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S Y N O P S IS :  T h e  r e s ults  o f  a n  e x p e r im e n t a l s tud y  o f  th e  e n d  b e a r in g  c a p a c it y  o f  p ile s  in  la y e r e d  c a r b o n a te  s a nd s  a re  p r e s e n te d . 

M o d e l te s ts  a r e  u s e d  to  d e r iv e  r e la t io n s h ip s  fo r  the  b e a r in g  c a p a c it y  in  h o m o g e n e o u s  u n c e m e n te d  a n d  c e m e n te d  c a r b o n a te  s a nds . 

A  s im p le  p r o c e d u r e  is  t h e n  d e s c r ib e d  fo r  d e t e r m in in g  th e  c a p a c it y  in  la y e r e d  s y s te m s , in  w h ic h  the  b e a r in g  c a p a c it y  is  e x pr e s s e d  

as  a  fu n c t io n  o f  the  r a t io  o f  c e m e n te d  la y e r  th ic k n e s s  to  th e  p ile  d ia m e te r .  B o t h  c o n t in u o u s ly  d r iv e n  d is p la c e m e n t  p ile s  a n d  cas t-  

in- p lac e  p ile s  a r e  c o n s id e r e d ,  w it h  the  la t te r  g iv in g  a  lo w e r  c a p a c it y  in  t h in  c e m e n te d  lay e r s .

INT RODUCT ION

T he  e nd b e a r ing  capa c ity  o f pile s  in  carbona te  s oils  is  o f 

r e le vance  in  s e ve ra l o ffs hor e  loc a t ions , in c lud in g  the  No r th  We s t  

S h e lf o f  Aus t r a lia , the  Bas s  Str a it , the  In d ia n  Oc e a n  a nd the  

Mid d le  Eas t . Ca r bona te  s o ils  o fte n in c lud e  laye rs  o f ce me nte d  

mate r ia l, a nd  s o a n e x te ns ive  re search pr og r a m m e  o n  the  e nd 

b e a r in g  c apa c ity  o f  p ile s  in  laye re d ca r bona te  s ands  has  be e n 

comple te d . T h is  pa pe r  out line s  s ome  im po r tan t  re s ults  fr om  the  

re search a nd the ir  im p lic a t io n s  fo r  de s ign.

T he  m a in  re s e arch p ro g r a m m e  invo lve d  tests  on  1 6 m m dia me te r  

m o de l p ile s  in  a s tre s s - controlle d te s ting t a nk  4 5 0 m m  in  dia me te r  

and 4 5 0 m m  h ig h . A  s upple me nta r y  tes t pr og r a m m e  on p ile s  o f  

othe r  s ize s  u p  to 8 0 m m  dia me te r  was  a ls o comple te d . T he  tests  

in v o lve d  ja c k in g  o f the  p ile  in to  a c a r bona te  s and c on ta in in g  a 

laye r  o f a r t ific ia lly  c e me nte d ma te r ia l. T he  va r iable s  s tudie d  

inc lude d: m e a n  s tress  le ve l, r a t io  o f  hor izonta l to ve r t ica l s tress , 

ce me nte d laye r  thickne s s , ce me nte d laye r  s tre ngth, p ile  type  

(c los e d a nd ope n e nd as w e ll as  a 60° c onica l t ip) a nd  p ile  

ins ta lla t io n  m e tho d  (de s igne d to re pre s e nt e ithe r  dr ive n or  cast- in-  

plac e  p ile s ).

T he  re s ults  o f  the  tes t p r o g r a mm e  le a d to propos a ls  fo r  the  

c a lc u la t io n  o f p ile  e nd be a r ing  capa c ity  in  laye re d ca r bona te  s oils . 

S im p le  proce dur e s  are  us e d to de fine  the  be a r ing  capa c ity  in  (a ) 

unc e me nte d  ma te r ia l a lo ne  and (b ) th ick  laye rs  o f ce me nte d  

mate r ia l. In  this  pa pe r  pa r t icula r  e mphas is  is  p lace d on the  

in flue n c e  o f laye r  thickne s s ; fo r  th in  ce me nte d laye rs  (typ ic a lly  

less  tha n 5 p ile  diame te r s  th ic k ) propos a ls  are  m a de  fo r  the  

c a lc u la t io n  o f a r e duce d c apac ity  as a fun c t ion  o f the  r a t io  o f  the  

laye r  thickne s s  to the  dia me te r  o f  the  p ile . In  this  pa pe r  only  p ile s  

w ith  c los e d e nds  are  cons ide re d.

EXPERIMENT AL P ROGRAMME

In  the  m a in  s e r ie s  o f tes ts  m o de l pile s  o f d ia me te r  1 6 mm  we re  

c ont inuous ly  ja c k e d  in to  a c y lindr ic a l s tre s s - controlled chambe r  

4 5 0 m m  x  4 5 0 m m . T he  tes ts  are  s how n in  out line  in  F igur e  1. 

T he  s a mp le  in  the  c ha m be r  was  a un ifo r m  unc e me nte d  carbonate  

s and fr o m  Do g s  Ba y , E ir e , de pos ite d in  a loos e  s tate . A ll tests  

we re  o n  dry  s and. T he  prope r tie s  o f the  Dog s  Ba y  s and are  

de s cr ibe d by  E va ns  (1 9 8 7 ) and Co op  (1 9 9 0 ). In  the  ce ntre  o f  the  

s a mple  w a s  a laye r  o f a r t ific ia lly  ce me nte d carbona te  s and. T he  

c e m e n ting  ma te r ia l was  g y p s um plas te r , and cons is te nt  s tre ngth 

va lue s  c ou ld  be  achie ve d by us e  o f s tandardis e d proce dure s . T he  

prope r tie s  o f  the  ce me nte d ma te r ia l are  de s cr ibe d by  Eva ns  (1 9 8 7 ) 

and Co o p  a nd Atk in s o n  (1 9 9 2 ). T he  ve r t ica l and hor izonta l 

s tresses  w e re  inde pe nde nt ly  a pp lie d  to the  chambe r  by  fle x ib le  

me mbr a ne s  in  the  bas e  and the  c y lindr ic a l w a ll o f the  chambe r .

Tes ts  we re  car r ie d out  at a var ie ty  o f s tress le ve ls  (ve r t ica l

e ffe c t ive  s tresses  fr o m  50 kP a  to 50 0kP a ), K  -  o 'ja l va lue s  o f

0 .25  to 2 .0 , w ith  mos t  tests  at K  = 0 .5 , and a r ange  o f  

un c o nfin e d  c r u s h ing  s tre ngths  o f the  ce me nte d laye r  fr om  

0 .6 5 MP a  to  4 .0 MP a . T he  thickne s s  o f the  ce me nte d laye r  was  

var ie d  fr o m  h a lf  a p ile  d ia me te r  to 8  p ile  diame te r s .

T he  m a in  s e r ie s  o f  tests  was  on 1 6 m m  clos e d- e nde d p ile s , but  

s upple m e nta r y  tes ts  (no t  dis cus s e d he re ) on  1 6 mm  ope n e nde d  

pile s  a nd 6 0 ° cone s  we re  car r ie d out, as  w e ll as tes ts  on  closed-  

e nde d p ile s  o f  d ia me te r  8 m m , 3 2 m m  and 8 0 m m  (the s e  las t  tests  

b e ing  car r ie d out  in  a la rge r  1 .5m h ig h  by 1 .0m dia me te r  

c hambe r ).

T he  c o n t inuo us ly  ja c ke d  tes ts  mo de lle d  the  be ha v iour  o f a dr ive n  

d is pla c e m e nt  p ile . A  fur the r  se r ies  o f tes ts  in  w h ic h  the  p ile  was
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B e a r in g  S t r e s s  ( M P a )

Be a r ing  capa c ity  aga ins t  de pth fo r  laye r  thickne s s e s  
o f  0 .5 D to 5 D

E F F E C T S  O F  L A Y E R  T H IC K N E S S

F ig . 1. S c h e m a t ic  de s ign  o f te s ting c ha m be r

in it ia lly  p la c e d  at the  top o f  the  ce me nte d laye r , and the  s and 
a bove  tha t  pour e d  a r ound the  p ile , m o de lle d  the  be ha v iour  o f  a 
cas t- in- place  p ile .

E X P E R IM E N T A L  R E S U L T S

F o r  a c los e d- e nde d c on t inuous ly  ja c ke d  p ile  it  was  fo un d  tha t  the  
e nd b e a r ing  c apa c ity  c o u ld  be  expre s s e d in  the  fo r m:

*

/  \ 
P '

(1)

w he r e  qs is  the  c apa c ity  in unc e me nte d  s o il, pa is  a tmos phe r ic  

pre s s ure , p '  is  the  in situ m e a n e ffe c t ive  s tress , A is  a cons tant  

e qua l to 3 8 .0  a nd  m is  a cons tant  e qua l to 0 .6 . S im ila r ly  it  was  
fo un d  tha t  in  th ic k  c e me nte d laye rs  (i.e . 5 diame te r s  th ick  or  
m o r e ) a n  a ppr ox ima te ly  cons tant  t ip re s is tance  fo r  c ont inuous ly  
ja c ke d  p ile s  w a s  ob ta ine d , w h ic h  c ould  be  expres sed in  the  form:

5 l - b \ 2i (2)

whe r e  qr is  the  capa c ity  in  ce me nte d ma te r ia l, ac is  the  

un c o n fin e d  c r u s h ing  s tre ngth o f the  ce me nte d ma te r ia l, B is  a 

cons tant  e qua l to 32 .0  a nd n a cons tant  e qua l to 0 .5 . S lig h t ly  
diffe r e nt  proce dur e s  fr o m  e qua t ions  (1 ) and (2 ) we re  s ugge s te d by  
E va ns  (1 9 8 7 ), bu t  the  me thods  g ive n he re  take  a ccount  o f more  
re ce nt te s t re s ults . Alth o ug h  bas e d o n  tes ts  o n  1 6 m m pile s , they 
fit  the  b e h a v io ur  o f the  fu ll range  o f p ile  s ize s  te s ted fr om  8 m m  
to  8 0 m m  dia me te r .

T he  a bove  fo r m u la e  g ive  good re s ults  fo r  tes ts  in  homoge ne ous  
s oils , bu t  ha ve  to  be  m o d ifie d  fo r  cases  whe r e  the  ce me nte d laye r  
is  t hinne r  tha n a bout  five  p ile  diame te r s . S in c e  typica l offs hore  
pile s  in  ca r bona te  ma te r ia ls  ma y  be  in  the  range  0 .6 m  to 1 .2m  
diame te r , the n any, ce me nte d laye r  less  tha n a bout  3 m  th ic k  mus t  
be  tre a te d as  "th in ". Eva ns  (1 9 8 7 ) a nd Hou ls by  et al. (1 988 ) 
pre s e nte d e m pir ic a l da ta  o n  the  e ffe cts  o f laye r  thickne s s , bu t  the  
m a in  pur pos e  o f this  pa pe r  is  to quantify the  r e duc t ion o f  
m a x im u m  c apa c ity  due  to r e duce d laye r  thickne s s .

T he  m e tho d  a dopte d  is  as fo llow s . A  typica l set o f tes ts  on  
diffe r e nt  thickne s s e s  o f ce me nte d laye r  is  s ho w n in  F igur e  2, 
w h ic h  s how s  the  pe ne tr a t ion re s is tance  plotte d aga ins t  de pth fo r

tes ts  at a v = 5 0 kP a  w ith  a ce me nte d laye r  s tre ngth o f

a  = 1.5 M P a .

F o r  e ach tes t the  pe a k  va lue  o f  the  be a r ing  capac ity  is  g ive n  by 

qm, a nd  the  fa c to r  /  = (qm -  qs)/(q, -  q )  is  de te rmine d, w h e r e ^  

a nd qr are  the  va lue s  c om p ute d  fo r  the  homoge ne ous  unc e me nte d

and c e me nte d  ma te r ia ls  r e s pe ctive ly. T he  fac to r  / ,  w h ic h  m us t  lie  
be twe e n 0 .0  a nd 1.0, re pre se nts  the  fr ac t ion o f the  a dd it io n a l 
capac ity  due  to  the  pre s e nce  o f the  ce me nte d laye r  w hic h  is  

m o bilis e d  by  a lay e r  o f a g iv e n  thickne s s . T he  va lue  o f /  is  ze ro  
fo r  a ve ry th in  laye r , a nd r ises  to un ity  for  a ve ry thick  laye r .

F igur e  3 s how s  a p lo t  o f f  a ga ins t  the  r a t io  t/D o f laye r  thickne s s  
to p ile  d ia me te r  fo r  a tota l o f 34  tes ts  o n  three  diffe r e nt  s tre ngths  

o f  c e me nte d laye r . Alth o ug h  va lue s  o f f  gre ate r  tha n un ity  are  
not  the or e t ic a lly  pos s ible , s ome  are  s how n in  the  figur e  be caus e  
the  measured c apa c ity  o f the  laye re d s ys te m was , due  to 
e x pe r ime nta l v a r ia b ilit y , la r ge r  tha n the  computed capac ity  fo r  a 
ve ry th ic k  laye r  fr o m  e qua t ion  (2 ). T he  appare nt  scatte r  in  F igur e

2  (a nd  la te r  figur e s ) is  no t  s im ply  due  to e xpe r ime nta l v a r ia b ility . 
T he  p o in ts  re pre s e nt tes ts  at a w ide  range  o f s tress le ve ls  and
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F ig . 3 . Ca pa c ity  fa c to r  aga ins t  r a t io  o f laye r  thickne s s  to 

dia me te r

laye r  s tre ngths , s o tha t  a un iq ue  curve  is  no t  e xpe cte d. T he  low e r  

b ound  to the  da ta  po in ts  is  o f m o s t  inte re s t.

A  re as onable  lo w e r  b o u n d  to  the  pe ak capac ity  o f the  laye re d 

s ys te m is  g iv e n  by  the  e xpre s s ion:

/  = (t/D -  0 .5)/5 .0  (3 )

w ith  the  r e s tr ic t ion O . O s / s  1 .0 . T his  r e la t ions hip  is  s h ow n  as  

the  s o lid  lin e  in  F ig ur e  3 , a nd  ma y  be  us e d to e s t imate  a s afe  

va lue  o f the  b e a r ing  capa c ity  in  laye re d s ys te ms .

T he  m e c h a n is m  o f  fa ilur e  diffe r s  fo r  diffe r e nt  c o m b ina t io ns  o f  

s tress  le ve l a nd c e me nte d laye r  s tre ngth. For  strong laye rs  at low 

s tress  le ve l the  m e c h a nis m  invo lve s  s ignific a n t  c r a c k ing  o f the  

laye r , a nd is  s im ila r  to the  m e c h a nis m  o f p u n c h in g  fa ilu r e  o f  a 

s lab. F o r  weak laye rs  a nd high s tress  le ve ls , the  m e c h a nis m  

be come s  e nt ir e ly  duc t ile , w ith  n o  e vide nce  o f c ra c king  o f  the  

ce me nte d laye r . In t e r m e dia te  m e c ha nis m s  are  obs e rve d fo r  othe r  

c om b ina t io ns  o f s tr e ngth a nd  stress  le ve l.

In  the  cas e s  w he r e  the  fa ilur e  is  br it t le , a nd e s pe c ia lly  fo r  th in  

laye rs , the  pe a k  capa c ity  is  o n ly  obs e rve d fo r  a ve ry lim it e d  range  

o f pe ne tr a t ion. O f  m o r e  p r a c t ic a l a p plic a t io n  in  the s e  cases  is  the  

capa c ity  w h ic h  c a n  be  s us ta ine d fo r  a ce r ta in range  o f pe ne tra t ion. 

T his  v a lue  w ill be  c los e  to the  pe a k v a lue  in  s ome  cas es , but  

s ign ific a n t ly  re duce d in  othe rs . F igur e  4  is  s im ila r  to F igur e  3, 

e xce pt tha t  the  v a lue  o f /  has  be e n c ompute d  fr om  the  capac ity  

w hic h  c a n  be  s us ta ine d fo r  one  diame te r  o f pe ne tr a t ion (s im ila r  

plots  m a y  be  pre pa re d fo r  othe r  range s  o f pe ne tr a t ion). T he  

e xpre s s ion fo r  /  fr om  e qua t ion  (3 ) is  m o d ifie d  to:

/  = (t/D -  1 .0 )/5 .0  (4 )

w ith  0 .0  s / s  1 .0 . T he  m o d ific a t io n  accounts  fo r  the  s ligh t  

r e duc t ion in  c apa c ity  fo r  this  case .

F ig . 4. Ca pa c ity  fa c to r  aga ins t  thickne s s  to d ia me te r  r a tio  

fo r  s us ta ine d capac ity  ove r  one  d ia me te r  pe ne tr a t ion

Be caus e  o f  the  w id e  var ie ty  o f te s t ing c ondit ions , the  s catte r  in  

Figur e s  3 a nd  4  is  no t  une x pe c te d. It  w o u ld  be  antic ipa te d that  

this  v a r ia b ilit y  w o u ld , to a la r ge  e xte nt, be  due  to the  diffe r e nt  

m e c h a nis m s  ope r a t ing  fo r  diffe r e nt  ra t ios  o f ce me nte d laye r

s tre ngth to a m bie n t  s tress  le ve l a ja [ .  T his  is  inve s t iga te d in

F igur e  5 , w h ic h  s how s  the  v a r ia t io n  o f  /  w ith  a ja [  (o n  a 

lo g a r ith m ic  s ca le ). Alth o u g h  the re  is  a s light ly  d is c e m a ble  tre nd 

tha t, fo r  a g ive n  lay e r  thickne s s , /  r e duce s  w ith  in c r e a s inga ja [  

r a t io , the  m a g n itud e  o f the  v a r ia t io n  is  r a the r  s m a ll. It  s hould be  

note d tha t  a t  s m a ll va lue s  o f aJav, the  va lue  o f qr is  lit t le  gre ate r  

t ha n  qs, and  the  pre c is e  v a lue  o f /  in  the s e  cases  has  only  a s m a ll 

in flue n c e  o n  the  c a lcula te d  abs olute  c apac ity . (F o r  typica l 

pa r a me te r  va lue s , qs a nd  qr are  a bout  e qua l w he n  aJa'v is  ne a r  

unity ).

T he  a bove  da ta  a ll r e la te  to  p ile s  w hic h  we re  c ont inuous ly  ja c ke d  

in to  the  s o il. A  s e cond se r ies  o f  tests  we re  car r ie d out  in  w hic h  

t he  p ile s  w e r e  ins ta lle d  w ith  the  t ip re s ting o n  the  top o f the  

c e me nte d lay e r , a nd the  s and a bove  pour e d a r ound the  p ile . Afte r  

t he  s a mp le  ha d be e n s tressed to the  r e quir e d le ve l, the  p ile  was  

the n dr ive n. T he  tes ts  we re  inte nde d to s imula te  cas t- in- place  

pile s , in  w h ic h  a b u lb  o f  h ig h ly  s tressed s o il w o u ld  no t  be  fo r m e d  

c o n t inuous ly  be ne a th  the  t ip , as is  the  cas e  fo r  a dr ive n  

d is pla c e m e nt  p ile .

It  was  fo un d  tha t  pe ne tr a t ions  o f  up  to a bout  one  d ia me te r  we re  

r e quir e d be for e  the  m a x im u m  capac ity  was  re ache d, w ith  this  

la r ge  d is pla c e me nt  b e in g  r e quir e d be caus e  o f  the  h ig h ly  

c ompr e s s ib le  na ture  o f  the  carbona te  s o il. T he  re s ult  is  tha t, 

e s pe c ia lly  fo r  th in  c e me nte d laye rs , the  capac ity  o f a cas t- in- place  

p ile  is  s ig n ific a n tly  le s s  tha n  tha t o f the  e quiva le nt  dr ive n  p ile .  For  

a ve ry th in  la y e r  the  p ile  has  a lr e ady pe ne tra te d thr ough the  laye r  

be fore  the  pe a k  capa c ity  is  m o bilis e d , and s o lit t le  or  n o  be ne fit  

is  de r ive d fr o m  the  laye r . F igur e  6 s hows  the  e quiva le nt  to  F igur e

4 , bu t  fo r  16 tes ts  o n  cas t- in- place  p ile s . T he  appr opr ia te  low e r  

b o un d  e x pre s s ion fo r  the  capa c ity  fac tor  is :
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F ig . 5 . Ca pa c ity  fa c to r  aga ins t  r a t io  o f ce me nte d laye r  p jg_ g

s tre ngth to s tress  le ve l

/  = (t/D -  2 .5 )/5 .0 (5)

w ith  the  r e s tr ic t ion O . O s / s l . O .  In  orde r  to m o b ilis e  a 

c o m p a r a b le  c apa c ity  to  tha t  o f a d r ive n  p ile  a laye r  a bout  1.5 

diame te r s  th ic k e r  is  ne e de d fo r  a cas t- in- place  pile .

Ca pa c ity  fac to r  aga ins t  thickne s s  to d ia me te r  ra t io , 

cas t- in- place  p ile s , one  d ia me te r  s us ta ine d capac ity

o f r a t io  t/D o f the  thickne s s  o f a ce me nte d laye r  to the  p ile  

diame te r . T he  c apa c ity  o f  cas t- in- place  p ile s  is  low e r  tha n that o f  

dr ive n d is pla c e m e n t  p ile s , e s pe c ia lly  fo r  th in  laye rs  o f  s tronge r  

ma te r ia l.

A C K N O W L E D G E M E N T S

P ile s  in  laye re d s o ils  are  o fte n de s igne d a c c o r ding  to the  

pr oc e dur e  de fin e d  by  He ijn e n  (1 9 7 4 ), w h ic h  e mploy s  w e igh t in g  

fac tor s  to the  ave r age  a nd  low e r  b o und  cone  re s is tance s  c om p ute d  

w it h in  a r ange  fr o m  8 diame te r s  a bove  the  p ile  lip  to 3 .75  

diame te r s  b e lo w . T he  cone  re s is tance  ma y  be  a ppr ox im a te ly  

e qua te d to  the  t ip  c a pa c ity  in  a homo ge ne ous  s oil. W ith  this  

a s s um p tio n  it  has  be e n fo un d  that H e ijn e n ’s me th od  g ive s  a 

r e a s ona ble  e s t ima te  o f  the  drop- off o f capac ity  as the  p ile  

pe ne tra te s  the  bas e  o f  the  ce me nte d laye r , but  pr ovide s  a less  

r e a lis t ic  fit  to  the  pick- up o f capac ity  ne ar  the  top o f  the  laye r . It  

appe ar s  tha t the  zo n e  o f  s oil w h ic h  is  cons ide re d as a ffe c ting  the  

c apa c ity  (e s pe c ia lly  the  e x te nt o f 8  diame te r s  a bove  the  t ip) is  

un r e a lis t ic a lly  la r ge  fo r  c a r bona te  s oils . A n  im pr ov e d  fit  c an be  

a chie ve d if  r e duce d zone s  o f in flue n c e  (a ppr ox ima te ly  2  to 3 

dia me te r s ) are  us e d. T his  fin d in g  s e e ms  re as onable  in  tha t  

H e ijn e n ’s e m pir ic a l proc e dur e  wa s  bas e d on e x te ns ive  e xpe r ie nce  

in  T h e  Ne the r lands , p r in c ip a lly  in  d ila ta nt  s ilic a  s ands . T he s e  

ma te r ia ls  are  m uc h  s t iffe r  tha n carbona te  s and, w h ic h  a ls o  te nds  

to  compr e s s  p la s t ic a lly . Ca v ity  e x pa ns ion the ory w o u ld  pre dic t  

tha t  the  p la s t ic a lly  d e fo r m in g  zone  w o u ld  be  less  e x te ns ive  in  the  

car bona te  s ands , s o tha t  the  in flue n c e  o f s tronge r  ma te r ia l occurs  

ove r  a m uc h  s hor te r  dis tance .

T his  re s e arch was  s uppor te d by  BP  Inte r na t iona l. T he  in it ia l 

e x pe r ime nta l p r o g r a m m e  wa s  car r ie d out  by K .M . E va ns  at 

Ox fo r d  Unive r s ity .
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C O N C L U S IO N S

A n  e x te ns ive  s e r ie s  o f  m o de l tes ts  has  be e n us e d to de ve lop ne w  

de s ig n  proce dur e s  fo r  the  e nd be a r ing  capac ity  o f  p ile s  in  

car bona te  ma te r ia ls . S im p le  c a lcula t ions  fo r  the  capa c ity  in  

un ifo r m  unc e m e n te d  o r  c e me nte d carbonate s  are  de s cr ibe d. A  

me th od  is  a ls o  s ugge s te d fo r  the  c a lc u la tio n  o f the  m a x im u m  

c apa c ity  in  a laye re d s ys te m, w ith  the  capac ity  b e ing  a fun c t io n
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