or  r at e e f f ec t s  i n c l ay s  

c a n n o t  be ov er emphas i s ed .  Ther e  ar e c on f l i c t s  be t ween 

v ar i ous  as pec t s  of  t i me s c a l i ng  i n mode l s  whe r e  c r eep,  

i ner t i a  and f l u i d  f l ow may  al l  be of  s i gn i f i c anc e  and 

d i s c us s i on  on t hi s  t opi c  r e l ev an t  t o t he p i l i ng  p r ob l em 

has  been r a i s ed  by  Rando l ph  ( 1979)  Cr a i g  ( 1983,  84)  and 

Nunez  and Randol ph ( 1984) .

Cr a i g  ( 1983)  r epor t ed  t he e f f ec t s  of  v ar y i ng  t he r at e 

of  i ns t a l l a t i on  by  c on t i nuous  pus h i ng,  of  ho l l ow p i pe 

p i l es  i nt o beds  of  u n i f o r ml y  c on s o l i d a t e d  p l as t i c  

De r wen t  c l ay .  Ver y  s i mi l a r  r es u l t s  hav e been o b t a i ned  

f or  a r emou l ded b o u l de r  c l ay  f r om Cowden  i n Nor t h - Eas t  

Engl and.  Fi gu r e  1 s hows  t he l oa d / pene t r a t i on  c ur v es  

f or  t he l a t t e r  ov er  a r ange of  i ns t a l l a t i on  t i mes ,  t ,  

v a r y i ng  by  10 . Compar i s on  of  l oads  at  a p ene t r a t i on  

of  22 d i amet er s  as  a f unc t i on of  a t i me f ac t o r  

T = c h t  / d , Fi gur e  2,  s ugges t s  l ar ge i nc r eas es  i n l oad 

on ac c oun t  of  v i s c ous  e f f ec t s  at  one end of  t he 

s pec t r um and c o n s o l i da t i on  at  t he o t her ,  r e l a t i v e  t o a 

mi n i mu m i ns t a l l a t i on  l oad c o r r e s p on d i n g  t o a mob i l i s ed  

undr a i ned  s t r eng t h  c ons i s t e n t  wi t h  l abo r a t o r y  dat a 

ob t a i n e d  i n s t andar d  t es t s .  ( c h = c oe f f i en t  of  

c ons o l i da t i on ,  d = p i l e  d i amet er ) .  Des p i t e  t he l ar ge  

v a r i a t i ons  i n i ns t a l l a t i on  l oads ,  s ubs equen t  

p e r f o r manc e  of  al l  p i l es  i n t he s er i es  was  v er y  s i mi l a r  

when  l oad  t es t ed at  a c o n s i s t e n t  r at e,  Cr a i g  ( 1983) .

Fi g.  2 Dr i v e  l oad v er s us  i ns t a l l a t i on  t i me f ac t o r

Fi gu r es  3 and 4 s how f u r t he r  dat a  f r om t he t wo t es t  

s er i es  des c r i b e d  abov e.  The p i pe  p i l es  p l ug wi t h  c l ay  

and bec ome i n e f f ec t  c l os ed  end ed  bey ond  a c er t a i n  

i n s t a l l a t i on  dept h.  The r es u l t s  i nd i c a t e  t hat  t he 

l eng t h  of  t he i nt er nal  p l ug i s  r e l a t ed  t o t he dr i v e  

t i me and t ha t  t he l onge r  p l ug l eng t hs  ar e as s oc i a t ed  

wi t h  t he l owes t  i ns t a l l a t i on  l oads  i n eac h soi l .

Fi g . l  Load v er s us  p e n e t r a t i on  -  e f f ec t  of  dr i v e  

dur a t i on

plug length 
In t . d i am et er

15 -

_____ ___I_________ I_________ 1_________ 1-
IO IOO IOOO 10,000

Drive time (sect )

Fi g . 3 Ef f ec t  of  dr i v e  dur a t i on  on p l ug l engt h

I MPACT DRI VI NG

Al l  t he t es t s  des c r i b e d  so f ar  hav e a t t emp t ed  t o 

ac h i ev e  t he l audab l e  a i m of  an i ns t a l l a t i on  i n f l i gh t  

i n t he c en t r i f uge ,  bu t  ev en  t hes e  do not  t r u l y  s i mul a t e  

f i e l d  i ns t a l l a t i on  p r oc es s es  wh i c h  may  i nv o l v e  i mpac t  

d r i v i ng  or  t he us e of  r o t ar y  bor i ng  r i gs .  One ma j o r  

c ha l l e n g e  t o t he nex t  g ene r a t i on  of  c en t r i f ug e  

mo d e l l e r s  wi l l  l i e i n dev e l o p i n g  a c a p a b i l i t y  f or  

s i mu l a t i ng  t hes e  and o t he r  c o n s t r uc t i o n  i ndus t r y  

t ec hn i ques .  De v e l o p me n t  of  ma n i p u l a t i on  s k i l l s  and 

r obot i c s  c an be an t i c i pa t ed ,  wh i c h  may  mat c h  r ec ent  

adv anc es  i n i ns t r ume n t a t i o n  and i n di gi t al  s i gnal  

p r oc es s i ng.

1 1 0 2
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Drive load 

U N )
Increate In drive time

Int . diameter

A ct u at or  
« » p l ace»  cn t

r  ™_î î ï ï ï ï t

RIGID CONNECTION 

(PROGRAM IMPACT I

l a i

SLIDING 
CONNECTION 

(PROGRAM BLOW) 

Ibl

Fi g . 6 I mpac t  dr i v i ng  -  l oad t r ac es

Fi g . 4 Ef f ec t  of  pl ug l engt h  on dr i v e  l oad

Fi g . 5 I mpac t  d r i v i ng  -  p i l e  head a r r a n gemen t

I n t he s hor t  t er m s ome r es u l t s  ar e p r es en t ed  f r om 

a t t emp t s  t o mov e  t owar ds  s i mu l a t i on  of  i mpac t  d r i v i ng 

f or  p i pe pi l es .

The f i r s t  appr oac h  d e v e l oped  was  t o u t i l i s e  t he s er v o-  

hy dr au l i c  ac t ua t o r s  whi c h  had p r ov i ded  t he ea r l i e r  

quas i - s t a t i c  push.  Wi t h  s u i t ab l e  c omp u t e r  s o f t wa r e  and 

i n t e r f ac i ng,  i nput  s i gna l s  c ou l d  be p r og r ammed t o appl y  

c o n t r o l l e d  c ompr es s i v e  l oads  t o a p i l e  head wi t h  r et ur n 

t o a nomi nal  z er o  l oad at  f r equenc i es  upt o 50Hz .  The 

pa r t i c u l a r  equ i pmen t  a v a i l ab l e  p r ov ed  c a pab l e  of  

d r i v i ng  pi l es  i nt o beds  of  mod e r a t e  s t r engt h  c l ay  at  

t hes e  f r equenc i es  but  i ns t a l l a t i on  i nt o s and beds  

gener a l l y  r equ i r ed  g r ea t e r  l oads  wi t h  a l ower  f r equenc y  

bl ow.  I ni t i al  t r i a l s  us ed a r i g i d  c onnec t i o n  be t ween 

pi l e  head and a c t ua t o r  r am whi c h  r es u l t ed  i n 

a p p l i c a t i on  of  t ens i on  l oad i ng  i n t hat  par t  of  t he 

c y c l e  when t he s er v o s y s t em s ought  no l oad.

Sl i gh t  mod i f i c a t i o n  i nv o l v ed  i nc l us i on  of  a s l i d i ng 

c onnec t i on  at  t he p i l e  head,  Fi gu r e  5,  and b r ough t  

abou t  an i mpr ov emen t  i n t he l oad / t i me  c h a r ac t e r i s t i c s  

Fi gu r e  6.  Fi gur es  7 and 8 s how c ompar i s ons  be t ween 

s t at i c  and i mpac t  l oad i ng  i nt o beds  of  un i f o r m c l ay  and 

c l ay  abov e sand.  I n t he dy nami c  l oad i ng  t he c ur v es  

r e p r es en t  t he e nv e l ope  of  ma x i mum l oads ,  b l ow by  bl ow,  

as pene t r a t i on  adv anc es .  Compar i s on  of  t he dy nami c

x  ( a)  St a t i c  ( 3  » I n »  ) 

o  | b)  Dy n a mi c  14  Hz .  ( 3 0  m c > ) 

a  t c)  Con t .  p e n e t r a t i o n  ( 4  2  s c c i .  )

Pl ug  ( r um)  

212

1 3 6

131

Fi g . 7 Compar i s o n  of  s t a t i c  and dy nami c  d r i v i ng

-  un i f o r m c l ay

l oads  i n Fi gu r e  7 wi t h  t he l oads  f r om hi gh s peed 

c on t i n u o u s  p ene t r a t i on  s ugges t s  t hat  t he i ns t an t aneous  

p i l e  v e l oc i t i es  f o l l owi ng  i npac t  we r e  l i mi t ed.

Con t r a r y  t o ex pec t a t i ons  t he i mpac t  l oad i ng  p r oduc ed 

s h o r t e r  p l ug l engt hs  t han t hos e  mea s u r e d  i n s t at i c  

i ns t a l l a t i on .

A s ec ond gener a t i on  of  i mpac t  d r i v i ng  equ i p me n t  i s 

under  dev e l opment ,  wh i c h  a i ms  t o gener a t e  muc h h i gher  

v e l oc i t y  i npac t s .  The p i l e  d r i v e r  c ons i s t s  of  a br as s  

we i gh t  l i f t ed  by  a r o t a t i ng  c am wh i c h  a l l ows  a f r ee 

f al l  d r op down v er t i c a l  gu i de  s haf t s  under  c ent r i f ugal
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A St a t i c  6 0  S a n d  ♦ 215  Cl a y  * 2 7 5

x Dy n a mi c  18 Hz .  2 4  Se c t  5 0  ■ ♦  1 6 4  " * 2 1 4

o  it 15 Hz .  2 9  Se e * .  5 3  ■ ♦  1 7 6  ■ * 2 3 1

Fi g . 8 Compa r i s on  of  s t a t i c  and dy nami c  d r i v i ng  -  

mi x ed  s t r at a

ac c e l e r a t i on .  At  p r es en t  t he c am i s r o t a t ed  at  l i mi t ed  

s peed,  by  a c omp u t e r  c o n t r o l l e d  s t epper  mo t o r  t h r ough a 

gea r  box  and be l t  dr i v e.  The who l e  hammer  a s s emb l y  i s 

r i g i d l y  hel d be l ow t he s e r v o - c o n t r o l l e d  ac t uat or .  An 

LVDT me as ur es  t he p i l e  set  a f t e r  eac h b l ow and t he 

f eedbac k  c ont r ol  u t i l i s es  t hi s  s i gnal  t o br i ng  t he 

hamner  bl oc k  down t o ma i n t a i n  a f i x ed pos i t i on  r e l a t i v e  

t o t he p i l e  head.

I f  t h i s  t ec hn i que  pr ov es  c apab l e  of  gene r a t i n g  an 

adequa t e  c on t r o l l e d  i mpac t  of  h i gh v e l oc i t y  a h i ghe r  

b l ow r at e may  be o b t a i ned  by  r o t a t i ng  t he c am wi t h  a 

h i ghe r  s peed hy dr au l i c  mot or .  Wh e t he r  s uc h a t ec hn i que  

wi l l  be nec es s a r y  i s  ques t i onab l e .  I n s ands  t he b l ow 

s i gna t u r e  i s  t he c r uc i al  t a r ge t  f or  s i mu l a t i on  and b l ow 

c o u n t  r a t he r  t han b l ow r at e may  be t he s i gn i f i c an t  

par amet er .  I n c l ay s  whe r e  t he c o mp l i c a t i ons  of  

s i mu l t aneous  v i s c ous ,  i ner t i a l  and d r a i nage  e f f ec t s  ar e 

me t  t he c o mb i n a t i o n  of  h i gh v e l oc i t y  and hi gh f r equenc y  

may  ev en be c o un t e r - p r oduc t i v e .  As  men t i on e d  ear l i e r  

t he beha v i o u r  p o s t - i n s t a l l a t i o n  of  p i l es  pus hed  i nt o 

c l ay  does  not  a ppear  t o be v er y  depe n de n t  on t he 

i ns t a l l a t i on  t ec hn i que  and t he pr i me a i m at  p r es en t  i s 

t he de t e r mi n e  wh e t h e r  model  soi l  p l ug mo v e men t  wi l l  be 

a l t e r ed  by  t he d r i v i ng  t ec hn i que  v a r i a t i ons .
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