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T h e  b e h a v i o u r  o f  a  p i l e - r a f t  f o u n d a t i o n  i n  w e a k  r o c k

Le comportement d'un fondation sur pieux-radieur dans roche faible

C. F. LEUNG, Department of Civil Engineering, National University of Singapore, Singapore 

R. RADHAKRISHNAN, Engineering Division, Port of Singapore Authority, Singapore

SUMMARY Th i s  paper  des c r i b e s  beha v i o u r  of  a p i l e - r a f t  f o u n da t i on  f or  a 42 - s t o r y
Of f i c e  Comp l ex  c o n s t r u c t e d  i n wea k  r oc k .  Obs e r v a t i o n s  f r om geo t e c h n i c a l  i n s t r umen t s  i ns t a l l ed  i n 

t he f ounda t i on  s y s t em ar e p r e s e n t e d  f or  t he i n i t i a l  s t ages  of  s upe r s t r u c t u r e  c o ns t r uc t i on .  At  
t he end o f  mo n i t o r i ng  p e r i od  r epo r t ed  her e,  whe n  s ev en t een  o f  t he f o r t y - t wo  f l oo r s  had been 
c omp l e t ed ,  i t  appear s  t hat  t he p i l es  had t ak en  up a p p r o x i ma t e l y  60% o f  t he s t r uc t u r a l  l oad 
whe r e a s  t he r a f t  s uppo r t ed  t he r ema i n i n g  40%.  Se t t l emen t  o f  r a f t  was  f ound t o be neg l i g i b l e .

I NTRODUCTI ON

The paper  p r e s en t s  r es u l t s  o b t a i n e d  f r om 

f i e l d  i ns t r ume n t a t i o n  of  a p i l e - r a f t  
f oundat i on .  The  f o u n da t i on  was  c o ns t r uc t ed  
t o s uppor t  a 42 - s t o r e y  t ower  b l o c k  of  a 
mo de r n  o f f i c e  c omp l ex  c ons t r u c t e d  by  t he por t  

of  Si ngapo r e  Au t ho r i t y .  203 l a r ge  d i ame t e r  
bor ed  c as t  i n p l ac e  p i l es  wer e  i ns t a l l ed  t o 
s uppor t  t he 2m t h i c k  r a f t .  Geo t ec hn i c a l  
i ns t r umen t s  wer e  i ns t a l l ed  i n t he f ounda t i on  

t o mon i t o r  t he i r  p e r f o r ma n c e  t h r o ughou t  t he 

c o n s t r u c t i o n  per i od.  The  i ns t r umen t s
i nc l uded  v i b r a t i ng  wi r e  s t r a i n  gauges ,  
p i ez ome t e r s ,  s e t t l e mo n i t o r s  and ear t h  

p r e s s u r e  c e l l s .  De t a i l s  o f  t he l ay ou t  of  
i ns t r umen t s  ar e s hown i n Fi g 1 .

SUBSURFACE CONDI TI ON

The s u r f ac e  c ond i t i o n  at  t he s i t e  o f  t he 
t ower  b l o c k  c ons i s t ed  of  wea t he r ed
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Fi g.  1 I ns t r umen t  l ay ou t  p l an

s e d i me n t a r y  r oc k .  I n ov e r  20 bo r e h o l e s  
c a r r i ed  ou t  at  t he p r o j ec t  s i t e,  t he Roc k  
Qu a l i t y  Des i g n a t i o n  ( RQD)  v a l ues  i n t he 
h i g h l y  f r ac t u r ed  and we a t he r ed  s i l t s t one  

f o r ma t i ons  wer e  o b s e r v ed  t o v a r y  f r om 1 0 % t o 
50%.  The  s i l t s t one  f o r ma t i ons  wer e  mor e  
f r ac t u r ed  at  s ha l l ower  dep t hs  t han at  dep t hs  

10 t o 15m be l o w t he bas e  of  t he r af t .  The 

p i l e  t oes  t he r e f o r e  may  be as s umed t o r es t  on 
mor e  i n t ac t  r oc k .

I n - s i t u  Pl a t e  l oad i ng  t es t s  c ar r i ed  ou t  on  a 
380mm d i a me t e r  p l a t e  at  abou t  t he r a f t  bas e 
l ev e l  gav e  s e t t l emen t s  l es s  t han 10mm at  a 
ma x i mu m l oad of  4 M N / m 2 .

Pr e s s u r e me t e r  t es t s  i n b o r eho l es  wi t h i n  t he 

s i l t s t one  f o r mat i ons  c ou l d  be p e r f o r med  on l y  
up t o  a ma x i mu m p r e s s u r e  of  2. 5 M N /m 2  due t o 

l i mi t a t i o n s  i n a v a i l ab l e  equ i pmen t .  Wi t h  t he 

e x c e p t i o n  of  one  t es t ,  al l  t he o t he r  t es t s  
( Tot al  o f  12 t es t s  i n 3 bor eho l es )  had t o be 
t e r mi na t ed  b e f o r e  r eac h i ng  t he p l as t i c  
phas e.  The  p r e s s u r e me t e r  modu l us  c ompu t ed  
f r om t he av a i l a b l e  t es t  da t a  ar e t he r e f o r e  
app r ox i ma t e .  The  c ompu t ed  v a l ues  of
p r e s s u r e me t e r  mod u l u s  v ar i ed  f r om abou t  100 

M N /m 2  at  abou t  t he bas e of  t he r a f t  t o about  
4000 M N /m 2  at  a dep t h  of  10m be l ow t he r af t .

I NSTRUMENTATI ON OBSERVATI ONS

Co n s t r u c t i o n  of  t he s upe r s t r uc t u r e  i s  s t i l l  
i n p r o g r es s  at  t he t i me of  wr i t i ng ,  
i ns t r u me n t a t i o n  r ead i ngs  obs e r v e d  f or  a 
pe r i od  o f  ov er  one  y ear  f r om t he t i me of  
f o u n da t i on  c o n s t r uc t i on  i n end 1982 t i l l  Dec  

1983 ar e  p r es en t ed  i n t h i s  paper .  Onl y  
s e l ec t ed  i ns t r umen t  r es u l t s  ar e r epo r t ed  

h e r e .

25 bo r ed  p i l es  wer e  i ns t r umen t ed  wi t h  
v i b r a t i n g  wi r e  s t r a i n  gauges  a l ong  t hei r  
s haf t s .  Th r ee  o f  t hes e  p i l es  wer e  l oad 
t es t ed  t o t wi c e t he wo r k i n g  l oad and wer e  
o b s e r v e d  t o s a t i s f y  t he l oad - s e t t l e me n t  
c r i t e r i a  as s umed  i n t he f o u n da t i on  des i gn.
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Fi g 2 s hows  t he l oad d i s t r i b u t i o n  and s haf t  
r e s i s t anc e  d i s t r i b u t i o n  of  a t y p i c a l  
i ns t r umen t ed  p i l e  ( pi l e  144)  at  v a r i ous  

s t ages  of  c ons t r uc t i on .  Dat a  o b t a i n e d  f r om 
p i l e  l oad t es t  du r i ng  f o u n da t i on  c o n s t r uc t i on  

ar e i nc l uded  f or  c ompar i s on .

L E GE ND

*  -  1« . 4 «3 
B -  24.6 >3 
C -  3.  S.  13 
D - 14.10.03 
E -  22.12.83

- - -  FROM LOAD TEST.

Fi g.  2 Behav i ou r  of i ns t r umen t ed  p i l e  n o  144

At  t he r a f t - s o i l  i n t e r f ac e ,  10 c on t ac t  

p r e s s u r e  c e l l s  we r e  i ns t a l l ed  t o mon i t o r  
t he l oad t r ans f e r r ed  f r om r a f t  t o s oi l .  
Ty p i c a l  r a f t  c on t ac t  p r e s s u r e s  o b s e r v e d  ar e 

p r es en t ed  i n Fi g 3.  i r r eg u l a r i t i e s  i n t he 
r e a d i ngs  be t ween  Se p t ember  and No v ember  1982 
ar e a t t r i bu t ed  t o d i s t u r b a n c e s  du r i ng  
c o n c r e t i ng  of  t he r af t .

Fi g.  3 p r es s u r e  Cel l  Me a s u r emen t s

Al t o g e t h e r  n i ne s e t t l e mo n i t o r s  wer e  i ns t a l l ed  
t o mon i t o r  t he s e t t l emen t  o f  t he r af t .  Th r ee  

s e t t l e mo n i t o r s  wer e  f ound t o be ma l f u n c t i o n 

i ng a f t e r  s ome t i me.  Aga i n  l a r ge f l u c t u a t 
i on i n t he s e t t l emen t  r e a d i ngs  wer e  obs e r v e d  
du r i n g  t he r a f t  c o n c r e t i ng  pe r i od  a f t e r  wh i c h  

t he r ead i ngs  began  t o s t ab i l i z e .  i t  i s  not ed

t hat  t he s e t t l emen t s  so f ar  hav e been  v er y  

s mal l .  The  ma x i mu m s e t t l emen t  r e c o r ded  was  
3. 5mm.  The ma x i mu m d i f f e r e n t i a l  s e t t l emen t  
r e c o r ded  was  a l s o  3. 5mm.

p i ez o me t e r s  we r e  i ns t a l l ed  at  11 l oc a t i ons  
be l o w t he r a f t  t o mon i t o r  t he v a r i a t i o n  of  
po r e  wa t e r  p r es s u r e  beha v i o u r  d u r i ng  t he 
c o n s t r u c t i o n  per i od.  Ty p i c a l  v a r i a t i o n  of  
por e  wa t e r  p r es s u r es  wi t h  t i me at  d i f f e r e n t  
dep t hs  i s i l l u s t r a t ed  i n Fi g 4.

1982 1983

P 1 — 8.55  m B'ELOW RAFT 

P 2 — 10.45 m 

PIEZOMETERS P3 —  12.15 m 

P4 — 8 .45 m 

P5 — 10.75 m

Fi g.  4 Pi e z ome t e r  Meas u r e me n t s

ANALYSI S

Pi l e - So i l  i n t e r ac t i on
The we l l  e s t a b l i s h e d  ' t r ans f er  f unc t i on '  

a p p r oac h  ( ves i c ,  1970)  was  e mp l oy ed  i n t he 
ana l y s i s  o f  p i l e - s o i l  i n t e r ac t i on .  The  p i l e  
l oad d i s t r i b u t i o n  c u r v es  wer e  gene r a t e d  f r om 
me a s u r e d  s t r a i n  da t a  us i ng t he l eas t  s quar es  
r e g r e s s i o n  me t h o d  s ugges t ed  by  O' Ne i l l  and 
Rees e  ( 1972) .  Fr om Fi g 2 i t  may  be no t ed  

t hat  t he l oad t r ans f e r r ed  t o t he p i l e  bas e 

was  abou t  18% when t he p i l e  l oad was  4. 2 MN.  
Load t es t  c a r r i ed  out  on  t he s ame p i l e  s oon 

a f t e r  p i l e  i n s t a l l a t i on  s howed t ha t  o n l y  
about  4% o f  t he app l i ed  l oad was  t r ans f e r r ed  

t o p i l e  bas e  under  an app l i ed  l oad o f  5 MN.  
Ladany i  ( 1977)  s ugges t ed  t hat  s uc h phen o me n a  
c ou l d  be due  t o t he c r eep  o f  r oc k  and 
c onc r e t e  a l ong  t he s oc k e t  wi t h  t i me,  t hus  
i nc r eas i ng  t he p i l e  t oe l oads  g r a d u a l l y  ov er  
a pe r i od  of  t i me.

Fi g 2 a l s o  s hows  t hat  a l a r ge  p r o p o r t i o n  of  
s ha f t  r e s i s t a n c e  was  c on t r i b u t e d  by  t he 
s i l t s t one  a r ound  t he mi d - l e n g t h  of  t he pi l e.  
Aga i n  t he pa t t e r n  was  ma r k e d l y  d i f f e r e n t  f r om 
t hat  o b s e r v e d  f r om t he e a r l i e r  p i l e  l oad 
t es t .  i n gener a l ,  t he p i l e  under  ma i n t a i n e d  

l oad t es t  s howed  a h i ghe r  s haf t  r e s i s t anc e  
e s p e c i a l l y  i n t he upper  ha l f  o f  t he  p i l e  

c o mpa r ed  wi t h  t hat  under  l ong t e r m 

s t r uc t u r a l  l oad.  Th i s  c ou l d  p o s s i b l y  be due 
t o t he p r e s enc e  o f  t he r a f t  i nh i b i t i ng  
mo b i l i z a t i o n  of  s ha f t  r es i s t a n c e  near  t he 
p i l e  t op.  us i ng t h r ee  d i me n s i o n a l  f i n i t e  
e l emen t  ana l y s i s  o f  v e r t i c a l l y  l oaded p i l e
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gr ou p s  i n a h o mo g e n e o u s  l i nea r l y  e l as t i c  
med i um,  o t t av i an i  ( 1975)  has  s hown t hat  t he 
r educ t i on  i n f r i c t i on  ov e r  t he upper  par t  of  

t he s ha f t  i s  a s s o c i a t ed  wi t h  an i nc r eas e  i n 
f r i c t i on  near  t he b o t t o m o f  t he s haf t  
t oge t he r  wi t h  a s ubs t an t i a l  i nc r eas e  i n p i l e  
t oe l oads .

Ra f t - s o i l  i n t e r ac t i on
Bec aus e  of  t he l i mi t ed  number  o f  p r es s u r e  

c e l l s  emp l oy ed  i n t he i ns t r umen t a t i on ,  
c e r t a i n  as s ump t i o n s  had t o be made  t o 
e s t i ma t e  t he t ot al  l oad bo r ne  by  t he r af t .  
I t  was  as s umed t hat  r a f t  p r es s u r e  v a r i ed  

e v e n l y  and r a d i a l l y  o u t wa r d s  f r om t he po i n t  
of  h i ghes t  p r es s u r e .  Pr e s s u r e  c o n t o u r s  wer e  
p l o t t ed  by  i n t e r po l a t i ng  l i n e a r l y  t he v a l ues  
of  ea r t h  p r es s u r e  f r om t he k nown p o s i t i o n  of  

t he ea r t h  p r es s u r e  c e l l s  as  s hown i n Fi g 5.  
A s i mp l i f i c a t i o n  made  was  t hat  t he r a f t  
p r e s s u r e  d i s t r i b u t i o n  was  una f f ec t ed  by  t he 
p r e s enc e  of  p i l es .

As  ex pec t ed ,  t he r a f t  p r e s s u r e  was  h i ghes t  at  
t he c en t r e  of  t he r a f t  d u r i ng  t he pe r i od  of  
o b s e r v a t i on .  Ar ea  o c c u p i e d  by  t he p i l e  was  

no t  c o n s i d e r e d  i n t he c o mp u t a t i o n  o f  r a f t  

l oads .  Fi g 6 s hows  t he i nc r eas e  i n p i l e  and 
r a f t  l oad du r i n g  t he p e r i od  o f  o b s e r v a t i o n  
r e p o r t ed  her e i n .  I t  i s  a s s umed  t hat  t he 
p i l es  o n l y  began  t o t ak e up l oad i n Fe b r ua r y  

1983 when  t he c ons t r u c t i o n  of  s upe r s t r uc t u r e  
s t a r t ed.  i t  i s  a p p a r en t  t hat  mos t  of  t he 
bu i l d i ng  l oad was  t ak en up by  t he r a f t  du r i ng  
t he i n i t i a l  pe r i od  o f  c ons t r uc t i on .  The 
t ot a l  r a f t  l oad was  c o mp u t e d  t o be abou t  

140MN i n Feb r ua r y  1983.  Lat er  on  i t  
i nc r eas ed  t o abou t  190MN i n Sep t embe r  1983.  

The  r a f t  s eems  t o hav e  c eas ed  t o t ak e up  any  
add i t i ona l  l oad s i nc e t hen.  Al t h o u g h  o n l y  a 

r e l a t i v e l y  s mal l  amoun t  o f  bu i l d i ng  l oad  was  
t ak en  up by  t he p i l es  d u r i ng  t he i n i t i a l  
c o n s t r u c t i o n  s t age,  i t  appea r s  t hat  t he p i l es  
s t a r t ed  t o s uppor t  mo r e  and mor e  l oad  at  
l a t e r  s t ages  o f  c ons t r uc t i on .  At  t he end of  
t he pe r i od  of  obs e r v a t i o n ,  i t  was  no t ed  t hat  
about  60*  of  t he b u i l d i ng  l oad was  c a r r i ed  by  
t he p i l es  and t he ba l anc e  l oad by  t he r af t .  
The o b s e r v a t i o n  appear s  t o be s i mi l a r  t o t hat  

r e p o r t e d  by  Hooper  ( 1979) .  I t  i s f el t  t hat  
i t  i s  s t i l l  t oo e a r l y  t o c on f i r m t hat  t he 
f ounda t i on  wi l l  c on t i nue  t o behav e  t he same 

way .

p o r e - wa t e r  p r es s u r e
A r ap i d  i nc r eas e  i n p o r e - wa t e r  p r e s s u r e  was  

o b s e r v e d  ( Fi g 4)  f r om Nov  1982 t o j an - Fe b  
1983 a f t e r  wh i c h  t he r a t e  of  i nc r eas e  was  
s l ower  wi t h  mi no r  f l uc t ua t i ons .  The i n i t i a l  

r ap i d  i nc r eas e  was  p e r haps  due  t o t he r i s e  i n 
t he g r ound  wat er  l ev e l  wh i c h  had been l ower ed 
du r i ng  t he f ounda t i on  c ons t r uc t i on .

CONCLUSI ONS

Fo u n da t i on  i ns t r ume n t a t i o n  o b s e r v a t i o n s  of  a 
p i l e - r a f t  s y s t em d u r i ng  t he i n i t i a l  
c ons t r u c t i o n  pe r i od  of  t he s upe r s t r u c t u r e  has  
been des c r i bed .  An a l y s i s  o f  i ns t r umen t  
o b s e r v a t i o n s  du r i ng  t h i s  pe r i od  s how t he 
f o l l o wi n g :

1 . The l oad t r ans f e r  c h a r a c t e r i s i t i c s  of  

p i l es  under  l ong t e r m s t r uc t u r a l  l oad 
d i f f e r ed  f r om t hos e  o b s e r v e d  under

Fi g 5 Raf t  Con t ac t  p r es s u r es

1983 1984
LEGEND

- - -  ESTI MATED BUI LDI NG LOAD.
- - -  TOTAL LOAD ON PI LES.
- - -  TOTAL LOAD ON RAFT .

Fi g 6 Es t i ma t ed  and Obs e r v ed  Loads
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mai nt ai ned l oad t est s.  pi l e t oe l oad 

observed dur i ng const ruct i on were 

f ound t o be si gni f i cant l y hi gher  t han 

t hat  obt ai ned f rom ear l i er  pi l e l oad 

t est s.

2.  Dur i ng t he ear l y st ages of  const ruct i on,  

most  of  t he st ruct ural  l oad was t aken up 

by t he raf t .  As t he const ruct i on of  t he 

superst r uct ure progressed,  t he pi l es 

st ar t ed to t ake up more l oad and at  t he 

end of  t he moni t or i ng per i od repor t ed 

here,  i t  appears t hat  t he pi l es car r i ed 

about  60% of  t he st ruct ural  l oad.
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