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La recherche d'hydrocarbures dans l'ocean Arctique a connu un 
essor considerable au cours des quinze dernieres anngqs. La 
presence d'imposantes masses glacielles necessite l'utilisation 
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ABSTRACT 

The s e a r c h  f o r  hydrocarbons i n  t h e  A r c t i c  o f f s h o r e  h a s  i n c r e a s e d  

s u b s t a n t i a l l y  i n  t h e  l a s t  15 year s .  The p resence  of l a r g e  i c e  f e a t u r e s  

s e p a r a t e s  t h e  sys t ems  r e q u i r e d  i n  t h e  A r c t i c  f rom t h o s e  a v a i l a b l e  f o r  o t h e r  

o f f s h o r e  a r e a s .  The i c e  environment  and t h e  i n t e r a c t i o n  between i c e  and 

proposed e x p l o r a t i o n  and  p roduc t ion  systems a r e  h r i e f l y  reviewed. 

Requirements  of e x p l o r a t i o n  and p roduc t ion  a r e  c o n t r a s t e d .  A number of t h e  

s y s t e m  proposed o r  a c t u a l l y  r e a l i z e d  a r e  examined, w i t h  a t t r i b u t e s  o r  

problems no ted .  P a r t i c u l a r  emphasis  is p laced  on a c t u a l  e x p e r i e n c e  w i t h  

e x p l o r a t i o n  and  p r o d u c t i o n  systems.  Development h a s  been c a r e f u l ,  and  

s i g n i f i c a n t l y  t h e r e  have been n o  major problems r e s u l t i n g  from i c e .  

INTRODUCTION 

The A r c t i c  o f f s h o r e  h a s  become an a r e a  of a c t i v e  e x p l o r a t i o n  f o r  

hydrocarbons i n  t h e  p a s t  decade and a  h a l f .  The environment  i n  t h e  A r c t i c  

is g e n e r a l l y  c o n s i d e r e d  h o s t i l e  t o  peop le  and  t h e i r  a c t i v i t i e s .  A 

. tremendous e f f o r t  h a s  been and c o n t i n u e s  t o  h e  expended on c h a r a c t e r i z i n g  

env i ronmenta l  c o n d i t i o n s  i n  n o r t h e r n  p o l a r  r e g i o n s  and on d e v e l o p i n g  

i e n g i n e e r i n g  s o l u t i o n s  t h a t  permit  s a f e  and economical  o p e r a t i o n s  i n  t h e s e  

o f f S h o r e  a r e a s .  

Why is t h e r e  such a  g r e a t  i n t e r e s t  i n  hydrocarbon e x p l o r a t i o n  i n  t h e  A r c t i c ?  

A s i g n i f i c a n t  number o f  t h e  sed imen ta ry  b a s i n s  of  t h e  wor ld  ( a r e a s  o f  

p o t e n t i a l  hydrocarbon p r o d u c t i o n )  a r e  l o c a t e d  i n  t h i s  r eg ion  and many o f  . 
t h e s e  e x t e n d  i n t o  t h e  o f f s h o r e  ( G a s k e l l  and Simpson. 1980). About a  q u a r t e r  



nf t h e  wor ld ' s  hydrocarbon r e s o u r c e s  c o u l d  l i e  i n  t h e  A r c t i c .  The Alaskan 

a n d - n o r t h e r n  Canadian o f f s h o r e  a l o n e  may c o n t a i n  up t o  10% of t h e  w o r l d ' s  

pe t ro l eum r e s e r v e s .  Only a  l i m i t e d  amount o f  e x p l o r a t o r y  d r i l l i n g  h a s  been  

done i n  t h e  A r c t i c ( i n  t h e  o r d e r  of a  few hundred w e l l s ) ,  s o  a  v e r y  g r e a t  

unproven p o t e n t i a l  e x i s t s .  

The technology f o r  o f f s h o r e  e x p l o r a t i o n  and p r o d u c t i o n  h a s  been deve loped  t o  

t h e  p o i n t  where p r o d u c t i o n  c a n  b e  c a r r i e d  o u t  i n  up  t o  200 m o f  w a t e r ,  e v e n  

111 a r e a s  w i t h  v e r y  d i f f i c u l t  env i ronmen t s  s u c h  a s  t h e  North  Sea. The 

p r e s e n c e  of i c e  f o r  a  l a r g e  p a r t  o r  even  a l l  o f  t h e  y e a r  i n  A r c t i c  w a t e r s  

p r e s e n t s  e n t i r e l y  new problems and has  been t h e  pr ime f a c t o r  i n  r e s t r i c t i n g  

o f f s h o r e  a c t i v i t i e s  i n  t h e s e  a r e a s .  Only now i s  t h i s  env i ronmen t  b e i n g  

r u ~ d e r s t o o d  and e n g i n e e r i n g  s o l u t i o n s  dev i sed .  T h i s  p a p e r  w i l l  examine 

a s p e c t s  o f  t h e  A r c t i c  env i ronmen t ,  r e v i e w  t h e  s o l u t i o n s  f o r  e x p l o r a t i o n  a n d  

p r o d u c t i o n ,  b o t h  proposed and r e a l i z e d ,  and show how t h e y  r e l a t e  t o  t h e  

c o n d i t i o n s  unde r  which t h e y  must f u n c t i o n .  Expe r i ence  w i t h  e x i s t i n g  sys t ems  

w i l l  a l s o  h e  reviewed. 

THE ICE ENVIRONMENT I N  OFFSHORE REGIONS 

While i c e  is t h e  p r imary  f a c t o r  u n i q u e  t o  t h e  A r c t i c ,  low t e m p e r a t u r e s ,  l o n g  

p e r i o d s  of d a r k n e s s  and i s o l a t i o n  a r e  a l s o  s i g n i f i c a n t .  A t t e n t i o n  h a s  

f o c u s e d  on t h e  above f a c t o r s ,  b u t  wind, waves, and  f o u n d a t i o n  c o n d i t i o n s  a r e  

e q u a l l y  impor t an t  i n  t h e  A r c t i c  o f f s h o r e ,  a s  i n  o t h e r  o f f s h o r e  a r e a s .  t 

As a  f i r s t  s t e p  t o  e v a l u a t i n g  some e x p l o r a t i o n  and p r o d u c t i o n  schemes,  t h e  

i c e  c o n d i t i o n s  have  t o  b e  examined. I c e  c o n d i t i o n s  i n c l u d e  two f a c t o r s :  

i c e  t y p e s  and i c e  dynamics. The fundamental  t y p e s  o f  i c e  encoun te red  i n  t h e  

A r c t i c  a r e  s e a  i c e ,  formed hy f r e e z i n g  o f  s e a  wa te r ;  and g l a c i a l  i c e ,  which 

o r i g i n a t e s  on l and  from snow f a l l i n g  on p e r e n n i a l  snow f i e l d s .  G l a c i a l  i c e  i 
1 

is  u s u a l l y  i n  t h e  fo rm o f  i c e h e r g s  b u t  may a l s o  o c c u r  a s  i c e  i s l a n d s .  These  

i c e  i s l a n d s  cou ld  b e  c o n s i d e r e d  a  t h i r d  t y p e  of i c e ,  s h e l f  i c e ,  which o c c u r s  
1 

where  g l a c i e r s  meet s e a  i c e .  Sea  i c e  is  b r o a d l y  c l a s s i f i e d  a c c o r d i n g  t o  

age;  t h a t  is, f i r s t y e a r  o r  m u l t i y e a r .  I c e  dynamics i n v o l v e s  t h e  t h e r m a l  

and mechan ica l  r e s p o n s e  o v e r  t ime  o f  t h e  i c e  c o v e r  t o  t h e  t o t a l  c l i m a t e .  

b o t h  marine  and a tmosphe r i c .  In  c e r t a i n  a r e a s  l e v e l  l a n d - f a s t  i c e  i s  

formed, w h i l e  i n  o t h e r s  t h e  i c e  i s  deformed. 

388 



+ a  I c e  

F i r s t - y e a r  s e a  i c e  i s  formed from c o o l i n g  and f r e e z i n g  of  s e a  water. Under 

calm c o n d i t i o n s ,  l e v e l ,  r e l a t i v e l y  uniform s h e e t s  of i c e  a r e  formed by 

one-dimensional h e a t  t r a n s f e r  upward through t h e  i c e  cover  i n t o  t h e  

atmosphere. The i c e  formed r e t a i n s  some of t h e  s a l t s  from t h e  s e a  water .  

The s a l i n i t y  of s e a  wa te r  i n  t h e  A r c t i c  is  t y p i c a l l y  30%,, w h i l e  t h e  average  

s a l i n i t y  of a  f i r s t y e a r  s e a  i c e  cover  is 5 % ,  (Weeks and Lee, 1962). The 

t o p  5 t o  30 cm of t h e  i c e  cover  t y p i c a l l y  has  a  randomly o r i e n t e d  g r a n u l a r  

g r a i n  s t r u c t u r e  and t h e  remainder ,  a  c o l u m n a r g r a i n e d  s t r u c t u r e .  It is  

conunon t o  f i n d  d i s r u p t i o n s  i n  t h i s  g r a i n  s t r u c t u r e .  S i g n i f i c a n t  amounts of  

f  i r s t - y e a r  s e a  i c e  a r e  of f  r a z i l  a r i g i n ,  having randomly o r i e n t e d  g r a i n  

s t r u c t u r e  a t  any deptli in  t h e  i c e  cover  (Weeks and Ackley, 1983). The s a l t  

o r  b r i n e  c o n t e n t  of f i r s t - y e a r  s e a  i c e  and i t s  g r a i n  s t r u c t u r e  i n f l u e n c e  i t s  

s t r e n g t h  and f a i l u r e  behaviour .  A f i r s t y e a r  s e a  i c e  cover  can reach  a  

maximum t h i c k n e s s  of s l i g h t l y  more than 2 m under  normal  growth c o n d i t i o n s  

( B i l e l l o .  1961). 

Mechanical working of f i r s t - y e a r  s e a  i c e  due t o  movements induced by wind o r  

c u r r e n t  can r e s u l t  i n  r i d g i n g  o r  r a f t i n g ,  which produces geomet r ica l ly  

l a r g e r  i c e  formations.  Raf t ing  is more common f o r  i c e  l e s s  than 30 cm 

t h i c k ,  b u t  i t  can a l s o  occur  o c c a s i o n a l l y  f o r  i c e  up t o  2 m t h i c k .  P ressure  

r i d g e s  a r e  formed by compression o r  s h e a r i n g  a c t i o n  between i c e  p l a t e s .  

These r i d g e s  can be  q u i t e  l a r g e ;  t h e  extreme example r e p o r t e d  had a  s a i l  

h e i g h t  of 13 m and a k e e l  depth of 50 m. Most f i r s t - y e a r  r i d g e s  have a  s a i l  

h e i g h t  l e s s  than  6 m (Wright e t  a l ,  1978). S a i l  and k e e l  s l o p e s  of r i d g e s  

a r e  t y p i c a l l y  20°. s o  they  have a  s u b s t a n t i a l  c ross - sec t ion .  The c e n t r a l  

c o r e  of r i d g e s  c o n s o l i d a t e s  o r  r e f r e e z e s ,  b u t  only a s  t h i c k  a s  t h e  a d j a c e n t  

f i r s t - y e a r  i c e  s h e e t .  Never the less ,  f i r s t - y e a r  p r e s s u r e  r i d g e s  a r e  a  

s i g n i f i c a n t  f a c t o r ,  simply due t o  t h e i r  s i z e  and mass. 

Sea i c e  t h a t  has  su rv ived  one o r  more melt  seasons  i s  termed multi-year i c e .  

In t h e  c o u r s e  of a  melt season,  melt  wa te r  on t h e  s u r f a c e  f l u s h e s  a  l a r g e  

p a r t  of t h e  b r i n e  ou t  of t h e  i c e ,  r e s u l t i n g  i n  much lower s a l i n i t i e s .  

Multi-year i c e  above t h e  w a t e r l i n e  has  s a l i n i t i e s  l e s s  than I%,,  w h i l e  t h e  

lower p a r t  has  s a l i n i t i e s  of 2  t o  3%,. Undeformed m u l t i y e a r  i c e  can a t t a i n  

a  s t eady  s t a t e  t h i c k n e s s  of 2.5 t o  5 m (Maykut and U n t e r s t e i n e r ,  1971). 

Much mult i -year  i c e  i s  deformed. however, and t h i c k n e s s e s  up t o  10 m have 

been repor ted  (Serson,  1972). Multi-year f l o e s  may a l s o  con ta in  m u l t i y e a r  



r idges ,  wi th  extreme s a i l  h e i g h t  of 11 m and k e e l  d e p t h s  of 31 m 

(Wright e t  a l ,  1978). Furthermore, m u l t i y e a r  r i d g e s  a r e  conso l ida ted  o r  i 

r e f r o z e n  through t h e i r  e n t i r e  t h i c k n e s s ,  s o  they  p r e s e n t  a  fo rmidab le  t h r e a t  4 

t o  any o f f s h o r e  s t r u c t u r e .  

G l a c i a l  I c e  

G l a c i a l  i c e  o r i g i n a t e s  on l and  from snow accumulat ing on p e r e n n i a l  snaw 

f i e l d s .  The weight of t h e  o v e r l y i n g  snow compresses t h e  l a y e r s  underneath,  

s i n t e r i n g  i t  and e n t r a p p i n g  a i r  w i t h i n  t h e  i c e  s t r u c t u r e .  At a  b u l k  d e n s i t y  

of 830 kg/m3, t h e  a i r  bubbles  a r e  completely enclosed by i c e .  F u r t h e r  

overburden p r e s s u r e  compresses t h e  a i r  bubb les ,  r e s u l t i n g  i n  b u l k  d e n s i t i e s  

approaching 910 kg/m3. Th is  range of d e n s i t i e s  d e f i n e s  g l a c i a l  i c e  

(Pa te r son ,  1981). I cebergs  o r i g i n a t e  p r i m a r i l y  from t h e  g l a c i e r s  of  

Greenland; a  few a l s o  come from t h e  g l a c i e r s  of El lesmere and Devon I s l a n d s ,  

and Spitshergen.  I cebergs  a s  l a r g e  a s  2 x l o 7  t have been repor ted ,  b u t  a  

s i z e  range of lo3 t o  lo6  t could he expected a long  t h e  Labrador coas t .  The 

o t h e r  l a r g e  f e a t u r e  of g l a c i a l  i c e  o r i g i n  i s  t h e  i c e  i s l a n d ,  a  t a b u l a r  form 

up t o  10 km i n  d iamete r  and 30 m th ick .  I c e  i s l a n d s  have t h e i r  o r i g i n  i n  

t h e  rermant i c e  s h e l v e s  of  n o r t h e r n  Ellesmere I s l and .  

1 

I c e  Dynamics 
1 

I c e  dynamics i n  t h e  A r c t i c  r e l a t e  t o  t h e  c i r c u l a t i o n  of t h e  A r c t i c  Ocean and 

l o c a l  winds. Although t h e  A r c t i c  h a s i n  is ice-covered f o r  t h e  e n t i r e  y e a r .  

i t  i s  i n  c o n t i n u a l  motion. I c e  movements a r e  a  few k i l o m e t r e s  p e r  day ,  w i t h  

l o c a l  v a r i a t i o n s  an o r d e r  of magnitude l a r g e r  o r  smaller .  The movement 

produces e x t e n s i v e  mechanical deformation,  which r e s u l t s  i n  a  mix ture  o f  
I 

f i r s t - y e a r  and multi-year i c e  known a s  t h e  p o l a r  pack. 

As F igure  1  shows, a lmost  t h e  e n t i r e  i c e  cover  wi th in  t h e  A r c t i c  Basin is  i n  

movement. The p r i n c i p l e  a r e a s  a r e  t h e  Beaufort  Gyre, Transpo la r  D r i f t  and 

East  Greenland D r i f t .  Elany l o c a l  movements a r e  shown by t h e  smal le r  arrows. 

Within t h e  Canadian A r c t i c  Archipelago and a l o n g  t h e  c o a s t a l  r e g i o n s  of  t h e  1 

A r c t i c  Basin, t h e r e  a r e ,  however, a r e a s  of l and- fas t  i c e .  The e x t e n t  of 

t h i s  a r e a  depends very much upon l o c a l  cond i t ions :  water  dep th ,  p r e v a i l i n g  

wind d i r e c t i o n ,  s torm pa ths ,  c u r r e n t ,  presence of i s l a n d s ,  and r i v e r  

inf lows.  In t h e  Reaufort  Sea, t h e  l and- fas t  i c e  edge ex tends  o u t  t o  a  w a t e r  

depth of ahout 20 n. For water  dep ths  g r e a t e r  than 5 m, r i d g e s  a r e  p r e s e n t  

and hecome more f r e q u e n t  towards t h e  o f f s h o r e  edge of t h i s  zone. Grounding 

390 . 
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F i g u r e  1. I c e  movement i n  t h e  A r c t i c  Basin 

of t h e s e  r i d g e s  a p p a r e n t l y  t e n d s  t o  keep t h e  i c e  cover  i n  p l ace .  Land-fast 

i c e ,  whe the r  i n  n e a r s h o r e  r e g i o n s  o r  i n  i s l a n d  c h a i n s ,  is  n o t  comple te ly  

immobile b u t  can move from a few met res  t o  a few hundred me t res  o v e r  a 

w i n t e r  season.  In some a r e a s  t h i s  l a n d - f a s t  i c e  comple te ly  c l e a r s  o u t  e a c h  

summer, w h i l e  i n  o t h e r s  it  remains ,  becoming rml t i -yea r  and may move o n l y  a 

few t e n s  of m e t r e s  d u r i n g  t h e  summer. Between t h e  land-fas t  i c e  e d g e  and 

t h e  p o l a r  pack is a t r a n s i t i o n  zone, which accommodates t h e  d i f f e r e n t i a l  

movements between them. T h i s  zone  is  h i g h l y  v a r i a b l e ,  b o t h  s p a t i a l l y  and  

ove r  time. 

F i n a l l y ,  an o f f s h o r e  s t r u c t u r e  and i c e  c o n d i t i o n s  a r e  n o t  mutua l ly  

independen t ,  a t  l e a s t  on t h e  l o c a l  s c a l e .  ' h e  p r e s e n c e  and  n a t u r e  o f  a 

s t r u c t u r e  can have a d e f i n i t e  i n f l u e n c e  on t h e  type  of l o c a l  i c e  c o n d i t i o n s  



genera ted ;  i .e. .  mode of  E a i l n r e  of  i ce .  The s t r u c t u r e  and  t h e  i c e  i n t e r a c t  

w i th  each  o the r .  

I c e  c o n d i t i o n s ,  t h a t  is i c e  t y p e s  and p a r t i c u l a r l y  t h e  p r o b a b l e  p r e s e n c e  o f  

extreme i c e  f e a t u r e s  and d e g r e e  of movement, a r e  a  s i g n i f i c a n t  f a c t o r  i n  

p r e s c r i b i n g  schemes f o r  petroleum e x p l o r a t i o n  and p roduc t ion  and p r i m a r i l y  

d i s t i n g u i s h  t h e  A r c t i c  o f f s h o r e  f rom o t h e r  o f f s h o r e  a r e a s .  O the r  

env i ronmenta l  f a c t o r s ,  such a s  wind, c u r r e n t ,  waves and founda t ion  

m a t e r i a l s ,  a r e  a l s o  impor tan t .  With t h e  env i ronmenta l  p i c t u r e  e s t a b l i s h e d ,  

t h e  v a r i o u s  p r o j e c t s  and concep t s  f o r  o f f s h o r e  d r i l l i n g  i n  t h e  A r c t i c  can  

now be  explored.  

REQUIREMENT FOR EXPLORATION VS PRODUCTION 

E x p l o r a t i o n  and p roduc t  ion a c t i v i t i e s ,  w h i l e  s h a r i n g  c e r t a i n  

c h a r a c t e r i s t i c s ,  have s u f f i c i e n t  d i s t i n c t l y  d i f f e r e n t  r equ i remen t s  t o  m e r i t  

s e p a r a t e  c o n s i d e r a t i o n .  E x p l o r a t i o n  d r i l l i n g  i s  a  temporary a c t i v i t y .  The 

prime o b j e c t i v e  is  t o  o b t a i n  d e f i n i t i v e  g e o l o g i c a l  i n fo rma t ion  and t o  t e s t  

t h e  g e o l o g i c a l  s t r u c t u r e  f o r  p r o d u c i b i l i t y .  Such an a c t i v i t y  c o u l d  l a s t  

from a  few weeks t o  s e v e r a l  months. A f t e r  t h e  w e l l  is completed and t e s t e d ,  

i t  is  s e c u r e d  and abandoned. There fo re  a  permanent o r  f i x e d  s u p p o r t  

s t r u c t u r e  f o r  t h e  r i g  is n o t  needed. This  l i m i t e d  exposure  means t h a t  

temporary,  e x p e d i e n t ,  o r  "throw-away" s u p p o r t  s t r u c t u r e s ,  s u c h  a s  grounded 

i c e  i s l a n d s ,  f l o a t i n g  i c e  p l a t f o r m s  o r  s a c r i f i c i a l  f i l l  i s l a n d s ,  can be  

used. An a l t e r n a t i v e  sys t em f o r  e x p l o r a t i o n  d r i l l i n g  would b e  p o r t a b l e  o r  

moveable and t h u s  r e u s a b l e ,  such  a s  i c e - r e i n f o r c e d  d r i l l  s h i p s ,  r e - f l o a t a b l e  

c a i s s o n s  o r  s p e c i a l  pu rpose  f l o a t i n g  s t r u c t u r e s .  Because o f  t h e  s h o r t - t e r m  

n a t u r e  of e x p l o r a t o r y  d r i l l i n g ,  t h e  r i s k  of exposure  t o  extreme 

env i ronmenta l  l o a d s  i s  l e s s .  Also i t  is p o s s i b l e  t o  suspend a c t i v i t i e s  i n  

t h e  e v e n t  of extreme c o n d i t i o n s .  

A l l  t y p e s  of d r i l l i n g  r e q u i r e  c e r t a i n  m a t e r i a l s  and consumables. S u f f i c i e n t  

supp ly  c a p a c i t y  o r  economical  t r a n s p o r a t i o n  o f  s u p p l i e s  t o  t h e  s i t e  a r e  

impor tan t  c o n s i d e r a t i o n s .  D r i l l i n g  a l s o  r e q u i r e s  accommodation of 50 t o  100 

people. 

P roduc t ion ,  on t h e  o t h e r  hand, is a  long  t e r m  a c t i v i t y ,  o f t e n  e x t e n d i n g  o v e r  

p e r i o d s  o f  20 y e a r s  o r  more. T h e r e f o r e  more permanent and  d u r a b l e  

f a c i l i t i e s  a r e  r equ i red .  Because of t h e  much l o n g e r  s e r v i c e  l i f e ,  t h e r e  i s  



a h i g h e r  r i s k  of exposure  t o  ex t reme  env i ronmenta l  l oads .  A l so  t h e  exposure  

is con t inuous  and d i s r u p t i o n s  a r e  l e s s  e a s i l y  t o l e r a t e d .  With a  p roduc t ion  

t 
s t r u c t u r e ,  t h e r e  i s  a l s o  t h e  r equ i remen t  f o r  s t o r a g e  and  i n t e r m i t t e n t  

t r a n s p o r t  of t h e  p roduc t  o r  con t inuous  t r a n s f e r  of t h e  p roduc t  t o  a  s u i t a b l e  

s t o r a g e  s i t e  o r  t o  shore .  P roduc t ion  does  n o t  r e q u i r e  t h e  c o n t i n u o u s  

I 
presence  of p e r s o n n e l ,  s o  l i t t l e  o r  n o  accommodation is r e q u i r e d  on s u c h  a  

s t r u c t u r e .  

The p reced ing  d i s c u s s i o n  h a s  focused  on t h e  o p e r a t i o n a l  phase of e x p l o r a t i o n  

and p roduc t ion  systems.  An e q u a l l y  impor tan t  and c r i t i c a l  phase i s  t h a t  o f  

c o n s t r u c t i o n  o r  tow-out and s e t  down. Meeting t h e  r equ i remen t s  of  t h i s  

phase  h a s  a  ma jo r  impact  on t h e  d e s i g n  of  o f f s h o r e  systems.  

EXPLORATION CONCEPTS AND PROJECTS 

As p o i n t e d  o u t  e a r l i e r ,  an e x p l o r a t i o n  sys t em must b e  r e u s a b l e  (mobi l e )  o r  

expendable .  Three g e n e r a l  c a t e g o r i e s  of such  sys t ems  can be  i d e n t i f i e d :  

b o t t o m f o u n d e d  ( g r a v i t y )  s t r u c t u r e s ,  f l o a t i n g  s t r u c t u r e s  o r  a r t i f i c i a l  

i s l a n d s .  Bottom-founded s t r u c t u r e s  can be  c y l i n d r i c a l ,  c o n i c a l  o r  c a i s s o n  

( s e e  F i g u r e  2).  F l o a t i n g  s t r u c t u r e s  can  b e  e i t h e r  moored o r  dynamical ly  

p o s i t i o n e d  ( F i g u r e  3). A r t i f i c i a l  i s l a n d s  can have n a t u r a l  s l o p e s  o r  t h e y  

can b e  r e t a i n e d  ( F i g u r e  4 ) .  Hybrids  of  t h e s e ,  f o r  example, a  g r a v i t y  

s t r u c t u r e  on a  submarine berm, can be  c o n s t r u c t e d .  The d i s t i n c t i o n  between 

b o t t o m f o u n d e d  s t r u c t u r e s  and c a i s s o n - r e t a i n e d  a r t i f i c i a l  i s l a n d s  i s  r a t h e r  

a r b i t r a r y .  By d e f i n i t i o n ,  bottom-founded s t r u c t u r e s  t r a n s f e r  l o a d  th rough  

t h e i r  b a s e s  t o  t h e  s e a  bottom, w h i l e  a  c a i s s o n - r e t a i n e d  i s l a n d  t r a n s f e r s  

l o a d  p r i m a r i l y  th rough  f i l l  m a t e r i a l  con ta ined  by t h e  ca i s son .  With 

b o t t o m f o u n d e d  s t r u c t u r e s  and c a i s s o n - r e t a i n e d  i s l a n d s ,  a  c r i t i c a l  p rocedure  

is set-down of t h e  s t r u c t u r e  on t h e  s e a  bed. The t ime  t h i s  t a k e s  

e s t a b l i s h e s  a  wea the r  window. i .e . ,  t i m e s  i n  which wind, waves, c u r r e n t  o r  

i 
i c e  w i l l  n o t  d i s r u p t  set-down. It is obv ious ly  d e s i r a b l e  t o  s h o r t e n  and 

s i m p l i f y  t h i s  p rocedure  a s  much a s  p o s s i b l e .  

i 
I c e  l o a d s  on t h e s e  s t r u c t u r e s  can be  reduced by p r e s e n t i n g  a  s m a l l  

c r o s s - s e c t i o n  a t  t h e  w a t e r  p l a n e  t o  t h e  i c e  o r  by u s i n g  i n c l i n e d  s l o p e s  t o  

f a i l  t h e  i c e  i n  bending.  A l t e r n a t i v e l y ,  t h e  s t r u c t u r e  can be  made 

s u f f i c i e n t l y  massive,  w i t h  v e r t i c a l  f a c e s  t o  w i t h s t a n d  t h e  i c e  f o r c e  and  

ga in  some beneEi t  of reduced u n i t  load w i t h  i n c r e a s e d  s c a l e .  These sys t ems ,  

t h e i r  f e a t u r e s  and l i m i t a t i o n s  a r e  summarized i n  Tab le  1. A good rev iew o f  



C A I S S O N  C O N E  C Y L I N D E R  

Figure 2.  Bottom founded (gravity) structures 

M O O R E D  

I C E  P L A T F O R M  

Figure 3. Floating systems 

S A C R I F I C I A L  B E A C H  

C A I S S O N  R E T A I N E D  

Figure 4 .  Ar t i f i c i a l  is land systems 



e x p l o r a t i o n  and p roduc t ion  systems h a s  r e c e n t l y  been made h y  Huslov and 

Krahl  (1983). 

Bot tom-Founded S t r u c t u r e s  

C y l i n d r i c a l  type  

These had t h e i r  f i r s t  a p p l i c a t i o n  i n  t h e  i c e c o v e r e d  wate r s  of Cook I n l e t  i n  

t h e  Gulf of Alaska, where they have been used a s  product ion s t r u c t u r e s  

( V i s s e r ,  1969; Cloyd, 1968). Thus i t  is  n o t  s u r p r i s i n g  t h a t  one of  t h e  

e x p l o r a t i o n  s t r u c t u r e s  proposed i n  t h e  e a r l y  1970's  f o r  t h e  Canadian 

Beaufort  Sea was Esso  Canada's ( t h e n  Imper ia l  O i l )  monopod ( Jaz rawi  and  

Davies. 1975). Intended f o r  water  dep ths  up t o  20 m, i t  comprised a  

2 4 - m e t r e l o n g  v e r t i c a l  c y l i n d e r  9 m i n  d iamete r ,  a t t a c h e d  t o  a  

97.5-metre-diameter base.  The s u p e r s t r u c t u r e  provided f a c i l i t i e s  f o r  

d r i l l i n g ,  crew accommodation and s u p p l i e s .  The b a s e  f e a t u r e d  0.6 m deep  

s h e a r  keys and a  pe r imete r  r i n g  t o  r e t a i n  s o i l  b a l l a s t  f o r  inc reased  s l i d i n g  

r e s i s t a n c e  t o  h o r i z o n t a l  i c e  fo rces .  It was t o  b e  a  s t e e l  s t r u c t u r e ,  usirlg 

wa te r  a s  b a l l a s t  and in tended  f o r  year-round use  i n  t h e  sha l low ( land- fas t  

i c e )  a r e a s  of t h e  Beaufort .  The maximm des ign  i c e  load  was 135 MN f o r  a  

14-metre-thick f i r s t  y e a r  p r e s s u r e  r i d g e  a t  maximum conso l ida t ion .  The 

s t r u c t u r e  was des igned  t o  f a i l  by s l i d i n g  a t  t h e  hase ,  t h u s  avo id ing  damage 

under extreme loads.  I c e  monitor ing t o  recognize extreme i c e  f e a t u r e s  and a  

sub-sea b lo r rou t -p reven tor  t o  permit  s a f e  securance  of t h e  w e l l ,  were p a r t  

of t h e  system. The set-down phase was recognized a s  c r i t i c a l ,  s o  e x t e n s i v e  

model t e s t s  were c a r r i e d  o u t  t o  examine s t a b i l i t y .  s c o u r  and loads .  The 

concept  went t o  d e t a i l e d  design s t a g e s ,  b u t  was no t  b u i l t .  

Another c y l i n d r i c a l  type  system is t h e  monopod jack-up d r i l l i n g  r i g  of  

Global  Marine (Anon, 1982). Intended f o r  wa te r  d e p t h s  up t o  27 m i n  t h e  

Beaufort  Sea, i t  comprises  a  r e c t a n g u l a r  base  78 x 65 m and a  

I 9 - m e t r e d i a m e t e r  by 2 7 - m e t r e l o n g  column, which s u p p o r t s  a  5 2 m e t r e s q u a r e  

p la t fo rm h u l l .  The s t e e l  s t r u c t u r e  is b a l l a s t e d  wi th  s e a  water. The 

I p o s i t i o n  of t h e  p l a t f o r m  on t h e  column can be  a d j u s t e d  w i t h  f o u r  moveable 

j ack ing  l egs .  For set-down, t h e  base  is b a l l a s t e d  u n t i l  t h e  system f l o a t s  

on t h e  p la t fo rm h u l l ;  t h e  b a s e  is then  lowered t o  t h e  s e a  bed, and t h e  

p la t fo rm h u l l  is jacked up t o  i ts  o p e r a t i o n a l  h e i g h t ,  where i t  is secured.  

F i n a l l y  t h e  j a c k i n g  l e g s  a r e  raised.  In t h i s  way a  more c o n t r o l l e d  s e e d m  

I can be achieved. 



Conical  type  

A v a r i a t i o n  of t h e  monopod, t h e  monocone, was a l s o  proposed by E s s o  Canada 

( Jaz rawi  and Kha~ina, 1978). T h i s  s t r u c t u r e ,  i n t ended  f o r  u s e  i n  wa te r  

d e p t h s  from 10 t o  41  m, r e l i e d  on a  45O c o n i c a l  c o l l a r  t o  f a i l  t h e  ice i n  

hending.  For wa te r  d e p t h s  l e s s  than 17 m ,  t h e  s t r u c t u r e  would b e  p l a c e d  i n  

a  dredged ho le .  The v e r t i c a l  c y l i n d e r  and b a s e  were  t o  b e  p r e s t r e s s e d  

c o n c r e t e ,  t h e  c o n i c a l  c o l l a r  and s u p e r s t r u c t u r e ,  steel. Both t h e  b a s e  and  

t h e  c o n i c a l  c o l l a r  were  b a l l a s t e d  w i t h  s e a  wa te r .  The cone,  whose p o s i t i o n  

would he a d j u s t e d  o v e r  a r ange  of 1 3  m, cou ld  b e  o r i e n t e d  t o  b r e a k  t h e  i c e  

e i t h e r  upwards o r  downwards. The column was 15.2 m i n  d i a m e t e r  by 4 3  m l o n g  

and i n t e g r a l  w i th  a  107-metre-diameter by 127ne t re - th i ck  base .  I n  t h e  

unward h r e a k i n g  mode, t h e  c o n i c a l  c o l l a r  had  a  maxirmm f r e e b o a r d  of 4.5 m. 

The e n t i r e  c o l l a r  had a  h e i g h t  of 17 m and a  maximum d iamete r  of  49 m. Heat 

was a p p l i e d  t o  t h e  c o l l a r  t o  p r e v e n t  a d €  r e e z i n g  of  i c e  t o  i t .  A maxirmm 

g l o b a l  des ign  i c e  load  of 125 MN was specif , ied f o r  a  14 m r i d g e  f a i l i n g  and  

r i d i n g  up on t h e  c o n i c a l  s u r f a c e .  A  g r e a t e r  i c e  l o a d  c o u l d  b e  g e n e r a t e d  d u e  

t o  a d f r e e z i n g ,  h u t  t h i s  was t o  b e  c o n t r o l l e d  by h e a t i n g .  A  l o c a l  d e s i g n  i c e  

p r e s s u r e  of  8.3 MPa was a p p l i e d  o v e r  a n  a r e a  o f  4.6 m2. The bo t tom o f  t h e  

b a s e  was roughened, b u t  o t h e r w i s e  f l a t .  A  s a n d  b l a n k e t  was t o  be  l a i d  down 

t o  a s s i s t  t r a n s f e r  of h o r i z o n t a l  l o a d s  f rom t h e  b a s e  of  t h e  monocone t o  t h e  

s e a  hed. Model t e s t s  of t h e  c r i t i c a l  set-down and l i f t - o f f  phase showed 

t h a t  t i l t  set-down was p o s s i b l e  b u t  n o t  l e v e l  set-down. T h i s  s t r u c t u r e  was 

t aken  t o  t h e  des ign  s t a g e ,  b u t  h a s  n o t  been b u i l t .  

Another c o ~ i c e p t u a l  des ign  is Chevron's A r c t i c  Mobile D r i l l  S t r u c t u r e  (AMDS) 

(Hancock e t  a l .  1979). The s t e e l  c o n i c a l  s t r u c t u r e  w i t h  a  7 5 m e t r e d i a m e t e r  

b a s e  was in t ended  f o r  wa te r  d e p t h s  of 6  t o  18  m. Heat ing was t o  b e  p rov ided  

on t h e  upper  p a r t  oE t h e  cone  and t h e  v e r t i c a l  column t o  c o n t r o l  i c e  

a d f r e e z i n g .  A  s h a l l o w  s k i r t  around t h e  b a s e  was t o  improve s l i d i n g  

r e s i s t a n c e .  The w a t e r b a l l a s t e d  s t r u c t u r e  was i n t e n d e d  f o r  t h e  Alaskan 

Beaufor t  Sea, w i th  l e v e l  f i r s t  y e a r  i c e  c o n t a i n i n g  m u l t i y e a r  p i e c e s .  

The A r c t i c  cone e x p l o r a t i o n  s t r u c t u r e  (ACES) is des igned  f o r  u s e  i n  w a t e r  

d e p t h s  of  15  t o  3 3  m and  moving pack i c e  w i t h  2 0 - m e t r e - t h i c k  r i d g e s .  'Ihe 

cone is des igned  t o  produce bending f a i l u r e  i n  l a r g e r  m u l t i y e a r  i c e  f l o e s  

and t o  have a  s u f f i c i e n t l y  l a r g e  d i a m e t e r  (168  m) t o  deve lop  s l i d i n g  

r e s i s t a n c e  t o  i c e  f o r c e s .  The s t r u c t u r e  is l i g h t w e i g h t  p r e - s t r e s s e d  



concre te ,  wi th  a  s t e e l  s u p e r s t r u c t u r e .  B a l l a s t i n g  is w i t h  s e a  water. Th i s  

concept  has  been taken t o  t h e  d e t a i l e d  eng ineer ing  phase. 

Somewhat s i m i l a r  i n  shape,  bu t  in tended  f o r  deeper  wa te r ,  was Gulf Canada's 

s t e e l  mobile  A r c t i c  g r a v i t y  p la t fo rm (Wasilewski and Bruce, 1981). T h i s  i s  

a  mixed cone lcy l inder  s t r u c t u r e .  The design water  dep ths  were 20 t o  50 m 

and b a s e  d iamete r  160 m. The cone was 45', w i t h  a  70' cone t r a n s i t i o n  t o  

t h e  v e r t i c a l  column. For water  dep ths  up t o  30 m, t h e  i c e  would f a i l  by 

bending on t h e  45" cone, f o r  wa te r  d e p t h s  30  t o  40 m, by combined bending 

and c rush ing  on t h e  70° cone, and f o r  g r e a t e r  water  dep ths ,  by c rush ing  on 

t h e  v e r t i c a l  column. I c e  c o n d i t i o n s  f o r  t h e s e  w a t e r  d e p t h s  would i n c l u d e  

f i r s t  y e a r  i c e ,  r i d g e s  and l a r g e  m u l t i y e a r  f l o e s .  Water was used f o r  

b a l l a s t .  A s p e c i a l  f e a t u r e  was r a d i a l  r i b s  on t h e  b a s e  between which sand 

could be placed t o  improve s l i d i n g  r e s i s t a n c e .  Again, a  mat te r  of 

p a r t i c u l a r  concern was t h e  se t -dawnl l i f t -o f f  opera t ion .  For wa te r  d e p t h  up 

t o  30 rn, t i l t i n g  could be  used b u t  t h e  p r e f e r r e d  method is a  m u l t i - p o i n t  

anchor system, which a l l o w s  l e v e l  set-down i n  w a t e r  up t o  50 m deep. Th is ,  

l i k e  a l l  c o n i c a l  systems,  f a c e s  t h e  b a s i c  set-down problem of i n s t a b i l i t y  

due t o  reduc ing  wate r  p lane  area.  A concep tua l  eng ineer ing  s tudy  h a s  been 

done on t h i s  system b u t  i t  has  n o t  been b u i l t .  

I Caisson type  

The f i r s t  ca i s son  s t r u c t u r e  concept  t o  h e  r e a l i z e d  is  t h e  s i n g l e  s t e e l  

d r i l l i n g  ca i s son  (SSDC) of Dome Petroleum. It  i s  cons t ruc ted  from a  former 

s u p e r t a n k e r  (VLCC). The bow and s t e m  were removed, l e a v i n g  a  

I 
162-metre-long by 5 3 1 n e t r e w i d e  s t r u c t u r e ,  which was s u b s t a n t i a l l y  

s t reng thened ,  i n c l u d i n g  a  o n e m e t r e t h i c k  c o n c r e t e  l a y e r  hehind t h e  o u t e r  

h u l l .  The s t r u c t u r e  is s e t  down a t  a  9  m draEt  on a  herm. The o u t e r  w a l l s  

a r e  a l l  v e r t i c a l ,  w i t h  a  16 m f reeboard  a l o n g  t h e  s i d e s .  S e c t i o n s  a r e  

t 
c a n t i l e v e r e d  ou t  over  t h e  i c e  a t  t h e  bow and s t e r n  t o  provide more deck 

space. Crew accommodation, d r i l l  r i g  and cons~imahles  a r e  a l l  s t o r e d  on 

board. The s t r u c t u r e  is b a l l a s t e d  wi th  water. With t h e  v e r t i c a l  w a l l s ,  

p a r t i c u l a r  a t t e n t i o n  must be  pa id  t o  p r o t e c t i o n  a g a i n s t  wave induced  s c o ~ ~ r  

on t h e  berm a d j a c e n t  t o  t h e  s t r u c t u r e .  The s t r u c t u r e  was f i r s t  used in 

autumn, 1983, a t  t h e  Uviluk P-66 l o c a t i o n  i n  25 m of wa te r  i n  t h e  Reaufort  

Sea. Th is  l o c a t i o n  was in  t h e  t r a n s i t i o n  zone and a  rubb le  f i e l d  formed 

around t h e  s t r u c t u r e .  The ruhb le  was s u r f a c e s p r a y e d  t o  i n c r e a s e  i t s  

s t a b i l i t y ,  thus  reducing i c e  loads  on t h e  SSDC and prov id ing  a pad from 



which a  r e l i e f  w e l l  cou ld  be  d r i l l e d  i f  necessa ry .  The SSDC was used  d u r i n g  

t h e  win te r  of 1983184 t o  d r i l l  a t  Kogyuk i n  28 m of water. Th i s  sys tem h a s  

s u c c e s s f u l l y  wi ths tood  t h e  dynamic i c e  of t h e  t r a n s i t i o n  zone and mult i -year  

f l o e  impacts. 

The A r c t i c  d r i l l  ba rge  (ADB) is in tended  f o r  sha l low wate r  ( 2  t o  9  m) i n  t h e  

Beaufort  Sea. Design i c e  c o n d i t i o n s  inc luded  two-met re th ick  f i r s t  y e a r  i c e  

and 4  m r idges .  The bottom of t h e  s t r u c t u r e  is a  s t e e l  ba rge  

69 x 39 x 11 m. which can b e  b a l l a s t e d  o n t o  t h e  s e a  bed. The s i d e s  a r e  

s loped  t o  encourage i c e  ride-up and hea ted  t o  coun te r  adf reez ing .  The s t e e l  

s u p e r s t r u c t u r e  s t a n d s  on two columns t o  r a i s e  i t  above t h e  barge. The 

concept is i n  t h e  p re l iminary  design phase. The c o n c r e t e  i s l a n d  d r i l l i n g  

system (CIDS) of Globa l  Marine has  been r e a l i z e d  i n  a  v e r s i o n  r e f e r r e d  t o  a s  

Super CIDS. The s t r u c t u r e  "Glomar Beaufort Sea I" was completed i n  t h e  1 
s p r i n g  of 1984 and i n  November of 1984 i t  w i l l  commence d r i l l i n g  f o r  Exxon I 
a t  t h e  Antares  l o c a t i o n  i n  15 m of wa te r  n e a r  P i t  Point .  The system 

comprises  t h r e e  components: a  s t e e l  mud b a s e  t h a t  s i t s  on t h e  s e a  f l o o r ,  a  

concre te  "br ick"  mid-section t h a t  sits on t h e  mud b a s e  and two s t e e l  deck 

s t o r a g e  b a r g e s  a d j a c e n t  t o  e a c h  o t h e r  on t h e  mid-section. The mud b a s e  is  

i 
90 x 95 x 7.6 m high  and is b a l l a s t e d  wi th  s e a  water. Its purpose is  t o  

i n c r e a s e  t h e  h e a r i n g  a r e a  on t h e  s e a  bed. The mid-section i s  a  l i g h t w e i g h t  

p re - s t ressed  concre te  honeycombed s t r u c t u r e  71 x 71 x 13.4 m high ,  which is 

ballasted with  s e a  water. The v e r t i c a l  w a l l s  of t h e  c o n c r e t e  mid-section 

a r e  i n  t h e  zone of d i r e c t  i c e  loads.  The two deck s t o r a g e  barges ,  each 

88 x 41 x 8  m high ,  accommodate d r i l l i n g  equipment, l i v i n g  q u a r t e r s  and 

supp l ies .  The s t r u c t u r e  is in tended  f o r  use  i n  water  dep ths  from 11 t o  

17 m. Design i c e  c o n d i t i o n s  i n c l u d e  two-met re th ick  f i r s t  y e a r  i c e ,  r i d g e s  

and multi-year i ce .  Spray f lood ing  w i l l  be  used t o  i n c r e a s e  t h e  s t a b i l i t y  

of t h e  i c e  ruhb le  around t h e  s t r u c t u r e ,  the rehy  a t t e n u a t i n g  d i r e c t  i c e  loads  

on it .  

Another concept i n  t h e  p re l iminary  design phase is t h e  ca i s son  system 

(RWACS) proposed by Brian Watts and Assoc ia tes ,  f o r  wa te r  dep th  of  10 t o  

20 rn O F F  the  nor the rn  coas t  of Alaska (Birdy,  1983). Design i c e  c o n d i t i o n s  

i n c l u d e  18 m l e v e l  i c e  and 5 m r i d g e  o r  rubb le  accumulat ions.  The s t r u c t u r e  

i s  monol i th ic  l igh tweigh t  p re - s t ressed  concre te  wi th  v e r t i c a l  e x t e r i o r  

w a l l s ,  hexagonal i n  p lan  (120 m a c r o s s  t h e  c o r n e r s )  and 2 3  m high. The 

i n t e r n a l  s t r u c t u r e  i s  composed of hexagonal c e l l s  b a l l a s t e d  wi th  water. 



P a r t i c u l a r  a t t e n t i o n  h a s  been p a i d  i n  t h e  d e s i g n  t u  d r n i t ~ s  t o  improve 

founda t ion  performance. The s t r u c t u r e  i s  l a r g e  enough t o  have j > r o v i s i o : ~ s  

f o r  n i n e  months and t o  d r i l l  t h r e e  4 0 0 0 - m e t r e d e e p  w e l l s .  

The Sohio A r c t i c  mobi le  s t r u c t u r e  (SAMS) i s  o c t a g o n a l  p r e - s t r e s s e d  c o n c r e t e .  

i n t e n d e d  f o r  1 2  t o  1 8  m w a t e r  d e p t h  i n  t h e  H a r r i s o r ~  Bay a r e a  of  t h e  Alaskan 

Beaufo r t  Sea (Anon. 1984a). A  s p e c i a l  Fea tu re  of t h e  d e s i g n  i s  t h e  use  of 

s h o r t  p i l e s ,  which can  h e  p l a c e d  through t h e  h a s e  t o  p r o v i d e  a d d i t i o n a l  

s l i d i n g  r e s i s t a n c e .  The maximum i c e  load  i n  t h e  t r a n s i t i o n  zon- where t h e  

s t r u c t u r e  w i l l  b e  s i t e d  is e x p e c t e d  t o  exceed  450 MN. The s t r u c t u r e  i s  

105 m a c r o s s  and 35 m i n  o v e r a l l  h e i g h t .  I t  is expec ted  t o  h e  i n  p l a c e  i n  

1985. 

The mobi le  A r c t i c  d r i l l i n g  s t r u c t u r e  i s  a  concep tua l  des ign  by Global  Marine 

f o r  t h e  n e a r s h o r e  a r e a  of  t h e  Beaufo r t  Sea (2-6 m w a t e r  dep th ) .  The 

s t r u c t u r e  h a s  a  b a s e  90  x 63 m, w i t h  s l o p i n g  s i d e s  t o  cause  t h e  i c e  t o  f a i l  

i n  bending. S e t  i n  f rom t h i s  h a s e  i s  a  p e d e s t a l ,  t o  b e  c o n s t r u c t e d  f rom a  

s e c t i o n  of an o l d  s u p e r t a n k e r .  The s t r u c t u r e  would b e  b a l l a s t e d  w i t h  

seawa te r .  A  f e a t u r e  o f  t h i s  concep t  i s  low c o s t .  

A  new concept  from Bow A r c t i c  Resources  is a  mohi le  A r c t i c  i s l a n d  (MAT) ,  t o  

be c o n s t r u c t e d  f rom a n  o l d  s u p e r t a n k e r  (Anon, 1984b). The t a n k e r  would h e  

c u t  i n t o  p i e c e s  and reassembled i n  a  form s u i t a b l e  f o r  a p p l i c a t i o n  a s  a  

d r i l l i n g  s t r u c t u r e .  It would b e  u s a b l e  i n  w a t e r  d e p t h s  up t o  2 3  m. With 

i n t e r n a l  r e i n f o r c i n g  and i r ~ c o r p o r a t i o n  of  an i c e  f e n d e r ,  i c e  l o a d s  of  9  MN 
I 

p e r  m e t r e  of  s t r u c t u r e  w i d t h  c o u l d  b e  r e s i s t e d .  

F l o a t i n g  S t r u c t u r e s  

F l o a t i n g  systems f o r  e x p l o r a t o r y  d r i l l i n g  were  i n i t i a l l y  used  i n  A r c t i c  

> w a t e r s  f o r  summer o p e r a t i o n s .  In  1976, Dome b rough t  t h r e e  i ce - s t r eng thened  
k 

I 
d r i l l s h i p s  i n t o  t h e  Beaufo r t  a rea .  An a d d i t i o n a l  s h i p  was added l a t e r  t o  

b r i n g  t h e  f l e e t  up t o  four .  These d r i l l s h i p s  f e a t u r e  sponsons on t h e  o u t e r  

h u l l  t o  p r o v i d e  a  d o u b l e h u l l  and  i c e  c l a s s  lA, a n  e i g h t - p o i n t  mooring 

I sys tem w i t h  a c o u s t i c  r e l e a s e s ,  f a i r l e a d s  t o  reduce i c e  c o n t a c t  w i t h  t h e  

I mooring l i n e s ,  and  two t h r u s t e r s  t o  d e f l e c t  i c e  f l o e s  and  r e d u c e  i c e  

t 
f r i c t i o n .  The s h i p s  were i n i t i a l l y  a l lowed t o  d r i l l  i n  t h e  open wa te r  

s e a s o n  on ly .  b u t  a s  e x p e r i e n c e  was ga ined ,  o p e r a t i o n s  were  p e r m i t t e d  i n t o  

I 
t h e  auturm p e r i o d  a s  l a t e  a s  November. Lhring t h i s  p e r i o d  i c e  was a l r e a d y  



p r e s e n t  and i c e h r e a k i n g  supp ly  b o a t s  were  employed i n  i c e  management a round  

t h e  s h i p s ,  p a r t i c u l a r l y  i n  October. At t h e  same t ime ,  e f f o r t s  were made 

t w a r d s  t h e  e a r l y  break-out  oE t h e  d r i l l  s h i p s  f rom t h e i r  w i n t e r  h a r b o u r  a t  

ELcKililey Ray, s i n c e  d r i l l  s i t e s  i n  t h e  t r a n s i t i o n  zone were o f t e n  i c e - f r e e  

o r  i n  open pack by e a r l y  June.  The r e s u l t i n g  d r i l l i n g  season  can  h e  u p  t o  

Four months long. More than  15 w e l l s  have been d r i l l e d  w i t h  t h e s e  

d r i l l s h i p s ,  i n  w a t e r  d e p t h s  r ang ing  from 2 3  t o  68 m. 

Hased on t h e i r  e x p e r i e n c e  w i t h  d r i l l s h i p s ,  Dome h a s  p u t  fo rward  two c o n c e p t s  

f o r  advanced s y s t e m .  The s w i v e l  d r i l l s h i p  is i n t e n d e d  f o r  w a t e r  d e p t h s  2 0  

t o  120 m and would o p e r a t e  w i t h  an extended season  i n  t h e  t r a n s i t i o n  zone 

and y e a r r o u n d  i n  l a n d - f a s t  i c e  w i t h  C l a s s  6 i c e b r e a k e r  s u p p o r t .  The u n i q u e  

f e a t u r e  of t h i s  system is a t u r r e t  mooring s w i v e l  i n  t h e  fo rebody  of  t h e  

s h i p .  The r i g  s i t s  on t h e  t u r r e t  and 16 mooring lines e x t e n d i n g  f rom t h e  

t u r r e t  t o  t h e  s e a  bot tom a l l o w  t h e  bow of t h e  v e s s e l  t o  weathervane i n t o  t h e  

moving i c e .  Another  v a r i a t i o n  was t h e  round d r i l l s h i p ,  i n t e n d e d  f o r  

year-round d r i l l i n g  i n  t h e  t r a n s i t i o n  zone w i t h  i c e b r e a k e r  a s s i s t a n c e .  The 

h u l l  was 6 5  m i n  d i a m e t e r ,  s t r e n g t h e n e d  t o  A r c t i c  C l a s s  6 and  s a u c e r s h a p e d  

t o  reduce i c e  f o r c e s .  Mooring l i n e s  were t o  be  a t t a c h e d  t o  a  s m a l l  c e n t r a l  

cone e x t e n d i n g  below t h e  l e v e l  of  i c e  a c t i o n .  N e i t h e r  corlcept h a s  advanced 

beyond t h e  p r e l i m i u a r y  des ign  phase. 

M i t s u i  has  proposed two f l o a t i n g  d r i l l i n g  s t r u c t u r e s .  One, an i c e  r e s i s t a n t  

b a r g e ,  h a s  a  t u r r e t  anchored  t o  t h e  s e a  bed  and a n  e g g s h a p e d  h u l l ,  which 

weathervanes  i n t o  t h e  moving i c e .  The h u l l  is s l o p e d  t o  h r e a k  t h e  i c e  

downward. Areas  of  a p p l i c a t i o n  i n c l u d e  s e v e r e  i c e  o r  d e e p  open water .  The 

o t h e r  p roposa l  is f o r  a f l o a t i n g  r i g  i n s i d e  an i c e - f r e e  zone. Heat would b e  

a p p l i e d  t o  ma in ta in  a n  i c e f r e e  a n n u l u s  between a  f l o a t i n g  moored d r i l l  

b a r g e  and a  f l o a t i n g  s t e e l  ca i s son .  The r i g  would b e  used  i n  t h e  l a n d f a s t  

i c e  of  t h e  Beaufo r t .  

A concept  put  forward some t ime  ago by General  Dynamics was an A r c t i c  d r i l l  

b a r g e  t o  o p e r a t e  i n  t h e  R e a u f o r t  Sea. A 4 5 - m e t r e d i a m e t e r  conical-shaped 

f l o a t i n g  p l a t f o r m  is anchored t o  t h e  s e a  bed w i t h  e i g h t  p re - t ens iona l  

mooring l i n e s .  The s t r u c t u r e  c o u l d  b r e a k  1.5 m l e v e l  i c e  b u t  i c e b r e a k e r  

suppor t  would h e  an i n t e g r a l  p a r t  of t h e  system. I t  was i n t e n d e d  f o r  w a t e r  

d e p t h s  f rom 20 t o  200 m. 



Gulf Canada's c o n i c a l  d r i l l i n g  u n i t  named t h e  "Kulluk" e n t e r e d  s e r v i c e  i n  

t h e  Beaufo r t  Sea i n  t h e  summer of 1983 (Gaida e t  a l .  1983). It is des igned  

I t o  o p e r a t e  i n  w a t e r  d e p t h s  f rom 24 t o  55 m. The s t r u c t u r e  i s  a n  i n v e r t e d  

cone w i t h  a  s l o p e  of  30° t o  t h e  h o r i z o n t a l  and an o u t e r  d i a m e t e r  of 81 m. 

The f i n a l  fo rm of  t h e  h u l l  i s  t h e  r e s u l t  o f  e x t e n s i v e  model t e s t i n g .  I c e  

f o u l i n g  of t h e  mooring l i n e s  was of  p a r t i c u l a r  concern.  The s o l u t i o n  was a 

r e v e r s e  l i p  a t  t h e  bo t tom o f  t h e  cone  and a n  i c e  d e f l e c t i o n  r ing. '  Twelve 

mooring l i n e s  of 90 mm d iamete r  can h o l d  t h e  u n i t  on l o c a t i o n  i n  up t o  1.2 m 

o f  l e v e l  i c e .  The h u l l  is s t r e n g t h e n e d  t o  A r c t i c  C l a s s  4. Two 24,000 h p  

i c e b r e a k e r s  and two 15,000 hp supp ly  b o a t s  a r e  used  around t h e  Kul luk t o  

b r e a k  up t h i c k  i c e ,  l a r g e  f l o e s  and r i d g e s  i n t o  more manageable i c e  f e a t u r e s  

(Hna t iuk  and Wright ,  1984). Reconnaissance t o  r ecogn ize  and i d e n t i f y  

haza rdous  i c e  f e a t u r e s  is impor tan t  f o r  management and s a f e t y  of  t h e  

o p e r a t i o n .  The f i r s t  w e l l  d r i l l e d  w i t h  t h e  sys t em a t  P i t s i u l u k  pu t  i t  t o  a  

s e v e r e  t e s t .  The K u l l r ~ k  was exposed i n  e a r l y  September t o  o l d  i c e  w i t h  

t h i c k n e s s  of 2  t o  3 m and r i d g e s  w i t h  t h i c k n e s s e s  of 20 t o  30 m. Using t h e  

e n t i r e  i c e  management system,  i t  was p o s s i b l e  t o  cope  w i t h  t h e s e  c o n d i t i o n s  

b u t  i t  was e v e n t u a l l y  dec ided  t o  s e c u r e  t h e  w e l l  and move t o  t h e  Amauligak 

l o c a t i o n .  By e a r l y  Oc tobe r  t h e  d r i l l i n g  u n i t  was f o r c e d  t o  move a g a i n  hy 

s i m i l a r l y  s e v e r e  i c e  c o n d i t i o n s .  I n  e a r l y  November, t h e  s t r u c t u r e  r e t u r n e d  

t o  t h e  Amauligak l o c a t i o n  and o p e r a t e d  i n  normal  s e a s o n a l  i c e  c o n d i t i o n s  

u n t i l  December 11. The system performed w e l l  and n o  damage was s u s t a i n e d  b y  

t h e  Kul luk ,  even i n  t h e  e x c e p t i o n a l l y  s e v e r e  i c e  c o n d i t i o n s  of  1983 (Loh and  

Stamberg, 1984). 

Semi-submersibles 

A concep t  f o r  a  dynamica l ly  p o s i t i o n e d  d r i l l i n g  sys t em c a l l e d  t h e  

i c e - c u t t i n g  semi-submersible  d r i l l i n g  v e s s e l  (ICSDV) was p u t  forward b y  

SEDCO and Sea-Log i n  t h e  mid 1970's.  An underwa te r  c y l i n d r i c a l  h u l l  79 m i n  

d iamete r  by 22 m h igh  was a t t a c h e d  t o  a  31 m l ong  by 11.5 m d iamete r  column, 

which passed  u p  th rough  t h e  w a t e r  p l a n e  t o  s u p p o r t  a  s u p e r s t r u c t u r e  w i t h  

d r i l l i n g  equipment and accommodation. A r e v o l v i n g  c u t t i n g  s l e e v e  extended 

o v e r  a  20 m l e n g t h  o f  t h e  column. T h r u s t e r s  c o u n t e r a c t e d  t h e  tongue  of  t h e  

c u t t e r  and k e p t  t h e  u n i t  on l o c a t i o n  i n  moving i c e .  Small s c a l e  f i e l d  

d e m o n s t r a t i o n s  showed t h a t  a  f u l l - s c a l e  v e r s i o n  c o u l d  t h e o r e t i c a l l y  c u t  

th rough  12 m r i d g e s  a t  a  r a t e  of 0.5 m / s .  

I 



An i c e c l a s s  semi-submersible (ICE MAIDEN) h a s  been designed i n  Europe. 

Heat would be  used t o  reduce i c e  adhesion and a mechanical system t o  b r e a k  

up t h e  i ce .  T h r u s t e r s  and a mooring system would b e  used t o  a s s i s t  i c e  

loading.  The s t r u c t u r e  is in tended  f o r  deepwater a p p l i c a t i o n s  i n  t h e  

Arc t i c .  

Another A r c t i c  semi-submersible d r i l l i n g  u n i t  has  been designed by M i t s u i  

f o r  ARC0 O i l  and Gas Co. (Corona and Yashima, 1983). The s t r u c t u r e  is  

s i m i l a r  t o  a conven t iona l  semi-submersible, b u t  h a s  no  s t r u t s  o r  b r a c i n g  

pass ing  through t h e  w a t e r  plane.  The v e r t i c a l  columns a r e  c l e a r ,  b u t  f i t t e d  

wi th  compound v e r t i c a l  cones t o  b reak  t h e  i c e  i n  bending. For wa te r  d e p t h s  

up t o  20 m, t h e  s t r u c t u r e  would b e  b a l l a s t e d  t o  s i t  on t h e  s e a  bot tom. For  

deeper  water  it would be moored. It is designed t o  r e s i s t  2 m l e v e l  i c e  and 

r i d g e s  up t o  25 m i n  depth. 

I c e  p la t fo rms  

T h i s  type  of f l o a t i n g  d r i l l i n g  system h a s  been e x t e n s i v e l y  u t i l i z e d  i n  t h e  

Canadian A r c t i c  Archipelago (Baudais e t  a l ,  1974). The primary requirement  

is  t h a t  h o r i z o n t a l  movement of t h e  i c e  cover  n o t  exceed 5% of t h e  w a t e r  

depth over  t h e  d u r a t i o n  of t h e  d r i l l i n g  period.  This  requirement  is met i n  

many a r e a s  of t h e  A r c t i c  Archipelago. The weight  of t h e  d r i l l  r i g s  used  

(5-20 MN) exceeds t h e  c a r r y i n g  c a p a c i t y  of t h e  n a t u r a l  i c e  cover .  s o  a 

c o n t r o l l e d  s u r f a c e  f l o o d i n g  t echn ique  has  been developed t o  b u i l d  u p  i c e  

t h i c k n e s s  t o  t h e  requ i red  5-6 m over  a 200 m diameter .  Since t h e  f i r s t  

e x p l o r a t o r y  w e l l  was d r i l l e d  over  t h e  w i n t e r  of  1973174, o v e r  30 w e l l s  have 

been s u c c e s s f u l l y  completed u s i n g  t h i s  technique.  In 1978 t h e  t echn ique  was 

used a t  Drake P o i n t  i n  a demonstrat ion p r o j e c t  t o  d r i l l  a p roduc t ion  w e l l  

and l a y  a f low l i n e  bundle i n  a plowed t r e n c h  t o  b r i n g  ' t h e  product  t o  s h o r e  

(Palmer e t  a l .  1979). 

A r t i f i c i a l  I s l a n d s  

S a c r i f i c i a l  beach 

A r t i f i c i a l  i s l a n d s  have been used e x t e n s i v e l y  i n  t h e  Beaufor t  Sea f o r  

exp lora to ry  d r i l l i n g .  The f i r s t  such i s l a n d  was f o r  t h e  I m e r k  B-48 w e l l  

d r i l l e d  by Esso Canada i n  t h e  w i n t e r  1973174. It was c o n s t r u c t e d  i n  3 m of 

water  us ing  a s t a t i o n a r y  s u c t i o n  barge.  Sandbags provided s l o p e  p r o t e c t i o n  

and reduced t h e  amount of f i l l  required.  Two s u m m r s  were r e q u i r e d  t o  



complete t h e  i s l and .  Construct ion t echn iques  f o r  o t h e r  i s l a n d s  have 

inc luded  dredging i n  summer and win te r  h a u l i n g  over  t h e  i c e .  

In  t h e  summer of 1976. t h e  f i r s t  s a c r i f i c i a l  beach i s l a n d  was c o n s t r u c t e d  i n  

8.5 m of wa te r  f o r  t h e  Arnak L-30 wel l .  The s l o p e s  on t h e s e  i s l a n d s  a r e  of  

t h e  o r d e r  of 1:12 and r e q u i r e  l a r g e  amounts of f i l l ,  which is u s u a l l y  

ob ta ined  l o c a l l y .  The c o n s t r u c t i o n  of such  i s l a n d s  was made p o s s i b l e  by 

h igh  c a p a c i t y  c u t t e r  s u c t i o n  dredges,  such a s  t h e  Beaver Mackenzie. Gravel 

i s l a n d s  have been b u i l t ,  p a r t i c u l a r l y  i n  t h e  Alaskan Beaufort  by h a u l i n g  

a c r o s s  t h e  i c e  from borrow s i t e s  on shore.  The deepes t  wa te r  t o  d a t e  i n  

which an i s l a n d  h a s  been c o n s t r u c t e d  i s  20 m a t  Issungnak. Experience w i t h  

t h e s e  a r t i f i c i a l  i s l a n d s  has  been very favourab le  and no  i c e  problems have 

been encountered. Genera l ly  a  l a r g e r  r u b b l e  f i e l d  forms around t h e  

a r t i f i c i a l  i s l a n d s  a s  moving i c e  p i l e s  up on t h e  s h o r e  and on submarine 

s l o p e s  around t h e  i s l and .  'his grounded r u b b l e  f i e l d  c a r r i e s  i c e  loads  i n t o  

t h e  s e a  bottom, reducing t h e  load  on t h e  i s l a n d  i t s e l f .  Erosion due t o  wave 

a c t i o n  h a s  been a  problem d u r i n g  t h e  open wate r  period. T h i s  h a s  been 

countered wi th  p r o t e c t i v e  measures such a s  sandbags,  n e t s  and g e o t e x t i l e  

mats. 

A v a r i a t i o n  of t h e s e  i s l a n d s  is t h e  grounded i c e  i s l and .  The f i r s t  one was 

b u i l t  i n  t h e  Alaskan Beaufort .  There h a s  a l s o  been i n t e r e s t  i n  b u i l d i n g  

grounded i c e  i s l a n d s  i n  t h e  Sov ie t  Union u s i n g  spray  f looding.  A r e g u l a t o r y  

requirement  i n  t h e  Canadian A r c t i c  is same-season r e l i e f  w e l l  c a p a b i l i t y ,  

and t h e  grounded i c e  pad is an economical s o l u t i o n  t o  t h i s  requirement .  

Caisson-retained i s l a n d s  

I n  deeper  wa te r  t h e  amount of f i l l  r e q u i r e d  f o r  an a r t i f i c i a l  i s l a n d  becornes 

ve ry  l a rge ;  f o r  example, Issungnak, i n  20 m of water .  r equ i red  5 x l o 6  m3. 

The f i r s t  ca i s son- re ta ined  i s l a n d  was T a r s i u t ,  b u i l t  ii 1981 i n  22 m of 

water .  Four i n d i v i d u a l  c o n c r e t e  c a i s s o n s  were p laced  on a  berm, which came 

t o  w i t h i n  5 m of t h e  w a t e r  su r face .  A s p e c i a l  t echn ique  c r e a t e d  s l o p e s  o f  

1:7 o r  s t e e p e r  on t h e  berm. Because of t h e  s t e e p  s l o p e s  and h igh  i c e  

load ing ,  s u i t a b l e  sand  f i l l  had t o  b e  b rought  from a s  f a r  a s  6 5  km. 

Altoge ther  1.5 x l o 6  m3 of m a t e r i a l  were requ i red .  The c a i s s o n s  were 

b a l l a s t e d  w i t h  wa te r  and then  i n f i l l e d  w i t h  sand, a s  was t h e  c e n t r a l  core.  

S p e c i a l  doors  were f i t t e d  t o  c l o s e  t h e  gaps where t h e  c a i s s o n s  joined.  

S e v e r a l  days  of calm weather  were. r e q u i r e d  t o  s e t  down t h e  c a i s s o n s  and  



comple t e ly  s e c u r e  them. The d e s i g n  c a l l e d  f o r  armour  rock  on t h e  berm a t  

t h e  toe of  t h e  c a i s s o n  t o  p r e v e n t  wave s c o u r .  It has  heen i n  p l a c e  f o r  

t h r e e  w i n t e r s  and h a s  s a t i s f a c t o r i l y  w i t h s t o o d  i c e  l o a d s .  Some ma in tenance  

has  heeu done each  summer t o  c o u n t e r a c t  t h e  e f f e c t s  o f  s c o ~ l r  and e r o s i o n .  

The c a i s s o n s  a r e  b e i n g  removed t h i s  summer (1984). 

E s s o ' s  Caisson Re ta ined  I s l a n d  (CRI) has  j u s t  completed a  y e a r  o f  s e r v i c e  i n  

t h e  B e a u f o r t  Sea. A w e l l  was d r i l l e d  i n  13.5 m o f  w a t e r  a t  Kadluk o v e r  t h e  

w i n t e r  1983184. E igh t  t r a p e z o i d a l  e l e m e n t s ,  h e l d  t o g e t h e r  i n  a  

l l 7 m e t r e - d i a m e t e r  o c t a g o n a l  r i n g  by t e n s i o n i n g  c a b l e s ,  make u p  t h e  c a i s s o n .  

The s t r u c t ~ r r e  can he  assembled i n  whole o r  p a r t  b e f o r e  tow-out. The c a i s s o n  

e l e m e n t s  a r e  b a l l a s t e d  w i t h  w a t e r  and  t h e  c o r e  f i l l e d  w i t h  sand. Ice l o a d s  

a r e  t r a n s f e r r e d  from t h e  f l e x i b l e  c a i s s o n  t o  t h e  s a n d  c o r e  and i n  t u r n  t o  

t h e  s e a  hottom. Set-down d e p t h  of t h e  s t r u c t u r e  i s  9 m and  i t  h a s  a  

f r e e b o a r d  of 3 m. Supp leme~i t a ry  wave and i c e  d e f l e c t o r s  b r i n g  t h e  f r e e b o a r d  

t o  7.5 m. D r i l l i n g ,  camp and s u p p l i e s  a r e  p l a c e d  on  t h e  s a n d  c o r e .  

L i f t - o f f  is  accomplished by l o o s e n i n g  t h e  t e n s i o n  c a b l e s  and d e b a l l a s t i n g  

t h e  c a i s s o ~ l s .  The c a i s s o n  can  h e  e i t h e r  p l a c e d  on a  berm i f  w a t e r  d e p t h  i s  

g r e a t e r  t han  9  m o r  s e t  i n  a  h o l e  i f  i t  is l e s s .  The d e s i g n  i c e  c o n d i t i o n  

i s  e i t h e r  2 m l e v e l  i c e  a c t i n g  on t h e  who le  d i a m e t e r  o r  a  t h r e e m e t r e t h i c k  

f l o e .  

Gulf Canada 's  Mohile A r c t i c  Caisson (MAC) now named "Molikpaq" w i l l  b e  

e n t e r i n g  t h e  B e a u f o r t  S e a  t h i s  summer (1984). The s t e e l  c a i s s o n  s t r u c t u r e  

is 29 m h i g h ,  uneven o c t a g o n a l  i n  p l a n ,  111 In a c r o s s  a t  t h e  b a s e  and 8 1  rn ,- 
a c r o s s  a t  t h e  top .  Normal set-down d e p t h  i s  21.5 m and w i t h  d e f l e c t o r s  i t  

w i l l  hav6  12 m o f  f r e e b o a r d .  A c e n t r a l  c o r e  7 2  m s q u a r e  is  t i l l e d  w i t h  

sand. The d r i l l i n g  machinery and accommodation s i t  on a  box  g i r d e r  deck ,  

which s p a n s  t h e  e n t i r e  t o p  of t h e  c a i s s o n .  Heat is s u p p l i e d  t o  t h e  

u n d e r d e c k  a r e a  and  h a l l a s t  t a n k s  t o  p r e v e n t  f r e e z i n g  o f  b a l l a s t  w a t e r  and  

t h e  sand co re .  The u n i t  w i l l  b e  used t o  d r i l l  a  d e l i n e a t i o n  w e l l  o v e r  t h e  I 4 
w i n t e r  8 4 / 8 5  on t h e  T a r s i u t  s t r u c t ~ l r e  i n  a  w a t e r  d e p t h  o f  a b o u t  2 5  m. . I 

PRODUCTLON CONCEPTS AND PROJECTS 

A p r o d u c t i o n  s t r u c t u r e  must pe r fo rm s a t i s f a c t o r i l y  o v e r  a  20  t o  3 0  y e a r  

l i f e t i m e ,  i n  o t h e r  words i t  h a s  t o  b e  permanent.  Because of t h e  l o n g e r  

l i f e ,  i t  is p o s s i b l e  t o  a m o r t i s e  t h e  c o s t  o f  a  more s u b s t a n t i a l  s t r u c t u r e .  

On t h e  o t h e r  hand,  because  of t h e  l o n g e r  l i f e ,  t h e  r i s k  o f  e n c o u n t e r  w i t h  a n  
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extreme i c e  f e a t u r e  is h igher .  A c h o i c e  h a s  t o  b e  made between d e s i g n i n g  

f o r  an extreme c a s e ,  s a y  a  thousand-year e v e n t ,  o r  d e s i g n i n g  f o r  a  lower 

c o n d i t i o n  and a d o p t i n g  a  s t r a t e g y  of  d e t e c t i n g  ex t reme  i c e  f e a t u r e s ,  

f o r e c a s t i n g  whether  t h e y  p r e s e n t  a  haza rd  t o  t h e  s t r u c t u r e  and deve lop ing  a 

means of  d e a l i n g  w i t h  them. Also w i t h  a  p roduc t ion  s t r u c t u r e ,  p r o c e s s i n g  

and t r a n s p o r t  o r  s t o r a g e  of  t h e  p roduc t  have t o  b e  d e a l t  wi th .  There fo re  

some p roduc t ion  sys t ems  r e q u i r e  l a r g e  s t o r a g e  c a p a c i t y .  T h i s  i n  t u r n  can  b e  

an advantage,  s i n c e  i t  adds  t o  t h e  mass of  t h e  s t r u c t u r e .  

Some e x p e r i e n c e  h a s  been ga ined  w i t h  p roduc t ion  s t r u c t u r e s  i n  ice-covered 

wa te r s .  In Cook I n l e t ,  s t e e l  mul t i - legged o r  monopod s t r u c t u r e s  have been 

employed s i n c e  t h e  mid-1960's. I c e  c o n d i t i o n s  i n c l u d e  l e v e l  i c e  up t o  1  m 

t h i c k  and  f i r s t - y e a r  r i d g e s .  With a  l a r g e  t i d a l  r ange ,  a b o u t  9 m, 

a d f r e e z i n g  of i c e  is n o t  a  problem. For des ign  purposes  an i c e  p r e s s u r e  o f  

2.1 MPa was assumed t o  b e  a p p l i e d  t o  t h e  t o t a l  d i a m e t e r  of  t h e  s t r u c t u r e .  

The mult i - legged s t r u c t u r e s  a r e  suppor t ed  on 4.7-metre-diameter p i l e s ,  wh i l e  

t h e  monopod i s  9.7 m i n  d i amete r .  The s t r u c t u r e s  a r e  i n  a b o u t  20 m o f  w a t e r  

and a l l  a r e  f i x e d  t o  t h e  s e a  bot tom w i t h  p i l e s .  Very r e c e n t l y  (1983) ,  two 

p roduc t ion  platforms were p l a c e d  i n  t h e  B a l t i c  o f f  t h e  German c o a s t  i n  w a t e r  

d e p t h s  r ang ing  from 15 t o  25 m (Hollomon and K l a t t ,  1984). I c e  p r e s s u r e  

r i d g e s  and break-out  f rom l e v e l  i c e  were  r e s p o n s i b l e  f o r  t h e  ex t reme  l o a d i n g  

c o n d i t i o n s .  To w i t h s t a n d  t h e  i c e  l o a d s ,  c o n c r e t e  s t r u c t u r e s  were chosen. 

The f i r s t  o f f s h o r e  p roduc t ion  from t h e  A r c t i c  w i l l  p robab ly  h e  f rom 

a r t i f i c i a l  i s l a n d s  i n  r e l a t i v e l y  sha l low water .  Exxon/Sohio have E i l e d  a  

p l an  f o r  p roduc t ion  from t h e  E n d i c o t t  r e s e r v o i r  i n  t h e  Alaskan Reaufo r t  Sea. 

The scheme i n c l u d e s  f o u r  g r a v e l  i s l a n d s  i n  w a t e r  d e p t h s  r a n g i n g  from 1.2 t o  

5.5 m, and a  causeway connec t ing  t h e  c e n t r a l  i s l a n d  t o  t h e  shore .  The f i r s t  

p roduc t ion  schemes f o r  t h e  Canadian Beaufo r t  w i l l  l i k e l y  i n v o l v e  

c a i s s o n - r e t a i n e d  i s l a n d s ,  f o r  which t h e r e  is e x t e n s i v e  e x p e r i e n c e  w i t h  

e x p l o r a t i o n  s t r u c t u r e s .  

I n  g e n e r a l ,  p roduc t ion  sys t ems  can be of t h e  same t h r e e  b a s i c  t y p e s  a s  

e x p l o r a t i o n  sys t ems ,  i . e ,  b o t t o m f o u n d e d  s t r u c t n r e s ,  f l o a t i n g  s t r u c t u r e s  and 

a r t i f i c i a l  i s l a n d s .  I s l a n d s  would be s u i t a b l e  f o r  sha l low wa te r  (0-15 rn), 

a l t h o u g h  t h e y  have been sugges ted  f o r  d e p t h s  up 7 0  m. S t r u c t u r e s  would h e  

s u i t a b l e  f o r  i n t e r m e d i a t e  w a t e r  d e p t h s  (15  t o  100 rn). F l o a t i n g  systems 



would on ly  b e  a p p l i c a b l e  i n  very deep w a t e r  where f i x e d  s t r u c t u r e s  would b e  

impossible .  

Product ion s t r u c t u r e s  can have t h e  same t h r e e  forms a s  e x p l o r a t i o n  systems,  

i.e. , c y l i n d r i c a l ,  c o n i c a l  and ca i s son .  C y l i n d r i c a l  s t r u c t u r e s  have been 

proposed f o r  wa te r  dep ths  of 90 t o  150 m, where i c e  c o n d i t i o n s  a r e  n o t  t o o  

s e v e r e  ( i . e .  1  m l e v e l  i c e ,  10 m r i d g e s  ( Jahns ,  1980)). The s t r u c t u r e s  

would be concre te ,  e i t h e r  three-legged,  a s  t h e  Condeeps, o r  monopods. A 

s m a l l  cone a t  t h e  wa te r  l i n e  cou ld  reduce  i c e  loads.  For sha l lower  wa te r s .  

con ica l  s t r u c t u r e s  have been proposed. These i n c l u d e  a  30' cone s t a n d i n g  on 

a  berm 50 m below t h e  wate r  s u r f a c e  (Wetzel e t  a l ,  1980). T h i s  system was 

intended f o r  water  dep ths  of 70 t o  150 m of f  t h e  Labrador Coast ,  where 

mult i -year  i c e  up t o  20 m t h i c k  and i c e b e r g s  a r e  p resen t .  For  t h e  s h a l l o w e r  

wa te r  of t h e  Chuckchi Sea, a  concre te  c o n i c a l  product ion s t r u c t u r e  h a s  been 

proposed. A b a s e  200 m i n  d iamete r  and 35  m h i g h  would b e  used  f o r  o i l  

s to rage .  The intended wate r  dep th  is 45 m. S h e l l  proposes t o  u s e  a  

c o n t r o l l e d  s t i f f n e s s  s t e e l  A r c t i c  cone (COSSAC) f o r  a  wa te r  d e p t h  of  13.5 m 

i n  t h e  Beaufort  a r e a  (Boaz and Bhula, 1981). It i s  designed f o r  2 m l e v e l  

i c e  and 15-metre-thick mult i -year  i ce .  The s t r u c t u r e  would b e  a  

wa te r -ba l l as ted  c y l i n d e r  105 m a c r o s s  a t  t h e  b a s e  and would have a  45' 

c o n i c a l  apron. A unique f e a t u r e  of t h e  system i s  t h e  f l e x i b l e  at tachment  of 

t h e  cone t o  t h e  c y l i n d e r  f o r  t h e  purpose of a t t e n u a t i n g  i c e  loads.  h o t h e r  

c o n i c a l  s t r u c t u r e  i s  t h e  A r c t i c  p roduc t ion  monocone (APM) proposed by 

Dome/CBI and intended f o r  45 t o  75 m of wa te r  i n  t h e  Beaufort  Sea (S tenn ing  

and Schumann, 1979). The cone and s u p e r s t r u c t u r e  were designed t o  s e p a r a t e  

from t h e  base i n  t h e  even t  of t h e  impact of an i c e  i s l a n d .  The b a s e  would 

p r o t e c t  t h e  w e l l  head and t h e  cone and s u p e r s t r u c t u r e  would f l o a t  o f f  w i t h  

t h e  i ce .  A mul t ip le  l e g  s t r u c t u r e  wi th  c o n i c a l  c o l l a r s  s e t  below t h e  , 

w a t e r l i n e  a t  a  l e v e l  t o  b r e a k  t h i c k  i c e  f e a t u r e s  i n  f l e c t u r e  h a s  been 

suggested f o r  water  depths of 9 t o  18 m i n  t h e  Beaufort  Sea (Kliewer and 

Forbes,  1980). The l e g s  a r e  t i e d  i n t o  t h e  s u p e r s t r u c t u r e  deck a t  t h e  t o p  

and in te rconnec ted  a t  t h e  mud l i n e .  The s t r u c t u r e  could be f i x e d  by p i l e s  

i f  s o i l  cond i tons  r e q u i r e  i t .  A caisson-type c o n c r e t e  s t r u c t u r e  h a s  been 

considered by Exxon f o t  water  dep ths  of 9 t o  30 m i n  Norton Sound. The 

s t r u c t u r e  would be  abou t  140 m a c r o s s  a t  t h e  b a s e  s o  t h e  i c e  l o a d s  cou ld  b e  

r e s i s t e d  by t h e  poor s o i l s  of t h e  a rea .  S o i l  c o n d i t i o n s  on t h e  s e a  bed a r e  

a  c r i t i c a l  f a c t o r ,  s i n c e  l a r g e  loads  a r e  t r a n s m i t t e d  t o  t h e  s e a  bed. 



h l y  one concept  f o r  a  f l o a t i n g  product ion system has  been proposed (Gerwick 

and Jahns.  1979). It is a c y l i n d r i c a l  s t r u c t u r e  wi th  a  c o n i c a l  neck,  which 

can b r e a k  i c e  i n  f l e c t u r e  e i t h e r  upwards o r  downwards depending on d r a f t .  

The s t r u c t u r e ,  of r e in forced  p re - s t ressed  c o n c r e t e ,  would a l s o  have an 

a c t i v e  heaving sys tem t o  a s s i s t  i n  breaking.  

The sandbag-retained i s l a n d s  used f o r  e x p l o r a t i o n  i n  t h e  sha l low a r e a s  of  

t h e  Beaufort  cou ld  a l s o  b e  used f o r  product ion purposes (Dingle,  1982). 

Mi t su i  has  proposed a  sandtube-retained i s l a n d .  In  a  s i m i l a r  v e i n ,  b u t  

u s i n g  a  g e o t e x t i l e  r e t a i n i n g  bag, was t h e  s a n d i s l e .  There h a s  a l s g  been a  

p roposa l  from Norwegian i n t e r e s t s  t o  c o n s t r u c t  i c e  i s l a n d s  i n s i d e  a  s t e e l  

s h e l l  and t o  p rov ide  r e f r i g e r a t i o n  t o  c o u n t e r a c t  summer melting. The 

Toronto c o n s u l t i n g  f i r m  Marshal Macklin Monaghan h a s  proposed a  deep wate r  

a c t i v i t y  f r o z e n  s e a  bed (DAFS) s t r u c t u r e .  The octagonal-shaped s t e e l  

ca i s son  would have a  sand c o r e  f rozen  t o  t h e  s e a  bed w i t h  thermopiles .  

CONCLUSION 

A number of concep ts  and p r o j e c t s  have been p u t  forward f o r  o f f s h o r e  

e x p l o r a t i o n  and product ion of hydrocarbons i n  A r c t i c  regions.  Numerous 

f a c t o r s ,  p r i m a r i l y  i c e  c o n d i t i o n s ,  wa te r  dep th  and s o i l  c o n d i t i o n s ,  and  t h e  

requirements  of t h e  o p e r a t o r ,  determine t h e  optimum system f o r  any 

p a r t i c u l a r  loca t ion .  F i n a l l y ,  system des ign  i s  l i m i t e d  by t h e  l e v e l  o f  

s c i e n t i f i c  and t e c h n i c a l  knowledge, inc lud ing :  i c e  c o n d i t i o n s  and 

behaviour ,  o t h e r  environmental  f a c t o r s ,  t h e  i n t e r a c t i o n  p r o c e s s ,  t h e  

behaviour  of t h e  s t r u c t u r e  i t s e l f ,  and t echn iques  f o r  f a b r i c a t i o n  of s t e e l  

o r  c o n c r e t e  s t r u c t u r e s ,  f o r  d redg ing  and f o r  f i e l d  opera t ions .  S c i e n t i f i c  

and t ec lmolog ica l  c a p a b i l i t i e s  a r e  c o n t i n u a l l y  improving, a s  demonstrated by 

t h e  p r e s e n t a t i o n s  a t  t h i s  conference.  Therefore,  op t imal  s o l u t i o n s  a r e  i n  a  

c o n s t a n t  s t a t e  of f l u x  and should n o t  be  cons t ra ined  by e x i s t i n g  p r a c t i c e s .  

The approach of d e s i g n e r s  i n  p r a c t i c e  has  been q u i t e  cau t ious .  The 

e x t e n s i o n  of o f f s h o r e  e x p l o r a t i o n  and  product ion t o  A r c t i c  wa te r s  h a s  been a  

c a r e f u l  e x t r a p o l a t i o n  of e x i s t i n g  technology. S i g n i f i c a n t l y ,  n o  d i s a s t e r s  

i n  t h e  A r c t i c  o f f s h o r e  have been due t o  i ce .  T h i s  i n d i c a t e s  t h a t  d e s i g n e r s  

have been conserva t ive  and no  doubt w e l l  aware of t h e  consequences of a  

d i s a s t e r  i n  t h e  Arc t i c .  
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TABLE 1  Types and f e a t u r e s  of e x p l o r a t i o n  systems f o r  t h e  A r c t i c  o f f s h o r e  

Types Bottom-Founded F l o a t i n g  A r t i f i c i a l  I s l a n d s  

Forms c y l i n d r i c a l  c o n i c a l  s loped  

c o n i c a l  ship-shaped v e r t i c a l  c a i s s o n  

ca i s son  

Anchoring g r a v i t y  moored g r a v i t y  

p i l e s  o r  s k i r t s  dynamically 

p o s i t i o n e d  

p o r t a b l e  p o r t a b l e  p o r t a b l e  o r  

expendable 

M a t e r i a l  s t e e l  o r  c o n c r e t e  s t e e l  s t e e l ,  concre te .  

f i l l  o r  

combination 

Water dep th  15 - 150 m 25 - 200 + m 0  - 30 m 

I c e  c o n d i t i o n s  f i r s t  y e a r  i c e  f i r s t  y e a r  i c e  f i r s t  y e a r  i c e  

r i d g e s  < 1.5 m r i d g e s  

n u l t i - y e a r  f l o e s  r i d g e s  multi-year f l o e s  



I)LSCIJSSION BY: D r .  T. C a r s t e n s ,  R i v e r  and  Harbour  L a b o r a t o r y ,  Norwegian 

Hydrodynamic L a b o r a t o r i e s ,  Trondheim, Noway 

In one of  your  t a h l e c  you p r e s e n t e d  a  t a b l e  o f  s u i t a b l e  s t r u c t u r e s  f o r  

v a r i o u s  t a s k s  i n  v a r i o u s  c o n d i t i o n s .  For f l o a t i n g  s t r u c t u r e s  t h e  t a b l e  

somewhat c ~ t e g o r i c a l l y  had s t e e l  a s  t h e  o n l y  s u i t a b l e  m a t e r i a l .  Is t h i s  

your cons ide red  op in ion  o r  is i t  a s l i p ?  

RESPONSE TO: T. C a r s t e n s  

S t e e l  was i n d i c a t e d  For F l o a t i n g  s t r u c t u r e s  s i n c e  t o  d a t e ,  t o  my 
A 

knowledge, a l l  f l o a t i n g  d r i l l i n g  sys t ems  have been s t e e l .  Th i s  is  n o t  t o  

say  t h a t  f l o a t i n g  d r i l l i n g  s t r u c t u r e s  cou ld  n o t  b e  c o n c r e t e .  I t h i n k  i t  + 

i 
must he  r ecogn ized ,  however, t h a t  t r a d i t i o n ,  o r  pe rhaps  human i n e r t i a ,  

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

w i l l  have t o  be  h e t t e r ,  n o t  j u s t  comparable t o  s t e e l  ones. We have t h e  

example of c o n c r e t e  s t r u c t u r e s  i n  t h e  Nor th  Sea ,  which b r o k e  w i t h  t h e  

e a r l i e r  p r a c t i c e  of s t e e l  s t r u c t u r e s .  

DISCUSSION BY: P ro f .  W.M. Sack inge r ,  U n i v e r s i t y  of Alaska,  Geophysical  

L n s t i t a t e ,  F a i r h a n k s ,  A laska  

Could you comment upon t h e  p o t e n t i a l  u s e s  of  bottom-founded a r t i c u l a t e d  

columns w i t h  moorings - i n c l u d i n g  clump-weight moorings - and  pe rhaps  

c o n i c a l  s u r f a c e s  a t  t h e  w a t e r l i n e  - f o r  deep-water  l o c a t i o n s  and moving 

i c e ?  

RESPONSE TO: W.M. Sack inge r  

For  a r t i c u l a t e d  c o l u m  moorings i n  i c e c o v e r e d  w a t e r s  t h e  sys rem would 

have t o  accommodate l a r g e r  movements ( i n  o r d e r  t o  a t t e n u a t e  i c e  l o a d s )  

t h a n  would s u c h  a  sys t em i n  open water .  Con ica l  s u r f a c e s  a t  t h e  w a t e r l i n e  

cou ld  h e l p  i n  r educ ing  h o r i z o n t a l  i c e  l o a d s ,  p rov ided  t h e  v e r t i c a l  i c e  

l o a d  g e n e r a t e d  by t h e  c o n i c a l  s u r f a c e  cou ld  b e  s u s t a i n e d  by t h e  

s t r u c t u r e .  

DISCUSSION BY: Dr. D.S. Sodhi ,  US Army, Cold Regions Research Fng inee r ing  

Labora to ry ,  Hanover, NH 

Prof .  Niche1 mentioned t h a t  an o v e r a l l  approach  shou ld  b e  t a k e n  i n  

d e s i g n i n g  s t r u c t u r e s  For  t h e  A r c t i c .  W i l l  you p l e a s e  comment on t h e  

s u c c e s s e s  and F a i l u r e s  of A r c t i c  s t r u c t u r e s  i n  s t a n d i n g  up t o  wave 

a c t i o n .  



RESPONSE TO: D.S. Sodhi  

I f u l l y  a g r e e  t h a t  a  t o t a l  approach h a s  t o  b e  t aken  i n  d e s i g n i n g  o f f s h o r e  

s t r u c t u r e s  f o r  t h e  Arc t i c .  There have been no  f a i l u r e s  caused by wave 

a c t i o n ,  though i t  h a s  caused o p e r a t i o n a l  problems d u r i n g  t h e  c o n s t r u c t i o n  

phase. Also t h e r e  has  been some e r o s i o n  of berms, which h a s  been d e a l t  

w i t h  by maintenance. The i n f l u e n c e  of wave a c t i o n  was downplayed i n  

comparison t o  i c e  loads ,  a t  l e a s t  i n i t i a l l y .  Th i s  is n o t  t h e  c a s e  now. 

DISCUSSION BY: Andrew Kendrick, German 6 Milne, Montreal. Canada 

The paper  h a s  addressed  a  wide v a r i e t y  of concep ts  f o r  d r i l l i n g  o f f shore .  

An e q u a l l y  important  a s p e c t  of product ion is t h e  t r a n s p o r t a t i o n  of t h e  . 
product .  How does t h e  a u t h o r  env i sage  t h i s  problem b e i n g  t r e a t e d  i n  t h e  

even t  of major d i s c o v e r i e s  i n  t h e  n e a r  f u t u r e  i n  t h e  A r c t i c  o f f s h o r e ?  

! RESPONSE TO: A. Kendrick 

I would e x p e c t  t h a t  major d i s c o v e r i e s  would s e e  g r e a t  p r e s s u r e  f o r  

t r a n s p o r t a t i o n  by tanker .  I t h i n k  t h i s  method is t e c h n i c a l l y  f e a s i b l e ,  

b u t  t h e r e  a r e  p o l i t i c a l ,  s o c i a l  and environmental  concerns.  In p r o j e c t s  

of t h i s  magnitude, t h e s e  l a t t e r  f a c t o r s  o f t e n  weigh more h e a v i l y  than 

t e c h n i c a l  ones. 

DISCUSSION BY: K.W. P i l a r c z y k ,  RWS/Delta Department, The Hague. The 

Netherlands 

You have shown i n  your paper  d i f f e r e n t  a r t i f i c i a l  i s l a n d s  w i t h  d i f f e r e n t  

p r o t e c t i v e  m a t e r i a l s  a g a i n s t  waves and i c e ,  i.e.. g r a v e l ,  sandbags, 

c o n c r e t e ,  e t c .  

I 
What is your exper ience  regard ing  t h e  behaviour  of t h e s e  p r o t e c t i v e  

m a t e r i a l s  d ~ r i n g  t h e  break-up per iod?  I s  i t  p o s s i b l e  t h a t  p a r t s  o f  t h e  

p r o t e c t i o n  w i l l  be  taken away wi th in  t h e  i c e  mass? 

1 What a r e  t h e  p o s s i b l e  measures a g a i n s t  i t ?  

RESPONSE TO: K.W. P i l a r c z y k  

During t h e  i n i t i a l  p a r t  of t h e  break-up p e r i o d  t h e r e  i s  a  mel t ing  o f  t h e  

i c e  a t  t h e  shore  l i n e ,  e f f e c t i v e l y  producing a  moat around t h e  i s l and .  

Hence t h e  p r o t e c t i v e  m a t e r i a l s  a r e  n o  longer  exposed t o  i c e  and plucked 

away by it .  A f t e r  t h e  i c e  cover  s t a r t s  t o  move i t  could d i s l o d g e  m a t e r i a l  



hy col l id ing with t h e  island. This has no t  been a problem wi th  

exploration s t ruc tu re s ,  which can sus ta in  l imited damage, but i s  more of 

concern f o r  long-term (production) s t ruc tures .  Dealing with t h e  problem 

i s  a matter of economics, i.e., e i t h e r  designing a s t ruc tu re  t o  be less 

suscept ib le  t o  damage o r  accepting l imi ted  damage and correc t ing  it with 

maintenance. 

R.M.W. Fredkrking 



This paper, while being d i s t r i b u t e d  in  
r e p r i n t  form by the  Division of Building 
Research, remains the copyright of the  

o r i g i n a l  publisher.  I t  should not be 
reproduced i n  whole or i n  pa r t  without the  
permission of t h e  publisher.  

A l i s t  of a l l  publ ica t ions  ava i l ab l e  from 
the  Division may be obtained by wr i t i ng  t o  
t h e  P u b l i c a t i o n s  S e c t i o n ,  D i v i s i o n  of 
B u i l d i n g  Research,  N a t i o n a l  Research 
Counc i l  of Canada, Ot tawa,  O n t a r i o .  
K I A  OR6. 

Ce document e s t  d i s t r i b u 6  sous forme de 
t ire-a-part  par l a  Division des recherches 
en blt iment.  Les d r o i t s  de reproduction 
son t  t ou t e fo i s  l a  propr ie td  de 1 ' 6d i t eu r  
o r i g i n a l .  Ce document ne peu t  ? t r e  
reprodui t  en t o t a l i t 6  ou en p a r t i e  sans l e  
consentement de l ' dd i t eu r .  

Une l i s t e  des publ ica t ions  de l a  Division 
peut S t r e  obtenue en 6cr ivant  a l a  Section 
des publ ica t ions ,  Division des recherches 
en b l t iment ,  Conseil na t iona l  de recherches 
Canada. Ottawa, Ontario. KIA 0R6. 


