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C h a irm a n ’s  c o n tr ib u t io n :  D e e p w a te r  p ro d u c t io n  c o n c e p ts  

C o n tr ib u t io n  d u  p re s id e n t : C o n c e p ts  p o u r  la  p ro d u c t io n  p a r  g ra n d s  fo n d s

J A M E S  D . M U R F F , E x x o n  P r o d u c t io n  R e s e a r c h  C o m p a n y ,  H o u s to n ,  T e x . ,  U S A

SYNOPSI S:  The t heme f or  t he Of f shor e Geot echni cal  Engi neer i ng di scuss i on sessi on f or  XI I  I CSMFE i s 
" Pl anni ng and Desi gn f or  Deepwat er  Foundat i ons. "  I n t hi s and t he abst r act s i mmedi at el y  f ol l owi ng 
ar e descr i pt i ons  of  deepwat er  oi l  pr oduct i on concept s and t hei r  r espect i ve f oundat i on r equi r ement s.  
These t opi cs  wi l l  be pr esent ed i n det ai l  at  t he di scussi on sessi on.

The chal l enges of  f oundat i on engi neer i ng f or  
deep wat er  ar e best  i nt r oduced by a br i ef  
over v i ew of  t he concept s  bei ng empl oyed f or  
per manent  pr oduct i on f ac i l i t i es i n t hese 
envi r onment s.  These f ac i l i t i es i ncor por at e 
t wo gener al  cat egor i es of  s t r uct ur al  suppor t  
syst ems:  convent i onal  bot t om f ounded s t r uc ­
t ur es and compl i ant  syst ems ( whi ch may be 
bot t om f ounded or  anc hor ed) . Convent i onal  
s t r uc t ur es  gener al l y  ar e r el at i vel y  s t i f f  wi t h 
f undament al  per i ods  l ess t han about  7 seconds.  
Compl i ant  syst ems,  on t he ot her  hand,  ar e 
des i gned t o have much l onger  per i ods of  say 
gr eat er  t han about  20 seconds.  The domi nant  
wave ener gy  r ange of  7 t o 20 seconds i s 
gener al l y  avoi ded because of  cost s assoc i at ed 
wi t h achi ev i ng f at i gue and over l oad r es i s t ance 
i n t hi s  r egi me.

One of  t he maj or  chal l enges of  engi neer i ng 
f or  deepwat er  syst ems i s t he economi c one.  
Because of  t he expense of  even t he most  
mi ni mal  f ac i l i t i es  i n deepwat er ,  devel opment  
can onl y  be j us t i f i ed by r el at i vel y  l ar ge 
f i el ds.  Gener al l y,  t he most  at t r ac t i ve scheme 
i s t o mi ni mi ze t he number  of  f ac i l i t i es i n a 
f i el d devel opment .  Thus,  deepwat er  syst ems 
t end t o be l ar ge,  wi t h a hi gh concent r at i on of  
wel l s  and decks l aden wi t h pr ocess i ng and 
dr i l l i ng equi pment .  However ,  i n a number  of  
s i t uat i ons mi ni mum f aci l i t i es have been f ound 
t o be vi abl e.

Convent i onal  deepwat er  s t r uct ur es ar e,  f or  
t he mos t  par t ,  ex t ens i ons of  shal l ow wat er  
concept s.  The st eel  j acket  i s by f ar  t he most  
pr eval ent  t ype of  of f shor e st r uct ur e wi t h 
sever al  t housand pr esent l y  i n exi st ence.  Thi s 
i s a spacef r ame st r uct ur e f ounded on st eel  
pi pe pi l es.  Fi gur e 1 shows a convent i onal  
pl at f or m f or  about  381 met er s  of  wat er .  The 
pi l es  suppor t i ng t hi s  s t r uct ur e consi st  of  
mai n pi l es  dr i ven t hr ough t he mai n l egs and 
sk i r t  pi l es  dr i ven t hr ough t he sl eeves at ­
t ached near  t he bot t om of  t he st r uct ur e.  The 
s t r uct ur es ar e t ypi cal l y  bar ged t o t he i n­
s t al l at i on si t e,  l aunched,  pl aced on bot t om 
t empor ar i l y  on " mud mat s" ,  and pi l es ar e t hen 
dr i ven t o per manent l y  f i x t hem t o t he ocean 
f l oor .  The deck  syst ems and f ac i l i t i es ar e 
nor mal l y  pl aced af t er  t he f oundat i on i s 
secur e.  To dat e ( 1988) ,  t he Bul l wi nk l e

Fi gur e 1.  Convent i onal  st eel  j acket  st r uct ur e.

pl at f or m i s t he t al l est  such st r uct ur e yet  i n ­
st al l ed.  I t  st ands i n 411 met er s  of  wat er  i n 
Gr een Canyon Bl ock 65 i n t he Gul f  of  Mexi co.  
I t s compl et ed hei ght  wi l l  be 492 met er s  ( t o 
t op of  der r i ck)  wi t h a 122 m by 130 m base.
The j acket  wei ght  i s 45, 000 met r i c  t ons.  The 
pr oj ect  cost s f or  devel opment  i s r epor t ed t o 
be i n excess of  $500 mi l l i on ( U. S. ) .  
Cl ass i f y i ng t hi s as a convent i onal  s t r uct ur e 
may be a bi t  of  an under st at ement ;  i t  
cer t ai nl y  shoul d not  i mpl y t hat  i nnovat i on i s 
any l ess i mpor t ant  i n such a desi gn.

Al so f al l i ng i nt o t he convent i onal  cat egor y  
ar e gr av i t y  s t r uct ur es -  s t r uct ur es t hat  
achi eve t hei r  s t abi l i t y  t hr ough t he use of
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shal l ow mat - l i ke f oundat i ons and t hei r  l ar ge 
sel f  wei ght  t o pr event  over t ur ni ng.  A t ypi cal  
exampl e i s shown i n Fi g.  2.  These st r uct ur es 
have pr i mar i l y  been used i n t he Nor t h Sea,  on 
har d gl ac i al  deposi t s,  i n wat er  dept hs  on t he 
or der  of  150 met er s  or  l ess.  One of  t hei r  
at t r ac t i ve f eat ur es i s t he l ar ge s t or age 
capac i t y  t hat  can be accommodat ed i n t he 
s t r uc t ur e base.  Recent  i nnovat i ons have 
ex t ended t hi s  concept  t o deeper  wat er  and 
sof t er  sedi ment s  us i ng t he deep sk i r t  concept .  
Shear  sk i r t s  on t he or der  of  20 t o 30 met er s  
have been des i gned t o mobi l i ze deeper ,  
s t r onger  f oundat i on soi l s.  The Gul l f aks  C 
pl at f or m,  cur r ent l y  under  cons t r uc t i on ( 1988) ,  
wi l l  be t he l ar gest  of  t hi s cl ass.  I t  i s 
i nt ended f or  216 m of  wat er  and t he concr et e 
sk i r t s  wi l l  penet r at e 22 m i nt o t he seabed.
The t ot al  concr et e vol ume i n t he s t r uc t ur e of  
246, 000 m3 wi l l  make t hi s t he heav i est  of f ­
shor e s t r uc t ur e yet  i nst al l ed.  Gr av i t y  
s t r uct ur es ar e t owed t o t he s i t e us i ng sel f  
buoyancy  and bal l as t ed down t o achi eve ski r t  
penet r at i on.  Deck syst ems and f ac i l i t i es  ar e 
of t en car r i ed out  i nt act  wi t h t he st r uct ur e.

A number  of  compl i ant  concept s  have been 
suggest ed f or  deep wat er .  The economi cs can 
var y  s i gni f i cant l y  wi t h wat er  dept h,  oper at i ng 
env i r onment ,  pr oduct i on r equi r ement s,  and 
cons t r uc t i on mar ket  condi t i ons,  mak i ng i t  
di f f i cul t  t o gener al i ze r egar di ng condi t i ons 
f avor i ng sel ec t i on of  a par t i cul ar  syst em.

Fi gur e 2.  Convent i onal  gr av i t y  st r uct ur e.

One of  t he ear l i es t  concept s  empl oyed was 
t he guyed t ower .  I t  cons i s t s  of  a r el at i vel y  
s l ender  t ower  t o suppor t  ver t i cal  l oads and a 
sys t em of  guy l i nes  t o pr ov i de a l at er al  
r es t or i ng f or ce.  Suppor t  of  t he st r uct ur e 
wei ght  at  t he seabed can be t hr ough pi l es  or  a

" spud can"  whi ch i s seat ed i n t he soi l .  One 
of  t he mos t  at t r ac t i ve aspect s  of  t he s t r uc ­
t ur e i s t hat  convent i onal  dr i l l i ng and pr o ­
duc t i on oper at i ons  ar e empl oyed.  Onl y  one 
f ul l  scal e guyed t ower  has been i nst al l ed t o 
dat e,  i n t he Gul f  of  Mex i co Lena Fi el d,  i n 
about  300 m of  wat er .  I t  has per f or med ver y  
much as expect ed and i t s r el i abi l i t y  has been 
est abl i shed.  On t he ot her  hand,  i t s compl ex ­
i t y and cost  have mot i vat ed a cont i nui ng 
sear ch f or  i mpr ovement s.  Sever al  ot her  
ver s i ons  of  compl i ant  t ower s  have been devel ­
oped us i ng di f f er ent  combi nat i ons  of  bouyancy,  
i ner t i a,  and t ower  f l ex i bi l i t y  t o achi eve 
compl i ance.  One ver y  pr omi s i ng concept  t hat  
has evol ved,  appl i cabl e t o a br oad r ange of  
wat er  dept hs,  i s t he compl i ant  pi l ed t ower  
( CPT) .  The CPT,  shown i n Fi g.  3,  cons i s t s  of  
a s l ender  t ower  suppor t ed by pi l es  t i ed of f  t o 
t he t ower  wel l  above t he mudl i ne.  The pi l es  
behave l i ke gi ant  ver t i cal  spr i ngs pr ov i di ng 
t he l at er al  r est or i ng f or ce,  ver t i cal  suppor t ,  
and t he r esul t ant  compl i ant  behavi or .

Anot her  i mpor t ant  c l ass of  syst ems ar e 
f l oat i ng syst ems t hat  ar e anchor ed t o t he 
seaf l oor .  Cer t ai nl y ,  t he most  publ i c i zed of  
t hi s  gr oup i s t he t ens i on l eg pl at f or m ( TLP) . 
The concept  t ypi cal l y  empl oys a semi - sub­
mer s i bl e hul l  whi ch i s anchor ed wi t h ver t i ­
cal l y  t ens i oned member s  as shown i n Fi g.  4.  
Thi s  met hod of  anchor age v i r t ual l y  el i mi nat es 
heave,  pi t ch and r ol l .  The anchor age may be 
ef f ec t ed wi t h pi l es  but  ot her  concept s  such as 
gr av i t y  f oundat i ons or  " suct i on"  cai ssons ar e 
under  act i ve consi der at i on.  At  t hi s wr i t i ng,  
one TLP has been i nst al l ed -  i n t he Hut t on

Fi gur e 3.  Compl i ant  pi l ed t ower .
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F i g u r e  4 .  T e n s i o n  l e g  p l a t f o r m .

Fi el d i n 146 m wat er  dept h.  Whi l e t hi s  wat er  
dept h woul d nor mal l y  cal l  f or  a convent i onal  
pl at f or m,  t he oper at or  appar ent l y  used t hi s 
devel opment  as an oppor t uni t y  t o es t abl i sh t he 
v i abi l i t y  of  t he concept .

The Fl oat i ng Pr oduct i on Sys t em ( FPS)  i s 
anot her  concept  empl oy i ng a f l oat i ng vessel  -  
nor mal l y  a semi - submer s i bl e or  a shi p.  The 
vessel  i s anchor ed t o t he seabed us i ng a mor e 
t r adi t i onal  cat enar y  moor i ng syst em.  The 
anchor s  t hemsel ves  may be dr ag anchor s  or  
ot her  f oundat i on concept s  such as pi l es  or  
cai ssons may  be empl oyed.  Sever al  f l oat i ng 
pr oduc t i on sys t ems ar e now i n ser vi ce,  per haps 
t he rr. ost  not abl e bei ng t he r ecent l y  i nst al l ed 
f ac i l i t y  i n t he Gul f  of  Mexi co,  Gr een Canyon 
Bl ock 29 i n 470 m wat er  dept h.

Fi nal l y,  i t  shoul d be ment i oned t hat  subsea 
pr oduc t i on syst ems have many  pot ent i al  
deepwat er  appl i cat i ons.  The pr esent l y  f avor ed 
concept  i s a hi ghl y  s i mpl i f i ed syst em used i n 
conj unc t i on wi t h mor e ext ens i ve sur f ace 
f ac i l i t i es  ( exi st i ng pl at f or m) . Foundat i on 
r equi r ement s  ar e nor mal l y  modest  but  of t en do 
have unusual  des i gn r equi r ement s  such as t he 
need t o r es i s t  an eccent r i c,  hor i zont al  
pi pel i ne pul l .

The f or egoi ng const i t ut es  a ver y  br i ef  
sur vey of  cur r ent  deepwat er  pr oduct i on c on ­
cept s.  Cl ear l y,  t hi s  i s a r api dl y  evol v i ng 
ar ea and one can expect  t o f i nd new concept s  
as wel l  as combi nat i ons  of  cur r ent  concept s  
bei ng empl oyed.  Foundat i on des i gn r equi r e ­
ment s  ar e hi ghl y  var i ed.  Whi l e pi l es cont i nue 
t o be t he f avor ed f oundat i on concept  f or  most  
appl i cat i ons,  new economi cal  i deas ar e r api dl y  
emer gi ng;  and wi t h t he ver y  hi gh cost s i n­
vol ved,  i nnovat i on i s mor e i mpor t ant  t han 
ever .
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D is c u s s io n  le a d e r ’s  c o n tr ib u t io n :  D e e p  s k ir t, s u c t io n  c a is s o n  a n d  o th e r  n o v e l fo u n d a t io n  

c o n c e p ts  fo r  d e e p  w a te r

C o n tr ib u t io n  d e  I’a n im a te u r :  J u p e  p ro fo n d e ,  c a is s o n  v e n to u s e  e t a u tre s  n o u v e a u x  c o n c e p ts  d e  fo n d a t io n  

p o u r  le s  g ra n d s  fo n d s

F R I T Z  N O W A C K I ,  N o r w e g ia n  G e o t e c h n ic a l  In s t i t u te ,  O s lo ,  N o r w a y

SYNOPSI S:  Deep wat er  depos i t s  ar e of t en char act er i zed wi t h sof t  nor mal l y  consol i dat ed cl ays.  
Thi s pr esent at i on paper  wi l l  t her ef or e concent r at e on f oundat i on pr i nc i pl es  devel oped t o 
accommodat e such soi l  condi t i ons.

1 GRAVI TY STRUCTURES WI TH DEEP SKI RTS

One appr oach t o f oundat i on des i gn i n deep 
wat er  was t o cons t r uc t  a l ar ge f oundat i on or  
t o spr ead out  t he f oundat i on ar ea on mul t i pl e 
f oot i ngs,  l i ke f or  exampl e t he Condeep T300 
concept  wi t h t hr ee pods.  However ,  a mor e 
at t r ac t i ve appr oach t ur ned out  t o be l ong 
sk i r t s  whi ch t r ans f er  t he f oundat i on l oads 
down t o s t r onger  and l ess compr ess i bl e soi l  on 
l ess t ot al  f oundat i on ar ea.

Ther e may  be pr act i cal  or  economi cal  l i mi t s 
t o t he sk i r t  dept h,  l i ke f or  exampl e avai l abl e 
wat er  dept hs at  const r uc t i on s i t es and al ong 
t owi ng r out es.  Ther e i s,  however ,  al so a 
t echni cal  l i mi t  t o how much t he f oundat i on 
ar ea can be r educed.  The f oundat i on 
r ot at i onal  s t i f f ness  i s r oughl y  i nver sel y 
pr opor t i onal  t o t he t hi r d power  of  t he 
f oundat i on di amet er .  The st i f f ness wi l l  
t her ef or e decr ease f ast er  t han t he f oundat i on 
ar ea.  The f i r st  nat ur al  per i od of  t he 
s t r uc t ur e wi l l  appr oach t he wave per i ods wher e 
s i gni f i cant  ener gy  occur s  and excess i ve 
dynami c  ampl i f i cat i on of  t he wave i nduced 
r esponse t her ef or e set s a l i mi t  t o t he 
r educt i on of  t he pl at f or m f oundat i on ar ea.

A maj or  par t  of  t he f oundat i on des i gn has 
t her ef or e been t o i mpr ove and devel op t he 
pr ocedur es  f or  anal ys i s  of  f oundat i on s t i f f ­
ness whi ch const i t ut e an i mpor t ant  boundar y 
condi t i on i n t he dynami c  r esponse anal ys i s  of  
t he pl at f or m.

Al t hough t he f oundat i on bear i ng capac i t y  i s 
per f or med f ol l owi ng l i mi t i ng equi l i br i um 
pr ocedur es  wher e t he l oadi ng i s assumed t o be 
st at i c,  t he cyc l i c  shear  s t r engt h used i n t he 
anal ys i s  t akes t he compl et e cyc l i c  l oadi ng 
hi s t or y  i nt o account .  The over t ur ni ng moment  
l oadi ng pr edomi nat es  on a deepwat er  gr av i t y  
pl at f or m,  Fi g.  1.  Var i ous  r ot at i onal  t ypes of  
f ai l ur e mechani sms mus t  t her ef or e be i nves t i ­
gat ed as a par t  of  t he bear i ng capac i t y  
anal y s i s .

Because of  t he hi gh cyc l i c  s t r esses concen­
t r at ed bel ow t he edge of  t he pl at f or m,  t he 
pr ocedur e f or  bear i ng capac i t y  anal ys i s  must  
al so be abl e t o t ake i nt o account  t he ef f ect s 
due t o r edi s t r i but i on of  s t r esses i n t he soi l .  
These hi gh st r ess concent r at i ons  have al so 
r ai sed t he concer n t hat  l ocal  pl as t i c  def or -

Fi gur e 1.  Geomet r y  and l oads f or  a t ypi cal  
Nor t h Sea deepwat er  gr av i t y  pl at f or m on sof t  
c l ay .

mat i ons  and r edi s t r i but i on of  s t r esses dur i ng 
cyc l i c  l oadi ng coul d i nduce set t l ement  of  t he 
pl at f or m.  Consequent l y,  pr act i cal  pr ocedur es 
f or  t he assessment  of  t he di f f er ent  set t l ement  
component s  i nduced by cyc l i c  l oadi ng wer e 
devel oped dur i ng t he des i gn s t udi es of  
deepwat er  gr av i t y  pl at f or ms.

The cal cul at i on of  t r adi t i onal  set t l ement  
component s  due t o t he submer ged wei ght  of  t he 
pl at f or m i ncl udes chal l engi ng aspect s,  due t o 
t he l ong ski r t s  whi ch act  as pi l es and r educe

3 3 0  m

A p ~ 7  k P a

T y p ic a l  c h a r a c t e r i s t i c  

lo a d s  a t  M y d l in e

150 m — - * \

l4 v
t'

Jw

S u b m e rg e d  w e ig h t  W = 2 5 0 0  MN 

C y c l i c  h o r i z o n ta l  lo a d  H = 6 0 0  MN 

C y c l ic  m o m e n t  M = 100  0 0 0  MN 

C y c lic  v e r t i c a l  lo a d  V = 6 0 0  MN
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t he pl at f or m set t l ement  compar ed t o a 
f oundat i on wi t h shal l ow ski r t s.  Di f f er ent  
ways  of  r educ i ng t he set t l ement  of  t he pl at ­
f or m exi st ,  e. g. ,  debal l as t i ng or  hydr aul i c  
sur char gi ng of  t he sof t  soi l s wi t hi n t he ski r t  
compar t ment s .

Appl i cat i on of  suct i on pr essur e wi t hi n t he 
sk i r t  compar t ment s  pr ov i des huge f or ces t hat  
can hel p t he penet r at i on of  t he l ong ski r t s.  
The max i mum suct i on t hat  can be used i s 
l i mi t ed by  " bot t om heave f ai l ur e" ,  Fi g.  2.  
However ,  t he penet r at i on f or ce avai l abl e 
usual l y  exceeds t he penet r at i on r es i s t ance by 
an ampl e mar gi n f or  t he st r uct ur es and soi l  
pr of i l es  s t udi ed t o dat e.

B o t t o m  h e a v e  w h e n :

*. . >»<• a,  - w
A r e a

W '  = s u b m e rg e d  w e ig h t  o f  s t r u c t u r e

The concept  has pr oved t o be an at t r act i ve 
al t er nat i ve t o a pi l ed f oundat i on f or  a 
Tens i on Leg Pl at f or m ( TLP)  bei ng cons i der ed i n 
t he Nor t h Sea.  The i dea i s t o i nst al l  one 
i ndependent  anchor  s t r uc t ur e f or  each gr oup of

T y p ic a l D e s ig n  L o a d s  

P V  = W ’

M ID  = 2 » P  V

MID = M a x im u m  In c l in e d  

D e s ig n  lo a d

P V  = P e rm a n e n t  v e r t i c a l  lo a d

P o s s ib le  f a i l u r e  m e c h a n is m s

Fi gur e 3.  Geomet r y  and l oads f or  one of  a TLP 
suct i on anchor s  on cl ay.

Fi gur e 2.  Bot t om heave f ai l ur e f or  undr ai ned 
l oadi ng condi t i ons.

A common conc l us i on f r om sever al  des i gn 
s t udi es i n sof t  soi l  condi t i ons i n wat er  
dept hs r angi ng f r om 200 t o 350 m i s t hat  t hi s 
t ype of  s t r uc t ur e i s f easi bl e t o const r uct ,  
i nst al l  and oper at e wi t hi n t he cur r ent  s t an­
dar ds of  saf et y  and ser vi ceabi l i t y .

2 OTHER FOUNDATI ON STRUCTURES I NSTALLED BY 
SUCTI ON

The pr i nc i pl e f or  penet r at i on of  l ong ski r t s 
i nt o a sof t  seabed by evacuat i ng t he wat er  
ent r apped i nsi de t he cel l s  gi ves poss i bi l i t y  
f or  sever al  at t r act i ve ar eas of  appl i cat i ons.

Si nce a ver y  l i mi t ed submer ged wei ght  of  t he 
s t r uct ur e i s necessar y  f or  i nst al l at i on,  t he 
pr i nc i pl e can be used t o i nst al l  l ong- sk i r t ed 
f oundat i on st r uct ur es f or  any pur pose wher e a 
f oundat i on or  anchor  i s needed.  Foot i ngs f or  
each l eg on a j ack- up r i g may be pr e- i ns t al l ed 
on t he sea bot t om pr i or  t o t he i ns t al l at i on of  
t he st r uct ur e.  Si mi l ar  f oot i ngs may be an 
at t r act i ve al t er nat i ve t o pi l e gr oups on 
j acket s.  Any t ype of  pr ot ec t i on s t r uct ur e f or  
subsea i ns t al l at i ons can al so be i nst al l ed by 
t hi s pr i nci pl e.

t et her s  whi ch connect  t he pl at f or m t o t he sea 
bot t om.  The st at i c  t ens i on l oad can be 
bal anced by  t he submer ged wei ght  of  t he 
s t r uct ur e and addi t i onal  bal l ast ,  Fi g.  3.  A 
cyc l i c  component  wi l l  add t o t he per manent  
l oad dur i ng a st or m.  Cont i ngency r equi r ement s  
and t he i nc l i nat i on of  t he t et her s dur i ng peak 
l oadi ng wi l l  pr oduce an eccent r i c i t y  of  t he 
ver t i cal  l oad and a hor i zont al  l oad component .  
I n many  cases i t  i s t her ef or e l i kel y  t hat  a 
r ot at i onal  s l i di ng becomes cr i t i cal  i n t he 
bear i ng capac i t y  anal ysi s.  The pr ocedur es 
devel oped f or  gr av i t y  pl at f or ms ar e f ul l y  
appl i cabl e t o t hi s t ype of  s t r uc t ur e f or  
anal yses  of  bear i ng ( hol di ng)  capaci t y,  
set t l ement s  and di spl acement s.
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SYNOPSI S:  Deepwat e r  s i t e  i nv es t i ga t i on  r equ i r ement s  hav e 

mot i v a t ed  t he dev e l opment  of  i n t egr a t ed  geos c i enc e  s t udi es .  

Thes e s t ud i es  pr ov i de  not  on l y  h i gh qua l i t y  des i gn  dat a  

but  an under s t and i ng  of  r eg i onal  s i t e c ondi t i ons .

The f i r st  of f shor e geot echni cal  i nvest i gat i on 
f or  an oi l  and gas pr oduct i on pl at f or m was 
per f or med i n 1947 i n s i x  met er s  of  wat er  of f  
t he coas t  of  Loui s i ana.  The equi pment  and 
t echni ques used f or  t he f oundat i on bor i ng wer e 
t he same as t hose commonl y  empl oyed f or  
bui l di ngs  on l and.  Techni cal  and oper at i onal  
advances now al l ow s t udi es t o be conduct ed i n 
wat er  dept hs  i n excess  of  1, 000 m.  Unl i ke 
ear l i er  i nvest i gat i ons,  t he geot echni cal  
engi neer  t oday  wor ks  c l osel y  wi t h ot her  mar i ne 
spec i al i s t s  such as geol ogi st s,  geophysi c i s t s ,  
and geochemi st s .  The r esul t s  of  s t udi es by 
t hi s  geosc i ence t eam ar e i nt egr at ed and a 
model  i s devel oped whi ch expl ai ns  t he s i gni f ­
i cance of  t he engi neer i ng pr oper t i es  of  t he 
sedi ment s  and t he pot ent i al  geol ogi c  c on ­
s t r ai nt s  on t he des i gn and i ns t al l at i on of  
f oundat i ons .

The st ages of  a t ypi cal  deep wat er  i nt e ­
gr at ed geosc i ence st udy ar e as f ol l ows:

(1)  r ev i ew of  ex i s t i ng dat a and pl anni ng of  
f i el d phase,

(2)  geophys i cal  dat a acqui s i t i on f i el d 
sur vey,  and col l ec t i on of  sampl es of  seaf l oor  
s oi l s ,

(3)  i ni t i al  geophysi cal ,  geol ogi cal ,  and 
geochemi cal  dat a i nt er pr et at i ons,

( 4)  geot echni cal  f i el d i nvest i gat i on and 
col l ec t i on of  deep- soi l  sampl es f or  engi neer ­
i ng,  geol ogi c  and geochemi cal  t est i ng,

( 5)  ex t ens i ve geot echni cal ,  geol ogi cal ,  and 
geochemi cal  l abor at or y  t est i ng,  and

( 6)  f i nal  i nt egr at i on,  synt hesi s,  and 
anal ys i s  of  al l  dat a.

The engi neer i ng pr oper t i es,  env i r onment al  
condi t i ons,  and geol ogi c  pr ocesses on t he 
cont i nent al  shel ves ar e r easonabl y  wel l  
under s t ood i n mos t  i nst ances.  The new chal ­
l enge f or  deep wat er  geosc i ent i s t s  wi l l  be t o 
under s t and geol ogi c  pr ocesses t hat  have f or med 
t he sedi ment s,  t he di s t r i but i on of  new sedi ­
ment  t ypes,  and t hei r  i mpor t ance r el at i ve t o 
mar i ne f oundat i ons.  Good engi neer i ng des i gn 
r equi r es  bot h a knowl edge of  t he engi neer i ng 
pr oper t i es  of  f oundat i on mat er i al s  and an 
under s t andi ng of  t he r i sks t o const r uc t i on and 
oper at i on of  pr oduct i on f ac i l i t i es f r om t he 
deep wat er  envi r onment .

Geol ogi c  f eat ur es of  t he deep wat er  cont i ­
nent al  s l ope i n t he Gul f  of  Mex i co whi ch ar e 
mor e pr eval ent  t han on t he adj acent

cont i nent al  shel f  i ncl ude:  ( 1)  s l ope i ns t a­
bi l i t y,  ( 2)  gas- char ged sedi ment s,  ( 3)  act i ve 
f aul t i ng,  and ( 4)  s t eep and i r r egul ar  sl opes.  
Car ef ul  s t udy of  t he geol ogi c  phenomena i n t he 
pr oposed ar ea of  cons t r uc t i on i s needed t o 
assess whet her  t hey  r epr esent  " hazar ds"  t o t he 
f ac i l i t y  or  mer el y  " engi neer i ng const r ai nt s"  
whi ch can be compensat ed f or  i n des i gn and 
s i t e sel ect i on.  Deep wat er  i nt egr at ed 
geosc i ence s t udi es t ypi cal l y  f ol l ow a wor k  
pl an such as i l l us t r at ed i n Fi gur e 1.  Thi s 
pl an al l ows t he geosc i ence t eam t o devel op an 
i ni t i al  model  def i ni ng t he geol ogi c  st r uct ur e,  
s t r at i gr aphy,  and geol ogi c  hi s t or y  of  t he 
si t e.  Wi t h subsequent  acqui s i t i on of  
geot echni cal  dat a,  t he engi neer i ng s i gni f i cant  
of  t he f eat ur es can be j udged i n t he cont ext  
needed t o achi eve saf e and economi cal  
l ong- t er m per f or mance of  mar i ne f oundat i ons.

I N T E G R A T E D  S T U D I E S

(  G E O L O G Y  )  ( EN G I N EER I N G )

T
G e o p h y s i c s  

F ie ld  D a ta

I
I n t e r p r e t a t i o n  

a n d  M a p s

S t r u c t u r e  a n d  

S i te  L o c a t i o n  

C o n c e p ta

S i te  G e o l o g y  1 j

B o r i n g *  a n d

In  S i t u  T e a ts

I
L a b

T e s ts
S tr e a a  H i s t o r y

Fi gur e 1.  Concept ual  di agr am showi ng i nt er r e­
l at i onshi ps  among engi neer i ng and geol ogy.

Convent i onal  hi gh r esol ut i on sei smi c  and 
s i de- scan sonar  geophys i cal  met hods commonl y  
used on t he cont i nent al  shel f  wi l l  not  gener ­
al l y  pr ov i de t he qual i t y  of  sei smi c dat a 
needed i n wat er  dept hs gr eat er  t han 400 m.  To 
f i l l  t hi s  need,  geophys i cal  met hods have 
under gone s i gni f i cant  t echni cal  i mpr ovement s.  
Pr esent  deep- t ow sei smi c  equi pment  al l ows dat a 
acqui s i t i on i n wat er  dept hs up t o 3, 000 m and 
i n ar eas wi t h st eep and i r r egul ar  seaf l oor  
sl opes.  Cont i nued i mpr ovement  i n sei smi c 
t ool s  wi l l  f ur t her  enhance deep wat er  sur veys 
by:  ( 1)  i mpr ovi ng t he cost  ef f ec t i veness  of  
sur vey cover age,  (2)  expandi ng t he use of  
di gi t al  dat a acqui s i t i on,  and ( 3)  i mpr ovi ng 
r eal - t i me dat a pr ocessi ng,  i mage enhancement ,  
and f eat ur e ext r act i on.  Fut ur e devel opment s  
of  sei smi c  t ool s  t hat  can oper at e f r om aut on­
omous vehi c l es  ar e needed t o i mpr ove deep 
wat er  geophys i cal  sur veys t o avoi d t he oper a ­
t i onal  di f f i cul t i es  assoc i at ed wi t h l ong,  
deep- t ow cabl es oper at ed f r om oceanogr aphi c  
v es s el s .
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I n t he l ast  decade,  geot echni cal  equi pment  
and dr i l l i ng vessel s  have under gone maj or  
i mpr ovement s  al l owi ng i nvest i gat i ons t o be 
per f or med i n wat er  dept hs up t o 1, 100 m.  
Dynami cal l y - pos i t i oned geot echni cal  dr i l l  
shi ps have been bui l t  and oper at ed wi t h a 
f i xed der r i ck,  a hydr aul i c  power  swi vel  f or  
r ot ar y  dr i l l i ng,  and mot i on compensat ed dr i l l  
and l i f t  l i nes t o oper at e a seaf l oor  r eact i on 
f r ame as shown i n Fi gur e 2.  A var i et y  of  hi gh 
qual i t y  sampl i ng equi pment  have al so been 
const r uc t ed and oper at ed i n bot h " downhol e"

R e a c t io n

M a s s

D o w n h o l e

H y d r a u l i c

R a m

C o n e

P e n e t r o m e t e r

Fi gur e 2.  Dynami cal l y - pos i t i oned geot echni cal  
dr i l l  shi p and spec i al i zed i n s i t u t es t i ng 
equi pment .

r emot el y - oper at ed vehi c l e ( ROV)  and use t he 
ROV' s  dat a and power  syst em whi l e i t  maneuver s 
i ndependent  by t he sur f ace- suppor t  shi p.  The 
chal l enge i s t o ext end t he capabi l i t y  of  t hi s 
syst em t o deeper  seaf l oor  penet r at i ons  and 
i nt o deeper  wat er .

Fi gur e 3.  Depl oyment  of  a compact  t et her ed 
seaf l oor  pl at f or m.

Gr eat  t echni cal  s t r i des have been achi eved 
i n t he l ast  decade t hat  al l ow hi gh qual i t y  
geosc i ence dat a t o be acqui r ed i n wat er  dept hs 
up t o 1, 000 m.  As mar i ne devel opment  moves 
i nt o even deeper  wat er ,  t he pr act i cal  " doer "  
and s t at e- of - t he- ar t  " r esear cher "  must  combi ne 
t hei r  t al ent s  t o devel op t he new t echnol ogy 
r equi r ed f or  t hi s f r ont i er  envi r onment .  
Al t hough t hese s t udi es wi l l  be much mor e 
oper at i onal l y  di f f i cul t  and t echni cal l y  
compl ex,  past  exper i ence i ndi cat es t hat  t he 
necessar y  t echnol ogy  can be devel oped t o 
accommodat e t he move i nt o even deeper  wat er .

and " seaf l oor "  modes.  To over come some of  t he 
anal y t i cal  compl i cat i ons  assoc i at ed wi t h 
st r ess r el i ef  and di s t ur bance t o soi l  sampl es,  
i n s i t u t es t i ng syst ems have been const r uc t ed 
t hat  al l ow t es t i ng wi t h i nst r ument  syst ems 
whi ch i ncl ude:  (1)  cone penet r omet er s,  (2)  
vane shear  devi ces,  ( 3)  pr essur emet er s,  and
(4)  pi ezomet er s.

To c i r cumvent  t he hi gh cost  of  oper at i ng 
dynami cal l y - pos i t i oned vessel s  t o acqui r e 
shal l ow- penet r at i on soi l  dat a,  a new syst em 
has been r ecent l y  devel oped t hat  can be 
oper at ed as a t et her ed seaf l oor  pl at f or m f r om 
a smal l er  oceanogr aphi c  vessel ,  Fi gur e 3.
Thi s  " mi ni - pr obe"  t est  dev i ce f eat ur es a 
t hr us t i ng uni t  t hat  uncoi l s  and s t r ai ght ens a 
st eel  r od whi l e i t  t hr ust s  t he r od t o seaf l oor  
penet r at i ons  up t o 13 m.  An i nst r ument ed 
pr obe on t he end of  t he r od i s used t o measur e 
i n s i t u sedi ment  pr oper t i es.  The syst em al so 
has t he capabi l i t y  t o be oper at ed f r om a
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SYNOPSI S:  Pi l es  h a v e  been t he f avor ed f oundat i on concept  

f or  t he maj or i t y  of  of f s hor e f ac i l i t i es .  New adv anc es  i n 

t ec hnol ogy  pr omi s e t o mai nt ai n t he v i abi l i t y  of  pi l e 

f oundat i ons  i n wat er  dept hs  of  many  hundr eds  of  met er s .

The f i r s t  of f shor e pi l ed st r uct ur e,  des i gned 
f or  oi l  pr oduc t i on pur poses,  was i nst al l ed 43 
year s  ago i n t he Gul f  of  Mexi co.  I t  was a 
wooden j acket  pl at f or m l ocat ed i n 6 m wat er  
dept h.  Si nce t hi s  t i me t he oi l  pr i ces have 
i ncr eased,  j us t i f y i ng t he v i abi l i t y  of  deeper  
st r uct ur es.  At  t hi s  wr i t i ng ( Sept ember  
1988) ,  t he f oundat i on t empl at e of  t he " Jol l i et  
Tens i on Leg Wel l  Pl at f or m" ,  i n 543 m of  wat er ,  
Gr een Canyon Bl ock 184,  Gul f  of  Mexi co,  i s t he 
deepest  s t r uc t ur e yet  i nst al l ed.

The mai n di f f er ences  bet ween shal l ow and 
deepwat er  pi l ed f oundat i ons ar e not abl e,  not  
onl y r egar di ng t he i ns t al l at i on pr ocedur es  and 
equi pment s,  but  al so t he geot echni cal  desi gn.  
Deepwat er  f oundat i ons have r esul t ed i n l ar ger  
and mor e pr obl emat i c  f oundat i ons,  as a conse ­
quence of  t he f ol l owi ng:

1.  Whi l e shal l ow pl at f or ms ar e l ocat ed on 
cont i nent al  shel ves  wher e smoot h seabeds ar e 
usual ,  s t r uc t ur es  deeper  t han 200 m ar e 
s i t uat ed on cont i nent al  sl opes.  Gr adi ent s  on 
t he or der  of  2°  t o 10°  or  mor e,  can i nt r oduce 
s l ope i ns t abi l i t y  pr obl ems.

2.  The f ur t her  f r om t he shor e,  t he super f i ­
c i al  l ayer s t end t o be mor e cohesi ve,  hi ghl y  
pl as t i c  and wi t h a r educed degr ee of  consol i ­
dat i on.  These ar e nor mal  t o under consol i dat ed 
sof t  c l ayey  soi l s  wi t h l ow shear  st r engt h.

3.  Convent i onal  pl at f or ms i n deepwat er  have 
gr eat er  pi l e head l oads due t o sel f  wei ght  and 
mor e sever e env i r onment al  condi t i ons,  and

4.  I n t r opi cal  ar eas seawat er  t emper at ur es 
l ower  t han 8°  t o 4° C can be encount er ed onl y 
i n deep wat er s,  t hat  pr ov i de condi t i ons  f or  
hydr at e condensat i on occur r ences mi xed i n t he 
soi l  mass,  caus i ng pot ent i al  l ocal  f oundat i on 
i nst abi l i t i es.

I n gener al ,  t wo bas i c  pi l i ng phi l osophi es 
have been used:  dr i ven pi l es  f or  t he maj or ­
i t y of  t he f oundat i ons s i nce t he ear l i es t  
i nst al l at i ons,  and dr i l l ed and gr out ed pi l es,  
mor e appl i cabl e f or  speci al  cases ( i . e. ,  
car bonat e soi l s)  or  f or  f oundat i on r ei nf or ce­
ment  ( i nser t  or  bel l  pi l es) .  Dr i ven pi l es 
s t ar t ed wi t h wooden pi l es whi ch wer e i nst al l ed 
us i ng f r ee- f al l  hammer s.  Pi l es have changed 
so much and t oday st eel  open- ended pi pe pi l es 
up t o 2. 5 m ( o. d. )  ar e t he most  common t ype,  
somet i mes r eachi ng 160 m one- pi ece l engt h t o 
be dr i ven t o 110 m penet r at i on ( t he l ongest  
pi l e on r ecor d i s 300 m i nc l udi ng 6 add- ons

wel ded of f shor e,  whi l e t he deepest  ar e 142 m 
penet r at i on) . I n addi t i on,  new concept s  have 
been appl i ed,  such as spec i al l y  dr i ven and 
gr out ed sol ut i ons.  I n at  l east  one case,  f or  
l ar ge di amet er  pi pe pi l es,  t he ol d c l osed- end 
pi l e was r ei nt r oduced.  Bot h of  t hese appl i ­
cat i ons  wer e i n cal car eous sand.

To accompany des i gn r equi r ement s  hammer s  had 
t o have i ncr eased ener gy  out put  and wer e 
i mpr oved accor di ngl y.  St ar t i ng wi t h s t eam and 
di esel  hammer s,  wi t h or  wi t hout  f ol l ower s,  t he 
most  r ecent  advance came i n t he l at e 70 ' s wi t h 
hydr aul i c  hammer s  capabl e of  bot h sur f ace and 
under wat er  dr i v i ng.  I n spi t e of  hydr os t at i c  
pr essur e,  updat ed under wat er  model s  wi t h 
nomi nal  ener gy  up t o 3000 KNm can dr i ve i n 
dept hs beyond 2000 m of  wat er .  Ener gy  l oss i s 
a t ypi cal  pr obl em t o be mi ni mi zed by i m­
pr ovement s  i n r am/ anv i l / f ol l ower / pi l e syst em 
geomet r y.  Under wat er  handl i ng/ s t abbi ng 
oper at i ons  coul d be i mpr oved by use of  
t hr us t er s  i n t he near  f ut ur e.

For  dr i l l ed and gr out ed pi l es,  i t  i s poss i ­
bl e t o use di r ect  or  r ever se c i r cul at i on 
met hods,  wi t h seawat er  or  bent oni t e mud as 
dr i l l i ng f l ui d.  Rever se c i r cul at i on i nt r o­
duces advant ages i n hol e wal l  st abi l i t y ,  but  
due t o ai r - l i f t  pr essur e l i mi t at i ons,  have not  
been ef f i c i ent  f or  deepwat er  f oundat i on.  The 
use of  a 2. 1 m ( o. d. )  dr i l l  bi t  i s a r ecor d.
On t he ot her  hand,  dr i l l i ng r i gs us i ng di r ec t  
c i r cul at i on have no l i mi t s.

For  handl i ng pi l es and i nser t s,  hydr aul i c  
c l amps wer e devel oped t o l i f t  l oads up t o 10 
MN.  I ns t ead of  r el y i ng on umbi l i cal s,  r e ­
mot el y  act uat ed r el ease mechani sms per mi t  
deepwat er  t asks t o be per f or med mor e ef f i ­
c i ent l y.  Di ver s may oper at e up t o 400 m of  
wat er  under  r es t r i c t ed condi t i ons.  Remot el y  
oper at ed vehi c l es  ( ROV)  and manned submar i ne 
uni t s  ar e abl e t o wor k  up t o 1500 m dept hs.  
Vehi c l e mani pul at or s  ar e st r ong enough t o open 
val ves,  t o cut  medi um si ze wi r es,  or  t o 
maneuver  smal l  appar at us us i ng cl aws.

Pr oduct i on f ac i l i t i es i n 2000 m of  wat er  
gi ve an i ndi cat i on of  what  t he f ut ur e may 
hol d.
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