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Figure 2-19. Earthquakes I n and Near Alaska-Th rough 1974 (Barnes & Hopkins, 1978) 
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e p i c e n t e r s  and  o t h e r  t e c t o n i c  f e a t u r e s  i n  n o r t h e a s t e r n  Alaska.  

The a v a i l a b l e  e a r t h q u a k e  d a t a  r e p r e s e n t  too  s h o r t  a t i m e  
i n t e r v a l  t o  d e t e r m i n e  r e c u r r e n c e  ra tes  f o r  seismic e v e n t s  
greater t h a n  m a g n i t u d e  5 .0  i n  t h e  area. However, t h e  data 
are i n d i c a t i v e  of t h e  n e e d  t o  d e s i g n  s t r u c t u r e s  able t o  w i t h -  

s t a n d  g r o u n d  v i b r a t i o n s  f rom a s h a l l o w  e a r t h q u a k e  of m a g n i t u d e  
a t  l e a s t  6 . 0  ( B a r n e s  a n d  Hopk ins ,  1978). A r e c e n t  s t u d y  pre- 
pared f o r  t h e  Alaska S u b a r c t i c  O f f s h o r e  Committee by Woodward- 
C l y d e  C o n s u l t a n t s  (1978) examined p o t e n t i a l  g r o u n d  m o t i o n  
charac te r i s t ics  t h a t  migh t  be a s s o c i a t e d  w i t h  e a r t h q u a k e s  i n  
t h e  B e a u f o r t  B a s i n  area.  I n  t h i s  s t u d y ,  a random e a r t h q u a k e  
s o u r c e  w a s  assumed,  a n d  g round  m o t i o n  parameters w e r e  computed 
on t h e  b a s i s  of a h y p o t h e t i c a l  seismic e v e n t  w i t h  a m a g n i t u d e  
of  6 . 5  and  a r e c u r r e n c e  i n t e r v a l  of 100 y e a r s .  I t  w a s  f ound  
t h a t  s u c h  an  e a r t h q u a k e  would p r o d u c e  g r o u n d  a c c e l e r a t i o n s  on  
t h e  order o f  0.05 g w i t h  associated maximum v e l o c i t i e s  of 3 . 1  

cm/sec ( 1 . 2  i n / s e c ) .  However, t h e  a u t h o r s  warn t h a t  t h e  a n a l y-  
sis is  v e r y  s e n s i t i v e  t o  t h e  s e i s m i c i t y  l e v e l  a n d ,  s h o u l d  
larger  m a g n i t u d e  e v e n t s  o c c u r ,  t h e  a c c e l e r a t i o n s  and  v e l o c i t i e s  
c o u l d  be a l te red  apprec iab ly .  

T h e  l i m i t e d  da ta  a v a i l a b l e  c o n c e r n i n g  t h e  r e g i o n ' s  seis- 
m i c i t y  appear t o  i n d i c a t e  t h a t  t h e  seismic h a z a r d  t o  p i p e l i n e s  
is p r o b a b l y  s l i g h t  a n d  c o n f i n e d  t o  a r a the r  s m a l l  area of t h e  
B e a u f o r t  S h e l f .  However,  a d d i t i o n a l  d a t a  a re  r e q u i r e d  f o r  
precise d e l i n e a t i o n  of t h e  o f f s h o r e  t e c t o n i c  s t r u c t u r e  and  t o  
compute  r e l i ab le  r e c u r r e n c e  r a t e s  f o r  larger seismic e v e n t s .  
I t  s h o u l d  a l s o  be n o t e d  t h a t  e p i s o d i c  m o t i o n s  of smal l  magni-  
t u d e s  e v e n t u a l l y  may add  up t o  s i g n i f i c a n t  g round  d i s p l a c e m e n t s  
o v e r  a l e n g t h y  p e r i o d  of t i m e .  L i n e a r  s t r u c t u r e s ,  s u c h  as 
p i p e l i n e s ,  c o u l d  be t h r e a t e n e d  by t h i s  c u m u l a t i v e  movement and  
may n e e d  appropr i a t e  d e s i g n  p r o v i s i o n s  t o  accommodate these 
d i s p l a c e m e n t s  i n  s e i s m i c a l l y - a c t i v e  areas.  
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D .  OTHER ENVIRONMENTAL CONCERNS 

The  . P o r e g o i n g  p a r t s  o f  S e c t i o n  I 1  h a v e  f o c u s e d  o n  t h e  

p r i n c i p a l  i s s u e s  i n  t h e  d e s i g n  o f  Arc t ic  o f f s h o r e  p i p e l i n e s .  

T h e r e  a re  s e v e r a l  a d d i t i o n a l  e n v i r o n m e n t a l  f a c t o r s  w h i c h  m u s t  

b e  c o n s i d e r e d  i n  t h e  t o t a l  d e s i g n  f r a m e w o r k  and w h i c h  pose 

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

s u c h  p i p e l i n e s .  I t  is  t h e r e f o r e  a p p r o p r i a t e  t o  review t h e s e  

f a c t o r s  f o r  a n  o v e r a l l  a p p r e c i a t i o n  o f  t h e  p o t e n t i a l  d i f f i -  

c u l t i e s  i n  s u c h  a n  e n d e a v o r .  

1. L o c a t i o n  

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

t e r i s t i c s  o f  t h e  A l a s k a n  Arc t i c .  The  n o r t h e r n  coas ta l  a reas  

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

a n d  t h e  f ew r o u t e s  o f t e n  a re  made impassable by w e a t h e r .  A s  
a c o n s e q u e n c e  o f  t h i s  i s o l a t i o n ,  l o g i s t i c  e f f o r t s  w i l l  r e q u i r e  

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

s u p p l i e s  a n d  e q u i p m e n t  a r e  a v a i l a b l e  when n e e d e d .  P r e s e n t l y ,  

m o s t  l a rge  a n d  h e a v y  i t e m s  m u s t  b e  t r a n s p o r t e d  t o  t h e  N o r t h  

S l o p e  b y  b a r g e  d u r i n g  t h e  b r i e f  o p e n- w a t e r  p e r i o d .  T h i s  mode 
o f  t r a n s p o r t  i s  e n t i r e l y  d e p e n d e n t  upon t h e  n o r t h w a r d  r e t r c a t  
o f  p a c k  i c e  w h i c h  a l l o w s  b a r g e  t r a f f i c  t o  move a r o u n d  P o i n t  

B a r r o w  a n d  c o n t i n u e  eastward t o  t h e  ma in  s t a g i n g  areas a t  
P r u d h o e  B a y .  The r e t r ea t  o f  t h e  p a c k  i ce  i s  v e r y  u n p r e d i c t a b l e  

as is t h e  d u r a t i o n  of t h e  o p e n- w a t e r  p e r i o d  a l o n g  t h e  coas t .  
W e s t e r l y  summer storms c a n  d r i v e  t h e  p a c k  ice  b a c k  i n t o  t h e  

coast i n  a matter  o f  h o u r s .  I f  t h i s  o c c u r s  t o w a r d  t h e  e n d  of 

t h e  summer s e a s o n ,  t h e  p a c k  i c e  may r e m a i n  c l o s e  t o  s h o r e  

t h r o u g h  t h e  w i n t e r  a n d  p r e v e n t  f u r t h e r  n a v i g a t i o n .  

T h e  i s o l a t i o n  o f  t h e  B e a u f o r t  coast  u n d o u b t e d l y  w i l l  

a f f e c t  p i p e l i n e  d e v e l o p m e n t  s t r a t eg ies  i n  many o t h e r  w a y s .  

The  a b i l i t y  t o  r e s p o n d  t o  e m e r g e n c i e s ,  f o r  e x a m p l e ,  w i l l  be 

i m p a i r e d  b y  t h i s  f a c t o r .  C o n s e q u e n t l y ,  i t  may be n e c e s s a r y  
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t o  s tock  a v e r y  e x t e n s i v e  s u p p l y  of s p a r e  p a r t s  on  t h e  Nor th  

S l o p e  t o  p r o v i d e  a more t i m e l y  r e s p o n s e  t o  breakdowns ,  l e a k s ,  
e t c .  From a d e s i g n  s t a n d p o i n t ,  p i p e l i n e s  e q u i p p e d  w i t h  h i g h l y  
r e l i a b l e  o r  r e d u n d a n t  components  are a l s o  i m p o r t a n t  i n  t h i s  

r e g a r d .  

2 .  Weather 

The s e v e r e  Arct ic  w e a t h e r  is  a major obs tac le  t o  p ipe-  

l i n e  c o n s t r u c t i o n  and  m a i n t e n a n c e .  G e n e r a l  c l imat ic  c o n d i-  
t i o n s  a re  character ized by cold t e m p e r a t u r e s  ( b o t h  summer a n d  
w i n t e r ) ,  s m a l l  a n n u a l  p r e c i p i t a t i o n ,  a n d  s t r o n g  p e r s i s e n t  
w i n d s .  The a b i l i t y  of humans and  mach ine ry  t o  f u n c t i o n  e f f i -  

c i e n t l y  u n d e r  these  c o n d i t i o n s  is  i m p a i r e d  g r e a t l y .  

T e m p e r a t u r e  i s  p robab ly  t h e  s i n g l e  g rea tes t  f a c t o r  wh ich  

a f f e c t s  Arc t ic  work ing  c o n d i t i o n s  and human e f f i c i e n c y .  T a b l e  
2-3 i l l u s t r a t e s  t y p i c a l  t e m p e r a t u r e  c o n d i t i o n s  a t  t h r e e  N o r t h  

S l o p e  c o a s t a l  l o c a t i o n s .  

T h e  s u b - f r e e z i n g  t e m p e r a t u r e s  w h i c h  e x i s t  t h r o u g h  most 
of t h e  y e a r  are  e x a g g e r a t e d  s e v e r e l y  by p e r s i s t e n t  w inds  wh ich  

make t h e  e q u i v a l e n t  c h i l l  t e m p e r a t u r e  much lower. A t  B a r r o w ,  
f o r  example ,  calm c o n d i t i o n s  a re  o b s e r v e d  o n l y  1 . 3  percent  of 
t h e  t i m e .  F i g u r e  2- 21 i s  a ser ies  of p r o b a b i l i t y  c u r v e s  f o r  

e q u i v a l e n t  c h i l l  t e m p e r a t u r e s  i n  each month.  T h e s e  c u r v e s  
were d e v e l o p e d  u s i n g  h o u r l y  v a l u e s  of t e m p e r a t u r e  and  corres- 
p o n d i n g  s u r f a c e  wind  repor t s  f o r  B a r r o w .  However, t h e y  a re  
g e n e r a l l y  a p p l i c a b l e  t o  most Nor th  S l o p e  coas ta l  areas .  T h e  

c u r v e s  i l l u s t r a t e  t h e  h i g h  p r o b a b i l i t y  of e n c o u n t e r i n g  d a n g e r-  
o u s  t e m p e r a t u r e s  a t  a l l  t i m e s  of t h e  year .  

With  respect t o  p i p e l i n e  d e v e l o p m e n t ,  l o w  t e m p e r a t u r e s ,  
o r  l o w  e f f e c t i v e  t e m p e r a t u r e s ,  h a v e  s e v e r a l  i m p l i c a t i o n s .  The 
s e l e c t i o n  of m a t e r i a l s ,  f o r  example, may be i n f l u e n c e d  by t e m -  
p e r a t u r e  b e c a u s e  of p o t e n t i a l  problems w i t h  b r i t t l e  f r a c t u r e .  
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T a b l e  2-3. North S l o p e  Temperatures 

Summer W i n t e r  

Daily Daily Daily Daily Mean Number 
of Days 

Record Below 

OC (OF) Annual 

Seasonal Seasonal Seasonal Seasonal Record 

Freezing Maximum Minimum Maximum Minimum High Low 
0 0  C ( F )  Location OC ( O F )  OC ( O F )  OC ( O F )  OC ( O F )  

tu 1 Barter Island 9 ( 4 8 )  -8 (16)  -5 ( 2 3 )  -32 (- 26) 24 (75)  -50 (-59) 311 
cn 
-3 

U m i a t  18 ( 6 4 )  -10 (13)  -6 ( 2 1 )  -38 (- 36)  29 (85) -53 (- 63) --- 

Barrow 7 (45 )  -10 ( 1 3 )  -6 (21 )  - 31  (- 24) 25 (78) - 49 (-56) 324 

Source: Swift et al, 1974 
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O p e r a t i n g  mach ine ry  s u c h  as pumps, c o m p r e s s o r s ,  a n d  v a l v e s  
l i k e w i s e  must  h a v e  l o w- t e m p e r a t u r e  c a p a b i l i t y  a n d  d e m o n s t r a t e d  
r e l i a b i l i t y  f o r  Arctic u s e .  P i p e l i n e  c o n s t r u c t i o n  w i l l  be 

s t r o n g l y  i n f l u e n c e d  by t e m p e r a t u r e .  D u r i n g  w i n t e r ,  w o r k e r s  
mus t  b e  p r o t e c t e d  a g a i n s t  extremes t h r o u g h  t h e  u s e  of e n c l o-  
s u r e s  a r o u n d  work areas o r  w i t h  b u l k y  c l o t h i n g  i n  e x p o s e d  
l o c a t i o n s .  The l a t t e r  s o l u t i o n  t e n d s  t o  r e d u c e  e f f i c i e n c y  
a n d  may r e q u i r e  a d d i t i o n a l  m e a s u r e s  t o  e n s u r e  a d e q u a t e  q u a l i t y  
c o n t r o l .  

A f i n a l  c o n c e r n  r e g a r d i n g  Arct ic  w e a t h e r  r e l a t e s  t o  
wea the r  f o r e c a s t i n g .  Re l i ab le  f o r e c a s t i n g  i s  most i m p o r t a n t  
f o r  summer l o g i s t i c s  and  d u r i n g  t h e  c o n s t r u c t i o n  p e r i o d .  Un- 
f o r t u n a t e l y ,  p r e s e n t  s t a n d a r d s  f o r  Arc t ic  f o r e c a s t i n g  are  v e r y  
poor i n  compar i son  w i t h  temperate r e g i o n s .  H i s t o r i c a l  w e a t h e r  
d a t a  are i n c o m p l e t e  and  there is  a l a c k  of r e p o r t i n g  meteoro- 
log i ca l  s t a t i o n s ,  e s p e c i a l l y  o f f s h o r e .  F u r t h e r m o r e ,  remote 
s e n s i n g  s y s t e m s ,  c a p a b l e  o f  o b t a i n i n g  h i g h  r e s o l u t i o n  da ta  
u n d e r  c o n d i t i o n s  o f  c l o u d s  a n d  d a r k n e s s  p r e v a l e n t  i n  t h e  
Arct ic ,  have  n o t  been  d e p l o y e d  i n  o p e r a t i o n a l  w e a t h e r  s a t e l-  
l i t e s  (Weeks, 1 9 7 8 ) .  

3 .  Low V i s i b i l i t y  and  O p t i c a l  Phenomena 

A major f a c t o r  which  i n f l u e n c e s  b o t h  s u r f a c e  a n d  a i r  
l o g i s t i c s  i n  t h e  Arct ic  is v i s i b i l i t y .  Low v i s i b i l i t y  d u e  t o  
d a r k n e s s ,  c l o u d s ,  f o g ,  and  o t h e r  o p t i c a l  phenomena i s  a common 
c o n d i t i o n  a l o n g  t h e  Arct ic  coas t .  

D u r i n g  t h e  w i n t e r  mon ths ,  t h e  s u n  i s  c o n t i n u o u s l y  below 
t h e  h o r i z o n  from mid-November t o  mid- Janua ry .  D u r i n g  t h e  l a t e  
f a l l  and  e a r l y  s p r i n g  mon ths ,  d a y s  are  c o m p a r a t i v e l y  s h o r t  
a l t h o u g h  t h e r e  is  s u f f i c i e n t  t w i l i g h t  t o  c a r r y  o n  a number o f  
a c t i v i t i e s  w i t h o u t  a r t i f i c i a l  l i g h t .  

C l o u d i n e s s  is  a p r e v a l e n t  c o n d i t i o n  a l o n g  t h e  e n t i r e  
Arct ic  coas t .  More t h a n  60 p e r c e n t  of t h e  days are  c l o u d y  o n  
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a n  a n n u a l  bas is .  D u r i n g  t h e  summer and  e a r l y  f a l l ,  i t  is  
c l o u d y  more t h a n  70 p e r c e n t  of t h e  t i m e .  D u r i n g  t h i s  p e r i o d ,  
o v e r c a s t  c o n d i t i o n s  may pers i s t  f o r  weeks a t  a t i m e .  

Fog is t h e  major r e s t r i c t i o n  t o  v i s i b i l i t y  i n  t h e  A r c t i c ,  
e s p e c i a l l y  i n  summer. Along t h e  immed ia t e  coast ,  d e n s e  fog 
c a n  be e x p e c t e d  t o  o c c u r  30 t o  100  d a y s  e a c h  y e a r  a l t h o u g h  
o f f s h o r e  and  i n l a n d  l o c a t i o n s  are l e s s  p r o n e  t o  fog.  Fog 
c o n d i t i o n s  a l so  t e n d  t o  persis t  fo r  l o n g  p e r i o d s  b e c a u s e  of 
t e m p e r a t u r e  i n v e r s i o n s  which  p r e v e n t  t u r b u l e n t  d i s s i p a t i o n .  

The  u n u s u a l  l i g h t  and  t e m p e r a t u r e  c o n d i t i o n s  which  e x i s t  
i n  t h e  Arctic g i v e  r i se  t o  a v a r i e t y  of o p t i c a l  phenomena 
which  make s u r f a c e  and  a i r  t r a n s p o r t  somewhat h a z a r d o u s  o n  
o c c a s i o n .  T h e  most common of t h e s e  phenomena a r e :  terres- 
t r i a l  r e f r a c t i o n  ( m i r a g e s ) ,  t e r r e s t r i a l  s c i n t i l l a t i o n  ( o p t i c a l  
haze ) ,  i ce  and  snow b l i n k  ( s k y  map) ,  w h i t e o u t ,  and  snow b l i n d -  
n e s s  ( n y p h a b l e p s i a ) .  A l though  t h e r e  are  no data t o  s u g g e s t  
t h e  f r e q u e n c y  of s u c h  phenomena, t h e y  are s u f f i c i e n t l y  common 
t o  be c r e d i t e d  w i t h  numerous a c c i d e n t s ,  p a r t i c u l a r l y  t hose  
i n v o l v i n g  a i r c r a f t .  

I n  g e n e r a l ,  t h e  c o n d i t i o n s  d e s c r i b e d  above  do n o t  p o s e  
i n s u r m o u n t a b l e  d i f f i c u l t i e s  f o r  p i p e l i n e s .  They a r e ,  however ,  
i n d i c a t i v e  of problems w h i c h  may be e n c o u n t e r e d  i n  Arctic 
o p e r a t i o n s  of any  t y p e  which  r e q u i r e  t h e  u s e  of t r a n s p o r t  
f a c i l i t i e s  f o r  c o n s t r u c t i o n ,  o p e r a t i o n ,  o r  m a i n t e n a n c e .  

4 .  M i s c e l l a n e o u s  Hazards 

I n  temperate z o n e s ,  s e v e r a l  p i p e l i n e  h a z a r d s  e x i s t  wh ich  
may be a t t r i b u t a b l e  d i r e c t l y  t o  human a c t i v i t y  n e a r  p i p e l i n e  
i n s t a l l a t i o n s .  Two of t h e  most common hazards are damage re- 
s u l t i n g  from f i s h i n g  gear and  from a n c h o r s .  I n  t h e  A r c t i c ,  
commercial f i s h i n g  i s  n i l  a n d  p r o b a b l y  c a n  be c o n s i d e r e d  t o  
have  a n e g l i g i b l e  p o t e n t i a l  as  a p i p e l i n e  hazard.  D a m a g e  from 
d r a g g i n g  s h i p  a n c h o r s  would  appear t o  be a p o t e n t i a l  hazard 
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o n l y  i n  areas s u c h  as Barrow a n d  P rudhoe  Bay where t h e r e  is a 
s i g n i f i c a n t  amount of m a r i n e  s h i p p i n g .  S i n c e  i t  is  a n t i c i p a t e d  
t h a t  m o s t ,  i f  n o t  a l l ,  Arctic s u b m a r i n e  p i p e l i n e s  would be 

b u r i e d ,  t h e  t h r ea t  of d a n g e r  a p p e a r s  m i n i m a l .  

Danger  from m a r i n e  l i f e  s u c h  as w h a l e s  a l so  would a p p e a r  
t o  p o s e  a v e r y  remote th rea t  t o  p i p e l i n e s .  A l though  t h e r e  are 
c o n s i d e r a b l e  numbers  of w h a l e s  f o u n d  i n  t h e  Arct ic  d u r i n g  
summer mon ths ,  t h e y  are a n  u n l i k e l y  t h r e a t  for b u r i e d  p i p e l i n e s .  

E .  SUMMARY 

Arctic  p i p e l i n e s  face a number of p o t e n t i a l  h a z a r d s  
u n i q u e  t o  t h e  r e g i o n  i n  a d d i t i o n  t o  t h e  normal  h a z a r d s  encoun-  
t e r e d  i n  temperate l a t i t u d e s .  The p r o b l e m s  which  p o s e  t h e  

most s e r i o u s  e n g i n e e r i n g  c h a l l e n g e s  i n c l u d e  i ce  s c o u r ,  perma- 
f r o s t ,  f r o s t  h e a v e ,  s t r u d e l  s c o u r ,  a n d  coasta l  e r o s i o n .  Sev- 
e r a l  of these  problems s u c h  as p e r m a f r o s t  and  f r o s t  h e a v e  h a v e  
b e e n  e n c o u n t e r e d  i n  Arct ic  t e r r e s t r i a l  p i p e l i n e  projects  and  
appropr ia te  e n g i n e e r i n g  s o l u t i o n s  h a v e  b e e n  d e v e l o p e d  t o  d e a l  
w i t h  them.  The r e m a i n i n g  problems c a n  be m i t i g a t e d  or, i n  some 
i n s t a n c e s ,  a v o i d e d  c o m p l e t e l y  by j u d i c i o u s  r o u t e  s e l e c t i o n .  

P rob lems  i n  common w i t h  t e m p e r a t e  z o n e s  i n c l u d e  wave and  
c u r r e n t  a c t i v i t y ,  s e i s m i c i t y ,  a n d  s e d i m e n t  g e o t e c h n i c a l  p r o p e r-  
t i e s  s u c h  as i n s t a b i l i t y .  The o c e a n o g r a p h i c  h a z a r d s  i n  t h e  

Arct ic  have  n o t  been  e v a l u a t e d  f u l l y  b u t  appear t o  b e  s u b s t a n -  
t i a l l y  less s e v e r e  t h a n  those  i n  t h e  Gul f  of Mexico,  f o r  
example. The most r e c e n t  seismic h i s t o r y  of t h e  area shows 
t h a t  there h a v e  been  some moderate e a r t h q u a k e s  i n  t h e  v i c i n i t y  
of t h e  p r o p o s e d  B e a u f o r t  lease area.  A n a l y s i s  of t h e s e  earth-  
q u a k e s  i n d i c a t e s  t h a t  t h e y  would  p r o d u c e  s m a l l  a c c e l e r a t i o n s  
and  o t h e r  low- magni tude g r o u n d  m o t i o n s  w i t h i n  t h e  lease area 
b o u n d a r i e s .  L i m i t e d  g e o t e c h n i c a l  i n f o r m a t i o n  s u g g e s t s  t h a t  
there a re  no  major hazards for p i p e l i n e  c o n s t r u c t i o n .  The 
n e a r - s u r f a c e  s e d i m e n t s  h a v e  h i g h l y - v a r i a b l e  e n g i n e e r i n g  proper- 
t i e s ,  b u t  appear t o  be g e n e r a l l y  s tab le .  
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111. PIPELINE SYSTEMS FAILURE ANALYSIS 

A .  INTRODUCTION 

The f a i l u r e  d a t a  a d d r e s s e d  i n  t h i s  sec t ion is a s s o c i a t e d  

w i t h  b o t h  onshore  and o f f s h o r e  o i l / g a s  p i p e l i n e s .  The b u l k  o f  
t h e  d a t a  r e f l e c t s  t h e  o n s h o r e  h i s t o r y .  The o f f s h o r e  d a t a  are 
l i m i t e d  and are  o n l y  from t h e  Gulf o f  Mexico. An overview of 
t h i s  i n f o r m a t i o n  w a s  assembled because  many o f  t h e s e  f a i l u r e  
modes c o u l d  o c c u r  i n  a d d i t i o n  t o  t h e  p o s t u l a t e d  f a i l u r e  modes 
u n i q u e  t o  Arctic o f f s h o r e  p i p e l i n e s  ( d i s c u s s e d  i n  S e c t i o n  1V.D 
w i t h  p r i n c i p a l  ones d e p i c t e d  i n  F i g u r e  4-5). 

The p r imary  c a u s e s  o f  p i p e l i n e  f a i l u r e s  i n  t h e  Uni ted  

S t a t e s ,  as c l a s s i f i e d  by t h e  Department o f  T r a n s p o r t a t i o n ,  
are o u t s i d e  f o r c e s ,  corrosion, c o n s t r u c t i o n  d e f e c t s ,  material 
f a i l u r e s ,  and o t h e r  r e a s o n s .  The f a i l u r e  i n f o r m a t i o n  i n  t h i s  

s e c t i o n  i n c l u d e s  d a t a  from d i f f e r e n t  sources which canno t  be 

p r e c i s e l y  compared because  o f  r e p o r t i n g  d i f f e r e n c e s .  However, 
t h e  i n f o r m a t i o n  does  p r o v i d e  a g e n e r a l  background o f  causes of 

p i p e l i n e  f a i l u r e s .  

1. Types o f  F a i l u r e s  Repor ted  

B e f o r e  t h e  f a i l u r e s  can  b e  d i s c u s s e d ,  i t  is essent ia l  t o  
d e f i n e  t h e  t y p e  o f  p i p e l i n e  f a i l u r e s  r e p o r t e d .  The US Depar t-  
ment of T r a n s p o r t a t i o n  r e q u i r e s  c e r t a i n  p i p e l i n e  f a i l u r e s  t o  

b e  r e p o r t e d .  

G a s  P i p e l i n e s .  For  gas t r a n s m i s s i o n  p i p e l i n e s  and cer- 
t a i n  gas  g a t h e r i n g  s y s t e m s  w i t h i n  most c i t y  l i m i t s ,  f a i l u r e s  
m e e t i n g  t h e  c r i t e r i a  i n  t h e  T i t l e  49 o f  t h e  Code o f  F e d e r a l  
R e g u l a t i o n s  (CFR) P a r t s  1 9 1 . 5  and 191 .15  must  b e  r e p o r t e d  on 
Form DOT-F-7100.2. These p a r t s  c a l l  for t h e  t e l e p h o n i c  n o t i c e  
and t h e  w r i t t e n  fo l low- up,  r e s p e c t i v e l y ,  and a gas p i p e l i n e  
f a i l u r e  i s  d e f i n e d  under  t h e s e  p a r t s  g e n e r a l l y  as any l e a k  t h a t :  
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caused  d e a t h  o r  p e r s o n a l  i n j u r y  r e q u i r i n g  
h o s p i t a l i z a t i o n ;  o r  

r e q u i r e d  t a k i n g  any segment of a t r a n s m i s s i o n  
l i n e  o u t  of  s e r v i c e ;  o r  

r e s u l t e d  i n  g a s  i g n i t i n g ;  o r  

caused  e s t i m a t e d  damage o f  $5,000 o r  more; o r  

i n  t h e  judgment of t h e  o p e r a t o r  w a s  s i g n i f i c a n t  
enough f o r  t e l e p h o n i c  not ice  even though not 
meet ing  any c r i t e r i a  i n  a-d above;  or, as p a r t  
o f  t h e  w r i t t e n  r e p o r t ;  

r e q u i r e d  immediate r e p a i r  of  a t r a n s m i s s i o n  
l i n e ;  o r  

w a s  a t e s t  f a i l u r e  w h i l e  t e s t i n g  for gas or 
a n o t h e r  medium. 

I t  s h o u l d  b e  n o t e d  t h a t  t h e  above " i n d i v i d u a l  l e a k  or  
test f a i l u r e  r e p o r t s "  have  been u s e d  i n  t h i s  r e p o r t  t o  compare 
t o  t h e  " i n d i v i d u a l  o f f s h o r e  l e a k  r e p o r t s "  from t h e  Gulf o f  

Mexico. There  i s  a l s o  a n  Annual Repor t  of  Gas Transmiss ion  
and G a t h e r i n g  Systems (DOT-F-7100.2-1) which w a s  used  i n  p r e-  
p a r i n g  T a b l e  3-1. 

L i q u i d  P i p e l i n e s .  With r e g a r d  t o  l i q u i d  p i p e l i n e s ,  a 
f a i l u r e  t h a t  r e s u l t s  i n  a l o s s  of commodity r e s u l t i n g  i n  any  
o f  t h e  f o l l o w i n g  g e n e r a l  s i t u a t i o n s  f u r t h e r  d e f i n e d  i n  P a r t  
195.50 m u s t . b e  r e p o r t e d  on DOT Form 7000-1: 

( a )  e x p l o s i o n  or f i r e  n o t  i n t e n t i o n a l l y  set by 
t h e  carrier 

(b) l o s s  o f  50 or more b a r r e l s  of l i q u i d  

( c )  e s c a p e  t o  t h e  a tmosphere  of  more t h a n  5 b a r r e l s  
a day o f  h i g h l y  v o l a t i l e  l i q u i d s  
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( d )  d e a t h  

( e )  bod i ly  harm 

( f )  p rope r ty  damage of  a t  least $1,000 t o  o t h e r  
t h a n  t h e  ca r r ie r ' s  f a c i l i t i e s  

( g )  p rope r ty  damage of a t o t a l  of $5,000 o r  more 
t o  carr ier ' s  and o t h e r s .  

I t  should  be noted t h a t  there  are a lso  a d d i t i o n a l  tele- 
phonic no t ice  r e p o r t i n g  requirements  fo r  l i q u i d  releases t h a t  
p o l l u t e  any  stream, r i v e r ,  l ake ,  r e s e r v o i r ,  or  o t h e r  s imi la r  
body of water. However, there are no annual r e p o r t i n g  r equ i r e-  
men t s  f o r  l i q u i d  p i p e l i n e s  and t h e r e f o r e  no annual  t o  ind iv id-  
u a l  leak comparisons are made i n  t h i s  r e p o r t  f o r  l i q u i d  
p i p e l i n e s .  

2 .  Informat ion Sources 

Because of a l a c k  of  f a i l u r e  h i s t o r i e s  a v a i l a b l e  concern- 
. ing t h e  f e w  ki lometers  of Arctic subsea  p i p e l i n e s  now i n  place, 
data  on o t h e r  U S  p i p e l i n e s  are p re sen ted  t o  g i v e  a h i s t o r i c a l  
background on f a i l u r e s .  I t  should  n o t  be cons t rued  t h a t  t h e  
causes  of f a i l u r e  of t h e  temperate  zone p i p e l i n e s  mentioned 
i n  t h i s  s e c t i o n  are necessar i ly  a p p l i c a b l e  t o  c u r r e n t  o r  f u t u r e  
p i p e l i n e s  i n  t h e  Arctic. However, there is a s t r o n g  i n d i c a t i o n  
t h a t  t h e  same problems affect  a l l  p i p e l i n e s  w i t h  t h e  degree of 
s e v e r i t y  dependent on locat ion and t y p e  of  commodity t r a n s -  
por t ed .  
and t r a n s m i s s i o n  (gas)  o r  g a t h e r i n g  and t r u n k  ( l i q u i d  o i l )  
p i p e l i n e s  i n  t h e  U S .  

A l l  f i g u r e s  c i ted  i n  t h i s  s ec t i on  apply t o  g a t h e r i n g  

Offshore .  Of f sho re  gas and  o i l  f a i l u r e  data are from U S  
Geologica l  Survey (USGS)  f o r  t h e  Gulf of Mexico area. F a i l u r e  
causes  appear  i n  t h e  USGS data verbat im from leak r e p o r t  forms. 
For t h e  charts appear ing  i n  t h i s  s e c t i o n ,  t h e  offshore  causes  
were d iv ided  i n t o  categories similar  t o  t h o s e  i n  t h e  DOT f i g u r e s .  
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The number o f  o f f s h o r e  f a i l u r e s  p e r  y e a r  from 1970 t o  1978, 
i n c l u s i v e ,  range from 10 t o  31 which is n o t  a l a r g e  enough 
f i e l d  t o  e s t a b l i s h  meaningful  t r e n d s .  T h i s  can  b e  compared 
agains t  combined i n d i v i d u a l  onshore  o i l  and g a s  p i p e l i n e  
f a i l u r e  rates  ( i n c l u d i n g  t es t  f a i l u r e s )  which ranged  from 700 
t o  1 , 0 1 8  p e r  y e a r  between 1971 and 1976, i n c l u s i v e .  Conse- 
q u e n t l y ,  t h e  o f f s h o r e  f a i l u r e s  have  s t a t i s t i c a l l y  much less 
s i g n i f i c a n c e .  A l s o ,  t h e  USGS f i g u r e s  do n o t  c o v e r  a l l  o f f -  
s h o r e  p i p e l i n e s  i n  t h e  Gulf of Mexico. S t a t e  governments  and 
t h e  US Bureau of Land Management have j u r i s d i c t i o n  over  about 
7 ,300  m i l e s  o f  t h e  approx imate ly  1 2 , 0 0 0  m i l e s  of p i p e l i n e s  i n  
t h e  G u l f .  

G a s  P i p e l i n e s .  Compi la t ions  of DOT Forms F7100.2 
( i n d i v i d u a l  l e a k  o r  t es t  f a i l u r e  r e p o r t )  and d a t a  p r e s e n t e d  
i n  "An A n a l y s i s  of  R e p o r t a b l e  I n c i d e n t s  f o r  Natural  G a s  Trans-  

m i s s i o n  and G a t h e r i n g  L i n e s  1970 Through 1975" by t h e  American 
Gas A s s o c i a t i o n  (AGA) p r o v i d e  f a i l u r e  t o t a l s ,  c a u s e s  and o t h e r  
d a t a  c o n c e r n i n g  g a s  l i n e  f a i l u r e s .  

Onshore g a s  p i p e l i n e  mi leage  f i g u r e s  are b a s e d  o n  AGA 
d a t a .  D i f f e r i n g  mileage f i g u r e s  were p u b l i s h e d  by t h e  AGA 
( i n  its p u b l i c a t i o n ,  G a s  F a c t s ) ,  by t h e  O i l  and G a s  J o u r n a l  
(OGJ) i n  i ts  August 13, 1979 i s s u e ,  and b y  DOT i n  7100.2- 1 

d a t a .  I t  a p p e a r s  t h a t  t h e  OGJ  f i g u r e s  are based  on o n l y  103 
o f  t h e  approx imate ly  150 p i p e l i n e s  i n  s e r v i c e .  The DOT gas 
t r a n s m i s s i o n  m i l e a g e  s t a t i s t i c s  are  w i t h i n  2 p e r c e n t  of t h e  
AGA f i g u r e s  b u t  t h e  DOT g a t h e r i n g  l i n e  mi leage  is o n l y  about  
35 p e r c e n t  o f  t h e  A G A ' s  f i e l d  and g a t h e r i n g  t o t a l .  I t  a p p e a r s  

t h a t  t h e  l a t t e r  d i s c r e p a n c y  is  caused  by t h e  l i m i t e d  e x t e n t  
of  t h e  j u r i s d i c t i o n a l  a u t h o r i t y  o f  t h e  DOT. Consequen t ly ,  
AGA g a s  p i p e l i n e  mi leage  f i g u r e s  are u s e d  i n  t h i s  r e p o r t .  

L i q u i d  P i p e l i n e s .  For  l i q u i d  l i n e s ,  summaries o f  DOT 
Form 7000-1 from 1970 t o  1976,  i n c l u s i v e ,  and d a t a  i n  a special  
s t u d y  by t h e  N a t i o n a l  T r a n s p o r t a t i o n  S a f e t y  Board (NTSB) t i t l e d  
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"Safe S e r v i c e  L i f e  f o r  L iqu id  Petroleum P i p e l i n e s"  are used.  

Mileage d a t a  are from t r i e n n i a l  DO1 Minera l  Indus t ry  and DOE 
Energy Data r e p o r t s .  

3. F a i l u r e s  Pe r  1 ,000  Mi1,es 

F igu re  3-1 shows p i p e l i n e  mileage i n  t h e  Uni ted S t a t e s .  

The t o t a l  number of f a i l u r e s  p e r  year and t h e  mileage f o r  t h a t  
year have been t r a n s l a t e d  i n t o  f i g u r e s  r e p r e s e n t i n g  f a i l u r e  
t o t a l s  pe r  year p e r  1 ,000  m i l e s  of  p i p e l i n e  (F igu res  3-2, 3-3, 

3- 4) .  The f i g u r e s  permit  a rough comparison of t h e  t h r e e  
c a t e g o r i e s  ( o f f s h o r e  gas  and l i q u i d ,  onshore  g a s ,  and onshore 
l i q u i d  l i n e s ) .  However, t h e  f a c t  t h a t  t h e r e  a r e  d i f f e r e n t  

c r i te r ia  f o r  d e f i n i n g  and r e p o r t i n g  l e a k s  i n  gas  and l i q u i d  
l i n e s  cannot  be over looked.  

Onshore. Gulf of Mexico gas  and l i q u i d  l i n e s  show an 
i n c r e a s i n g  number of f a i l u r e s  between 1974 and 1978 wi th  a 
s h a r p  peak i n  1975 t o  4 .4  f a i l u r e s  p e r  1 ,000  m i l e s  (F igu re  

3-2). Offshore  mileage f i g u r e s  b e f o r e  1974 are no t  immediately 
a v a i l a b l e .  

G a s  P i p e l i n e s .  Onshore gas  l i n e s  show a high of 2 .21  
and a l o w  of  1 .52  f a i l u r e s  p e r  1,000 m i l e s  i n  t h e  pe r iod  1970- 

76. An overa l l  d e c l i n e  i n  f a i l u r e s  p e r  1 ,000  m i l e s  occur red  
du r ing  t h e  1970-76 pe r iod  ( F i g u r e  3-3). 

Liquid P i p e l i n e s ,  Onshore l i q u i d  o i l  p i p e l i n e s  a l s o  

show a. s t eady  d e c l i n e  s i n c e  1970 (F igu re  3-4) r each ing  a l o w  
o f  0 .93  f a i l u r e s  p e r  1 ,000  m i l e s  i n  1976. 
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B. MODES OF FAILURE 

1. Major Causes  o f  F a i l u r e  

O u t s i d e  force ( a l s o  described as  equipment r u p t u r e ) ,  
c o r r o s i o n ,  and tlunknowntt or " o t h e r"  r e a s o n s  are t h e  three 
leasing c a u s e s  o f  p i p e l i n e  f a i l u r e  ( F i g u r e s  3-5, 3-7 and 3-8). 
S i n c e  1970,  o u t s i d e  f o r c e  is  c lear ly  t h e  dominant cause of 
o n s h o r e  g a s  and l i q u i d  p i p e l i n e  f a i l u r e s  b u t  for  o f f s h o r e  gas 
and l i q u i d  l i n e s ,  t h e  three l e a d i n g  c a t e g o r i e s  o f  c a u s e s  v a r y  
i n  r a n k i n g  from y e a r  t o  y e a r .  

a .  O u t s i d e  F o r c e s .  P i p e l i n e  r u p t u r e s ,  a lmos t  w i t h  
e x c e p t i o n  generated by m a n ' s  a c t i v i t i e s ,  are a major c a u s e  
of p i p e l i n e  f a i l u r e s .  T y p i c a l  examples o f  o u t s i d e  f o r c e s  
are: o n s h o r e ,  e x c a v a t i n g  equipment ,  and o f f s h o r e ,  s h i p  
a n c h o r s  and f i s h i n g  t r a w l  b o a r d s .  For  s u b s e a  Arctic appl i-  
c a t i o n s ,  e x t e r n a l  impac t s  c o u l d  be l i m i t e d  r e a s o n a b l y  t o  ice 
s c o u r  and ,  t o  a lesser e x t e n t  t h a n  i n  temperate w a t e r s ,  s h i p  
a n c h o r s .  

Gas P i p e l i n e s .  A U n i v e r s i t y  of  Oklahoma r e p o r t  for 
t h e  DOT, " A n a l y s i s  and Management of a P i p e l i n e  S a f e t y  I n f o r -  
Mation Sys tem,"  concluded t h a t  f o r  onshore  gas t r a n s m i s s i o n  
l i n e s ,  one o u t s i d e  force ( o r  e x t e r n a l  impact) leak is equ iva-  
l e n t  t o  approx imate ly  95 c o r r o s i o n  leaks i n  terms o f  p o t e n t i a l  
d a n g e r .  The c o n c l u s i o n  w a s  based on a comparison o f  i n d i v i d-  
u a l  and a n n u a l  DOT i n c i d e n t  r e p o r t s  from 1970 t o  1973 a n d .  
i n v o l v e d  a w e i g h t i n g  f a c t o r  formula  t o o  complex t o  be d e s c r i b e d  
here. The 1 :95 r a t i o  w a s  de te rmined  by d i v i d i n g  t h e  w e i g h t i n g  
factor  o f  o u t s i d e  f o r c e  (18.0)  by t h a t  o f  c o r r o s i o n  ( 0 . 1 9 )  i n  
Tab le  3-1. 

L i q u i d  P i p e l i n e s .  Cor ros ion  w a s  t h e  l e a d i n g  c a u s e  
and equipment  r u p t u r i n g  l i n e  w a s  t h e  second  l e a d i n g  c a u s e  of 
o n s h o r e  l i q u i d  p i p e l i n e  f a i l u r e s  ( F i g u r e  3-8). 
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Table  3-1. Percentage of  T o t a l  Leaks f o r  Gas P i p e l i n e s ,  
1970-1973 ( U n i v e r s i t y  of  Oklahoma, 1974) 

Cause I n d i v i d u a l  Annual Weighting Fac to r  

Corrosion 15.0% 77.3% 0.19 

.Outs ide  f o r c e  53 .9  3 . 0  18 .0  

Cons t ruc t ion  d e f e c t  5 . 4  2 . 0  2 . 7  
Material f a i l u r e  1 8 . 9  9.6 2 . 2  

Other 6 . 8  8 . 2  0 .83 

b .  Corrosion 

Offshore .  A s  shown i n  F igu re  3-5, o f f s h o r e  Gulf of 

Mexico gas  and l i q u i d  l i n e s  have a r a p i d l y  i n c r e a s i n g  frequency 
of  corrosion- caused f a i l u r e s  from 1974 t o  1978. A comparison 
of t h e  q u a n t i t y  of  o f f s h o r e  f a i l u r e s  w i t h  t h e  amount of commod- 
i t y  s p i l l e d  shows t h a t  i n  1977, 11 corrosion- caused f a i l u r e s  
s p i l l e d  a t o t a l  of s i x  b a r r e l s  of commodity ( p l u s  one f a i l u r e  
t h a t  r e l e a s e d  an unknown q u a n t i t y  of g a s ) .  Other  y e a r s  i n d i-  
cate s imilar  r a t i o s .  The r e l a t i v e l y  high number of cor ros ion-  
caused f a i l u r e s  could be  p inho le  l e a k s  t h a t  were d i scovered  
and r e p a i r e d  promptly,  caus ing  min ima l  p o l l u t i o n ,  according t o  
USGS sou rces  i n  M e t a i r i e ,  Louis iana .  N o  reason could be given 
t o  e x p l a i n  why t h e  d a t a  i n d i c a t e s  z e r o  corrosion- caused f a i l -  
u r e s  i n  1974. 

Gas P i p e l i n e s ;  Corrosion is  r e s p o n s i b l e  f o r  about 

o n e- f i f t h  of onshore gas  l i n e  f a i l u r e s  from 1970 t o  1975 
(F igu re  3-7). The AGA " A n a l y s i s "  r e p o r t  s t a tes  t h a t  t h e  
m a j o r i t y  (77 p e r c e n t )  o f  co r ros ion  i n c i d e n t s  du r ing  t h e  s i x  
y e a r  pe r iod  r e s u l t e d  from p i t t i n g- t y p e  co r ros ion  as opposed 
t o  gene ra l  c o r r o s i o n .  The  AGA r e p o r t  a l s o  s t a t e s  t h a t  i n  
i n c i d e n t s  i nvo lv ing  e x t e r n a l  c o r r o s i o n ,  p i p e s  both  coa t ed  and 
c a t h o d i c a l l y  p r o t e c t e d  had a f a i l u r e  rate less by l a r g e  fac tors  
compared t o  p i p e s  w i t h  less  or no corrosion p r o t e c t i o n .  
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L i q u i d  P i p e l i n e s .  Onshore pe t ro leum l i n e  d a t a  i n d i -  
cate a d e c l i n i n g  cor ros ion- caused  f a i l u r e  r a te ,  C o r r o s i o n  
f a i l u r e s  f o r  1978 are about  h a l f  of t h e  1970 r a t e  ( F i g u r e  3- 8) .  
Summaries of  DOT Form 7000-1 e x t e r n a l  c o r r o s i o n  d a t a  from 1970 
t o  1977 show mixed r e s u l t s  when v a r i o u s  means o f  c o r r o s i o n  
p r o t e c t i o n  are compared. Coated p i p e  w i t h  c a t h o d i c  p r o t e c t i o n  
and b a r e  p i p e  w i t h  c a t h o d i c  p r o t e c t i o n  have  t h e  h i g h e s t  p e r-  
c e n t a g e s  of e x t e r n a l  c o r r o s i o n  f a i l u r e s  f o r  1974 th rough  1978.  
N o  d a t a  on t h e  number o f  m i l e s  of each t y p e  of c o r r o s i o n  pro-  
t e c t i o n  is  a v a i l a b l e  n o r  are e x p l a n a t i o n s  o f  why t h e  r e s u l t s  
d i f f e r  from t h e  g a s  l i n e  d a t a  above. 

c .  "Unknown" and " Other"  Causes .  A s  t h e  l a s t  o f  t h e  
l e a d i n g  c a u s e s  o f  p i p e l i n e  f a i l u r e s  , "unknown" and " o t h e r "  
c a u s e s  a r e ,  by n a t u r e ,  t h e  most d i f f i c u l t  t o  d e t e r m i n e  because  
of  a l a c k  of d a t a .  

O f f s h o r e .  A s  shown i n  F i g u r e  3-5, unknown c a u s e s  
v a r y  from 8 p e r c e n t  t o  40 p e r c e n t  a n n u a l l y .  However, t h e  
small number o f  i n c i d e n t s  r e p o r t e d  (see S u b s e c t i o n  2 ,  I n f o r-  
mat ion  S o u r c e s )  makes c o n c l u s i o n s  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e .  

G a s  P i p e l i n e s .  "Unknown" o r  " o t h e r "  c a u s e s  are n o t  
a major c a u s e  o f  onshore  gas l i n e  f a i l u r e s .  

L i q u i d  P i p e l i n e s .  F a i l u r e s  a t t r i b u t e d  t o  " o t h e r "  
c a u s e s  a re  i n c r e a s i n g  and are t h e  t h i r d  l a r g e s t  c a u s e  of 
f a i l u r e s  from 1970 t o  1976.  . 

2 .  Minor Causes of  F a i l u r e  

Material f a i l u r e ,  i n c o r r e c t  o p e r a t i o n  fly carr ier  pe r-  
s o n n e l ,  c o n s t r u c t i o n  defects,  wea ther ,  d e f e c t i v e  w e l d s  and 

. "other" (gas and  o f f s h o r e  o n l y )  each accoun t  for approx imate ly  
20 p e r c e n t  or less o f  o n s h o r e  and o f f s h o r e  p i p e l i n e  f a i l u r e s  
( F i g u r e s  3-6, 3-7 and 3-8). O f f s h o r e  " o t h e r "  c a u s e s  are l i s t e d  
i n  T a b l e  3-2 w i t h  v e r b a t i m  d e s c r i p t i o n s  from a U S G S  Gulf of  
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Table 3-2. Offshore  O i l / G a s  P i p e l i n e  " Other"  Causes 

Desc r ip t ions  of causes  from USGS reco rds  f o r  Gulf of Mexico 

- Year N o .  of F a i l u r e s  Desc r in t ion  of  Cause 

1970 0 

1971 1 Severe ly  kinked.  S p l i t  a t  k ink .  

1972 2 1) G a s  r e g u l a t o r  malfunctioned.  H.P.P. malfunct ioned.  P ipe  
rup tu red .  

' 2 )  Suspect  p rev ious  damage t o  f / l  due t o  c o n s t r u c t i o n .  

1973 

1974 

1975 

1976 

1977 

1978 

2 1) Bul l  p lug  cover ing  1/2" needle  va lve  i n  open posit ion had 
a h o l e  i n  i t .  Poss ib ly  caused by t r awl ing .  

2 )  Abrasion - rubbing a g a i n s t  ano ther  p ipe .  

A t l a n t i c  R i c h f i e l d ' s  8" l i n e  r ipped  o f f  t h e  Cobia l i n e  a t  t h e  
subsea t i e - i n .  

1) P / 1  kink  a f t e r  t r y i n g  t o  move it away from 0 deco's w e l l  
#6 i n  SS Block 119. 

2 )  Mechanical f a i l u r e .  
3)  Lack of communication between o p e r a t o r .  

( i l l e g i b l e )  

P a r a f f i n  p lug  p i p e l i n e s .  



Mexico f a i l u r e  r e p o r t  c o m p i l a t i o n .  I n  F i g u r e  3- 6,  t h e  p e r c e n t-  
a g e s  o f  minor c a u s e s  o f  o f f s h o r e  f a i l u r e s  f l u c t u a t e  wide ly .  
When c o n s i d e r i n g  d a t a  on o f f s h o r e  l i n e s  p r e s e n t e d  h e r e ,  t h e  
c a u t i o n  g i v e n  e a r l i e r  abou t  t h e  t o t a l  number o f  f a i l u r e s  n o t  
b e i n g  large enough t o  e s t a b l i s h  a t r e n d  s h o u l d  b e  k e p t  i n  mind. 

C .  FAILURE COUNTERMEASURES FOR SUBSEA ARCTIC APPLICATIONS 

Subsea g a s  and l i q u i d  pe t ro leum p i p e l i n e s  i n  t h e  Arc t ic  
are l i k e l y  t o  have c o r r o s i o n  and o u t s i d e  f o r c e  as t h e  prime 
p o t e n t i a l  c a u s e s  o f  f a i l u r e .  Because o f  env i ronment- re la ted  
d i f f i c u l t i e s  mentioned elsewhere i n  t h i s  r e p o r t  ( S e c t i o n s  I1 
and I V ) ,  f a i l u r e s  i n  s u b s e a  Arct ic  areas are more d i f f i c u l t  
t o  contend w i t h  t h a n  i n  t e m p e r a t e  areas.  Consequen t ly ,  p re-  
v e n t i o n  of f a i l u r e s  c o u l d  be o f  u tmost  impor tance .  Prompt 
d i s c o v e r y  o f  f a i l u r e s  t h a t  o c c u r  d e s p i t e  p r e c a u t i o n s  a l so  
would be of  v a l u e .  However, i t  i s  beyond t h e  scope  o f  t h i s  
r e p o r t  t o  e v a l u t e  a n y  t r a d e o f f s  between env i ronmenta l  p r o t e c-  
t i o n  and p i p e l i n e  economics.  

1. Impact P r o t e c t i o n  

Ice s c o u r  is t h e  most f o r m i d a b l e  impact  h a z a r d  a f f e c t i n g  
a s u b s e a  p i p e l i n e .  A s  d i s c u s s e d  i n  S e c t i o n  11, t h e  d e p t h ,  
f r equency  and locat ion of  s c o u r i n g  is n o t  known f u l l y .  Pre-  
v e n t i o n  of  p i p e l i n e  impact  from ice  c o u l d  be accompl ished b y  

t r e n c h i n g  below t h e  a n t i c i p a t e d  s c o u r  d e p t h  ( S e c t i o n  1 V . D ) .  

More r e s e a r c h  on s c o u r  d e p t h s  would be o f  v a l u e .  Damage from 
a n c h o r s  and f i s h i n g  a c t i v i t i e s  p r o b a b l y  would be small because  
of  t h e  ice cover  which p r e v e n t s  s h i p  movement f o r  much of each  
y e a r .  Dur ing  t h e  open-water s e a s o n ,  sea t r a f f i c  is n o t  ex- 
p e c t e d  t o  be of major  consequence.  Marking of p i p e l i n e  l o c a-  
t i o n s  on maps s h o u l d  be s u f f i c i e n t  warn ing .  
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2 .  C o r r o s i o n  P r e v e n t i o n  

C o a t i n g  and c a t h o d i c  p r o t e c t i o n ,  as r e q u i r e d  i n  Par ts  
192 and 1 9 5  s i n c e  t h e  e a r l y  7 0 1 s ,  would be e s s e n t i a l  for sub-  
sea Arctic s teel  p i p e l i n e  e x t e r n a l  c o r r o s i o n  p r e v e n t i o n .  The  
p o t e n t i a l  f o r  e x t e r n a l  c o r r o s i o n  would be similar for both g a s  
and l i q u i d  p e t r o l e u m  p i p e l i n e s .  Arguments between impressed  
c u r r e n t  and s a c r i f i c i a l  anode c a t h o d i c  p r o t e c t i o n  q u a l i t y  are 
moot b e c a u s e  o f  t h e  maintenance  d i f f i c u l t i e s  t h a t  would be 

e n c o u n t e r e d  i f  an  impressed  c u r r e n t  s y s t e m  were chosen .  O t h e r-  
w i s e ,  e x t e r n a l  c o r r o s i o n  p robab ly  would n o t  be aided o r  h i n d e r-  
ed by t h e  s u b s e a  Arct ic  environment  as compared t o  a temperate 
zone  l o c a t i o n .  Although d i f f i c u l t  t o  accompl i sh ,  a sa t i s fac tory  
e lec t r ica l  ground for c o r r o s i o n  c o n t r o l  can  be o b t a i n e d  i n  
p e r m a f r o s t .  

I n t e r n a l  c o r r o s i o n  and e r o s i o n  problems would be s i m i l a r ,  
i f  n o t  i d e n t i c a l ,  t o  contemporary i n s t a l l a t i o n s  ;in t e m p e r a t e  
areas. Analyses  of t h e  commodity t o  be carried would be v a l u-  
ab le  i n  d e t e r m i n i n g  t h e  need ,  i f  a n y ,  f o r  i n t e r n a l  p r o t e c t i o n .  
I n t e r n a l  pipe c o a t i n g ,  a n d / o r  "sweeteningt1  of  s o u r  gas or o i l  
before c o n t a c t  w i t h  t h e  p i p e l i n e  are  p o t e n t i a l  s o l u t i o n s  i n  
c u r r e n t  practice.  

G e n e r a l l y ,  t h e  major  d i f f e r e n c e  i n  c o r r o s i o n  p r e v e n t i o n  
be tween  temperate zone  p i p e l i n e s  a n d  t h o s e  b e n e a t h  t h e  Arctic 
seas would be t h e  p o s s i b l e  desire t o  r e d u c e  t h e  f requency  of  
co r ros ion- caused  f a i l u r e s  i n  t h e  l a t t e r  as  low as poss ib le .  
J u d g i n g  from t h e  h i g h  i n c i d e n c e  o f  c o r r o s i o n- c a u s e d  f a i l u r e s  
i n  t h e  U S ,  and presumably elsewhere i n  temperate areas,  con- 
siderable p r o g r e s s  c o u l d  be realized i n  t h i s  f i e l d .  

3. I n s p e c t i o n  and Moni to r ing  

Reduc t ion ,  i f  n o t  p r e v e n t i o n ,  of p i p e l i n e  f a i l u r e s  c a n  
be aided by s c r u p u l o u s  i n s p e c t i o n  d u r i n g  f a b r i c a t i o n  and 
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i n s t a l l a t i o n  and by  f r e q u e n t  and  thorough m o n i t o r i n g  of t h e  
s y s t e m  d u r i n g  o p e r a t i o n .  A w e l l - p l a n n e d  program fo r  preven-  
t i v e  maintenance  is  necessary t o  c o n t i n u e d  s u c c e s s f u l  opera-  
t i o n .  U n f o r t u n a t e l y ,  env i ronmenta l  c o n d i t i o n s  and t r e n c h e d  
l i n e s ,  i f  u s e d ,  g r e a t l y  hamper m o n i t o r i n g  and maintenance  
e f fo r t s .  Such c o n s i d e r a t i o n s  may j u s t i f y  "overdes ign ing"  
and e x c e s s i v e  care d u r i n g  i n s t a l l a t i o n  of  p i p e l i n e s  t o  com- 
p e n s a t e  fo r  t h e  possible lack of access d u r i n g  o p e r a t i o n .  
E x i s t i n g  and proposed changes  i n  i n s p e c t i o n  and m o n i t o r i n g  
r e q u i r e m e n t s  appear i n  S e c t i o n  V I  of t h i s  r e p o r t .  
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I V .  UNIQUE REQUIREMENTS OF ARCTIC OFFSHORE PIPELINES 

The Arctic env i ronment ,  d i s c u s s e d  i n  S e c t i o n  1 1 ,  p r e s e n t s  
some u n i q u e  r e q u i r e m e n t s  f o r  o f f s h o r e  p i p e l i n e  d e s i g n ,  con- 
s t r u c t i o n  and o p e r a t i o n .  The  d i s c u s s i o n  i n  t h i s  s e c t i o n  is  a 
rev iew of key r e q u i r e m e n t s  which,  i f  n o t  c o n s i d e r e d  i n  a p ipe-  
l i n e  p r o j e c t ,  c o u l d  affect  i ts  s t r u c t u r a l  i n t e g r i t y ,  s a f e t y  
and env i ronmenta l  impact. The d i s c u s s i o n  o f  t h e  s t a t e- o f- t h e-  
a r t  o f  Arctic o f f s h o r e  p i p e l i n e s  p r e s e n t e d  i n  S e c t i o n  I covered  
p r e s e n t  t echno logy  and some o f  t h e  problems e n c o u n t e r e d ,  and 
r e f e r e n c e  w i l l  be made t o  t h a t  and o t h e r  s e c t i o n s  where  
a p p r o p r i a t e .  

A .  MATERIALS 

S t e e l  is t h e  p r e f e r r e d  mater ia l  f o r  Arctic a p p l i c a t i o n s  
b e c a u s e  of h i g h  s t r e n g t h ,  s u i t a b l e  low- tempera ture  p r o p e r t i e s  
( r e s i s t a n c e  t o  crack p r o p a g a t i o n )  and  good w e l d a b i l i t y .  T i t l e  
49 ( P a r t  195 .112)  p e r m i t s  o n l y  s t ee l  f o r  new l i q u i d  p i p e l i n e s ;  
however,  f o r  gas p i p e l i n e s  ( P a r t  1 9 2 )  t h e  r e g u l a t i o n  w i l l  
allow t h e  u s e  of cast i r o n  o r  d u c t i l e  i r o n  p ipes ,  a l t h o u g h  
t h e  u s e  i s  p r i m a r i l y  i n  gas d i s t r i b u t i o n  s y s t e m s .  Other  
a l l o y s  are n o t  c o m p e t i t i v e  w i t h  s t e e l  f o r  large d i a m e t e r  or 
h igh  p r e s s u r e  p i p e .  Although aluminum a l l o y s  and t i t a n i u m  
a l l o y s  can have t h e  same toughness  r a t i o  as s t e e l ,  t h e i r  
s t r e n g t h  is much lower  a t  compara t ive  l e v e l s .  T h e r e f o r e ,  
t h i c k  w a l l s  are r e q u i r e d  for l a r g e  aluminum p i p e s  because  
t h e  s t r e n g t h  is  about  h a l f  t h a t  o f  h igh- grade  s t e e l ,  and t h e  

t h e r m a l  expans ion  c o e f f i c i e n t  is  three t i m e s  as great ,  l e a d-  
i n g  t o  a p o t e n t i a l l y - h i g h  t h e r m a l  stress. A l s o ,  we ld ing  o f  
aluminum p i p e l i n e  s e c t i o n s  would be more d i f f i c u l t  and c o s t l y .  

I n  a d d i t i o n  t o  t h e  u s u a l  s p e c i f i e d  minimum y i e l d  stress 
( S M Y S ) ,  t h e  s a f e t y  s t a n d a r d s  f o r  Arctic p i p e l i n e s  s h o u l d  con-  
s i d e r  s t ee l  b e h a v i o r  a t  low t e m p e r a t u r e s .  Once i n s t a l l e d  on 
t h e  sea bo t tom,  s u c h  p i p e l i n e s  w i l l  e n c o u n t e r  a r e l a t i v e l y  
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c o n s t a n t  e x t e r n a l  water t e m p e r a t u r e  of approx imate ly  minus 
1 . 8 O C  (29'F). The  t e m p e r a t u r e  o f  t h e  p ipe  material w i l l  be a 
f u n c t i o n  of  t h e  t e m p e r a t u r e  of t h e  medium f l o w i n g  th rough  t h e  
p i p e .  O i l  i n  p i p e l i n e s  w i l l  be heated t o  m a i n t a i n  its temper-  
a t u r e  above t h e  pour  p o i n t .  G e n e r a l l y ,  p i p e  exposure  t o  l o w  
t e m p e r a t u r e s  would n o t  o c c u r  e x c e p t  d u r i n g  t r a n s p o r t a t i o n ,  
s t o r a g e  and i n s t a l l a t i o n .  Any s t u d y  of stresses o c c u r r i n g  
d u r i n g  these phases s h o u l d  c o n s i d e r  s tee l  b e h a v i o r  under  t h e  
lowes t  t e m p e r a t u r e s  encoun te red .  

The gas pipes may carry c h i l l e d  gas,  and t h e  p i p e  material 
t e m p e r a t u r e  w i l l  r e s u l t  from t h e  heat b a l a n c e  between t h e  p i p e  
i n t e r i o r  a n d  e x t e r i o r .  A p i p e  approach ing  and c r o s s i n g  a beach 
w i l l  be exposed t o  e x t e r n a l  ground t e m p e r a t u r e s  (assuming a 
b u r i e d  p i p e )  t h a t  w i l l  be s u b j e c t  t o  s e a s o n a l  v a r i a t i o n s .  
Comments made f o r  l i q u i d  p i p e l i n e s  w i t h  respect t o  t r a n s p o r t a -  
t i o n ,  s t o r a g e  and i n s t a l l a t i o n  app ly  a l s o  t o  t h o s e  used  f o r  
gas.  

A l l  p l a i n  ca rbon  s teels  e x h i b i t  a b r i t t l e - t o - d u c t i l e  
t r a n s i t i o n  and behave i n  an  e las t ic- plas t ic  manner above some 
s p e c i f i e d  t e m p e r a t u r e  u s u a l l y  referred t o  as t h e  t r a n s i t i o n  
t e m p e r a t u r e .  Below t h a t  t e m p e r a t u r e ,  s t ee l s  become b r i t t l e  
and can  a b s o r b  o n l y  l i m i t e d  impact e n e r g y .  I t  i s  i n  t h a t  
t e m p e r a t u r e  r e g i o n  t h a t  t h e  s teels  are n o t c h  s e n s i t i v e ;  t h a t  

is, i f  a defect or n o t c h  e x i s t s  i n  t h e  s t ee l ,  it may worsen 
t o  a form of b r i t t l e  f r a c t u r e  ( A z m i ,  1978). S i n c e  e x i s t i n g  
material f l a w s  sometimes are u n d e t e c t e d ,  se lec t ion  of material 
w i t h  a n  a d e q u a t e  n o t c h  t o u g h n e s s  is i m p o r t a n t  f o r  Arctic pipe-  

l i n e s .  For t h a t  r e a s o n ,  i t  is  i m p e r a t i v e  t h a t  t h e  lowest 
a n t i c i p a t e d  s e r v i c e  t e m p e r a t u r e  (LAST) is above t h e  t r a n s i t i o n  
t e m p e r a t u r e .  

The Charpy V- N o t c h  t e s t  is  used  m o s t  commonly t o  deter- 
mine t h e  t r a n s i t i o n  t e m p e r a t u r e .  The test  is  conduc ted  on a 
t e m p e r a t u r e- c o n t r o l l e d  s t a n d a r d i z e d  no tched  specimen t h a t  is 
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impacted by a c a l i b r a t e d  pendulum. An absorbed  f r a c t u r e  

impact  energy o f  205 (15 f t - l b )  g e n e r a l l y  is c o n s i d e r e d  t o  
be  t h e  minimum a c c e p t a b l e  l e v e l  f o r  p l a i n  carbon s tee l s  a t  
some s p e c i f i e d  t e m p e r a t u r e  ( s e e  F i g u r e  4- 1) .  However, t h e  
Charpy a c c e p t a n c e  test  h a s  been found t o  be  l i m i t e d  i n  eva lu-  
a t i n g  materials s u s c e p t i b i l i t y  t o  p remature  b r i t t l e  f r a c t u r e .  
There  are cases where s t ee l s  were c o n s i d e r e d  t o  b e  d u c t i l e  
a t  a g iven  s e r v i c e  t e m p e r a t u r e  because  t h e  Charpy specimens  
e x h i b i t e d  d u c t i l i t y  a t  t h i s  t e m p e r a t u r e .  I n  s e r v i c e ,  b r i t t l e  
f r a c t u r e  o f  t h e  s tee l  o c c u r r e d .  The d i f f e r e n c e  w a s  e x p l a i n e d  
on t h e  b a s i s  t h a t  s t a n d a r d  Charpy t e s t i n g  may n o t  a c c u r a t e l y  
d e t e r m i n e  t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e .  To 
compensate,  t h e  Charpy t es t  specimen h a s  been f a t i g u e  p re -  
c r a c k e d  t o  b e t t e r  r e l a te  r e s u l t s  t o  t h e  n i l - d u c t i l i t y  tempera-  
t u r e  (NDT), which is d e f i n e d  i n  ASTM STD E208-69. 

The NDT is d e f i n e d  t o  b e  t h e  t e m p e r a t u r e  a t  which a 
s m a l l  f l a w  may p r o p a g a t e  a t  stresses n e a r  t h e  y i e l d  stress. 
NDT+60°F (NDT+15'C) i s  c o n s i d e r e d  t h e  t e m p e r a t u r e  above which 
no u n s t a b l e  c l e a v a g e  c r a c k  p r o p a g a t i o n  can  o c c u r  a t  stresses 
approach ing  t h e  SMYS. O t h e r  b r i t t l e - f r a c t u r e  c r i t e r i a  used 
i n  c o n j u n c t i o n  w i t h  t h e  Charpy tes t  are based  on f r a c t u r e  
appearance  such  as t h e  d r o p  weight  t ear  t e s t  (DWTT); l i n e a r  
e l a s t i c  f r a c t u r e  mechanics such  as t h e  c r i t i c a l  stress i n t e n-  

s i t y  v a l u e ;  o r  e l a s t i c - p l a s t i c  f r a c t u r e  mechanics such  as  t h e  
J - i n t e g r a l  or c r i t i c a l  c r a c k  open ing  d i sp lacement  (COD). 

Charpy-V Notch and DWTT impact  tests w e r e  u s e d  i n  t h e  

s e l e c t i o n  o f  material  f o r  t h e  T r a n s  Alaska  P i p e l i n e  System 
from Prudhoe Bay t o  P o r t  Valdez ( O i l  and G a s  J o u r n a l ,  1 9 7 4 ) .  
P a n a r c t i c  G a s  L i n e s  r e q u i r e d  a 345 ( 2 5  f t - l b )  Charpy impact  
v a l u e  a t  minus 50°C (minus 60°F)  (Pa lmer ,  1 9 7 9 ) .  

Two i m p o r t a n t  f i e l d  o p e r a t i o n s  i n  p i p e l i n e  c o n s t r u c t i o n  

w i l l  b e  a f f e c t e d  by Arct ic  envi ronment :  p i p e  bend ing  and g i r t h  
we ld ing .  To minimize t h e  e f f e c t  o f  low t e m p e r a t u r e s ,  such  
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Figure 4-1. Charpy Transition Temperature (Azmi, 1978) 
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o p e r a t i o n s  u s u a l l y  have  been performed w i t h  a p r e h e a t e d  p i p e  
or  i n  a p r o t e c t i v e  e n c l o s u r e  (Hanamoto, 1978, TAPS exper ience . ) .  
I n  view of t h e  p a r t i c u l a r  impor tance  of flaw-free bends  and 
welds fo r  Arctic o f f s h o r e  p i p e l i n e s ,  and t h e  d i f f i c u l t y  of 
access, 100- percent  n o n- d e s t r u c t i v e  t e s t i n g  of b o t h  s h o u l d  be 

r e q u i r e d .  

The s a f e t y  s t a n d a r d s  fo r  Arctic o f f s h o r e  p i p e l i n e  material 
s h o u l d  s p e c i f y  a d e s i g n  requ i rement  f o r  c rack- propaga t ion  resis- 
t a n c e  a t  t h e  lowest a n t i c i p a t e d  s e r v i c e  t e m p e r a t u r e  (LAST) and 
a t  t h e  h i g h e s t  stresses encoun te red  d u r i n g  p i p e  h a n d l i n g  and 
f i e l d  o p e r a t i o n s .  However, t h e  d e s i g n e r  s h o u l d  b e  free t o  
select t h e  m a t e r i a l - a c c e p t a n c e  method, and a way s h o u l d  be l e f t  

open fo r  f u t u r e  material improvements.  

B. PRESSURE-TEST PROCEDURES 

P r e s s u r e - t e s t  p r o c e d u r e s  fo r  mi lder  climates are w e l l -  
e s t a b l i s h e d  from e x p e r i e n c e  w i t h  many t h o u s a n d s  of m i l e s  o f  gas 
and o i l  p i p e l i n e s  b u i l t  b o t h  o n s h o r e  and o f f shore .  Special  
p r o v i s i o n s  must be made, however,  f o r  p r e s s u r e - t e s t i n g  under  
Arctic c o n d i t i o n s  s u c h  as t h o s e  e x p e r i e n c e d  d u r i n g  t h e  TAPS 
and P a n a r c t i c  p i p e l i n e  c o n s t r u c t i o n s .  

Because t h e  shor t  Arct ic  summer p e r i o d  is  t h e  o n l y  t i m e  
when t e m p e r a t u r e s  are above f r e e z i n g ,  many c o n s t r u c t i o n  and 
i n s t a l l a t i o n  a c t i v i t i e s ,  i n c l u d i n g  p i p e l i n e  p r e s s u r e  t e s t i n g ,  
w i l l  have t o  be done i n  w i n t e r  a t  s u b- f r e e z i n g  t e m p e r a t u r e s .  
P a s t  e x p e r i e n c e  on i n s t a l l e d  p i p e l i n e s  i n d i c a t e s  t h a t  a 24-hour 
hydro te s t  is  p r e f e r a b l e  t o  a gas t es t  when o p e r a t i n g  above t h e  

NDT. Compared t o  gases, non- compress ib le  l i q u i d s  p r o v i d e  
greater tes t  s a f e t y ,  easier leak d e t e c t i o n ,  and smaller p r e s s u r e  
v a r i a t i o n s  when s u b j e c t e d  t o  t e m p e r a t u r e  d i f f e r e n t i a l s .  If 

water is u s e d  f o r  t e s t i n g  a t  sub-ze ro  t e m p e r a t u r e s ,  it must i n -  
c l u d e  a f r e e z i n g- p o i n t  d e p r e s s a n t .  c o n s i d e r a t i o n  s h o u l d  be 

g i v e n  t o  any env i ronmenta l  impact r e s u l t i n g  from t h e  d i s p o s a l  
o r  storage of t h a t  medium. 
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I n  a d d i t i o n  t o  any o n s h o r e  p r e s s u r e - t e s t  of p i p e  s e c t i o n s ,  
a p i p e l i n e  i n s t a l l e d  i n  a t r e n c h  s h o u l d  be tested a f te r  b e i n g  
covered  w i t h  f i l l  material. C o n s i d e r a t i o n  also s h o u l d  be g i v e n  
t o  an  a d d i t i o n a l  p r e s s u r e  t es t  before t h e  p i p e  is covered .  
Although t h e  a d d i t i o n a l  t e s t  would i n v o l v e  i n c r e a s e d  cost and 
r e q u i r e  a d d i t i o n a l  t i m e ,  i t  may be desirable i n  view o f  t h e  
d i f f i c u l t i e s  i n v o l v e d  w i t h  p o s s i b l e  r e p a i r s  of a b u r i e d  p i p e .  
Ice c o v e r  and l i m i t e d  a c c e s s i b i l i t y  w a r r a n t  t h a t  a l l  r e a s o n a b l e  
steps be t a k e n  prompt ly  d u r i n g  p i p e l i n e  i n s t a l l a t i o n  t o  a s s u r e  
t r o u b l e - f r e e  f u t u r e  o p e r a t i o n s .  S a f e t y  s t a n d a r d s  for Arctic 
o f f s h o r e  p i p e l i n e s  s h o u l d  reflect appropriate  p r e s s u r e - t e s t  
r e q u i r e m e n t s .  

C .  PIPELINE DESIGN AND CONSTRUCTION 

Environmenta l  hazards d i s c u s s e d  i n  S e c t i o n  1 1 ,  and 
special  c o n s t r u c t i o n  and i n s t a l l a t i o n  p r o c e d u r e s  prepared by 

R .  J .  Brown and Associates, and adop ted  on t h e  P a n a r c t i c  o f f-  

shore gas l i n e  i n  t h e  Canadian Arctic Sea d i s c u s s e d  i n  S e c t i o n  
I ,  gave an i n s i g h t  i n t o  problems p e c u l i a r  t o  t h e  design and 
c o n s t r u c t i o n  o f  Arctic o f f s h o r e  p i p e l i n e s .  

I n  view of these, r e q u i r e m e n t s  f o r  p i p e l i n e  d e s i g n ,  con- 
s t r u c t i o n  and i n s t a l l a t i o n  must c o n s i d e r :  

0 Unique heat t r a n s f e r  problems a s s o c i a t e d  with 
o f f s h o r e  and o n s h o r e  p e r m a f r o s t  ( S e c t i o n  11. 

C.2). 

0 A de ta i l ed  and r e a l i s t i c  l o g i s t i c s  p l a n  f o r  
unexpected  c o n t i n g e n c i e s  due t o  r emoteness  
of t h e  a r e a ,  t r a n s p o r t a t i o n  d i f f i c u l t i e s  
and s c a r c i t y  of loca l  manpower and equipment .  

0 The e f fec t  of h o s t i l e  envi ronment  (low t e m -  
p e r a t u r e ,  poor v i s i b i l i t y )  on o p e r a t o r  
e f f i c i e n c y  and a b i l i t y  t o  perform work under  
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u n p r o t e c t e d  c o n d i t i o n s .  T h e r e f o r e ,  t r a i n i n g  
programs more s t r i n g e n t  t h a n  t h o s e  fo r  s imilar  
work i n  temperate climates might  be n e c e s s a r y .  

The need fo r  special equipment  f o r  p e r m a f r o s t  
t r e n c h i n g ,  for some d i v e r l e s s  o p e r a t i o n s ,  and 
f o r  ice  c u t t i n g ,  may r e q u i r e  ea r l i e r  des ign  
and development.  

U s e  of s t r i n g e n t  s a f e t y  measures  t o  p r e v e n t  
f i r e  a n d / o r  e x p l o s i o n  i f  heated e n c l o s u r e s  
are used f o r  some o p e r a t i o n s .  

U t i l i z a t i o n  o f  advanced n o n- d e s t r u c t i v e  
i n s p e c t i o n  t e c h n i q u e s  u s i n g  h y d r o s t a t i c  t e s t s ,  
such  as a c o u s t i c  e m i s s i o n  as a means of  l o c a t -  
i n g  defects and e s t i m a t i n g  t h e  l e v e l  o f  s e v e r-  
i t y  o f  t h e  defect.  

p i p e l i n e  c o n s t r u c t o r  w i t h  U n i t e d  States a n d / o r  Canadian 
Arctic e x p e r i e n c e  b u i l d i n g  a p i p e l i n e  would be c o g n i z a n t  of 
t h e  s p e c i a l  r e q u i r e m e n t s  l i s t e d  above.  I n  t h a t  case, a l l  t h a t  
m i g h t  be r e q u i r e d  i n  t h e  s a f e t y  s t a n d a r d s  would be a g e n e r a l  
i n t r o d u c t o r y  comment r e g a r d i n g  t h e  items mentioned above. 

D. EXTERNAL LOADS 

I n  d i s c u s s i n g  e x t e r n a l  loads on Arct ic  offshore p i p e l i n e s ,  
a t t e n t i o n  w i l l  be focused  on t h e  effects  of p e r m a f r o s t ,  ice- 
imposed l o a d s ,  wave and c u r r e n t  a c t i o n ,  s e i s m i c i t y ,  and thermal 
expans ion  o r  c o n t r a c t i o n .  (The l a s t  c o u l d  be c o n s i d e r e d  e i the r  
an  e x t e r n a l  o r  a n  i n t e r n a l  l o a d . )  Each of these loads may add 

t o  t h e  radial  a n d / o r  ax i a l  stresses i n  t h e  p ipe  and t h e r e f o r e  
s h o u l d  be c o n s i d e r e d  i n  t h e  p i p e l i n e  d e s i g n .  
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1. P e r m a f r o s t  

The  d i s c u s s i o n  o f  s u b s e a  p e r m a f r o s t  i n  t h e  B e a u f o r t  Sea 
( S e c t i o n  I I . C . 2 )  n o t e d  t h a t  ice-rich p e r m a f r o s t  e x i s t s  i n  a 
non- continuous f a s h i o n  i n  t h e  s h a l l o w  waters of t h e  Arctic 
Ocean, and t h a t  i t  becomes c o n t i n u o u s  and close t o  t h e  s u r f a c e  
n e a r  and on t h e  s h o r e .  Consequen t ly ,  an o f f s h o r e  Arctic p ipe-  
l i n e  i n s t a l l e d  i n  a t r e n c h  may e n c o u n t e r  d i s c o n t i n u o u s  perma- 
f r o s t  w i t h i n  t h e  dep th  of t h e  t r e n c h  i n  s h a l l o w  waters and 
w i l l  c r o s s  c o n t i n u o u s  p e r m a f r o s t  i n  i ts o n s h o r e  approach .  The 
s u b s e a  p e r m a f r o s t ,  b e i n g  c l o s e  t o  0 ° C  (32°F)  (sea water temper-  
a t u r e  is approx imate ly  minus 1 . 8 O C ) ,  is n e a r  i ts  thawing p o i n t  
and its e q u i l i b r i u m  is de te rmined  by t e m p e r a t u r e  and water 
s a l i n i t y .  Thus,  a smal l  amount o f  heat a d d i t i o n  or e x t r a c t i o n  
may change t h e  p h y s i c a l  charac ter i s t ics  o f  t h e  p e r m a f r o s t  
d r a s t i c a l l y ,  making i t  t h e  most d i f f i c u l t  t e r r a i n  problem 
(Phukan,  1979).  I n  g e n e r a l ,  d i s t u r b e d  p e r m a f r o s t  e i the r  w i l l  
thaw i f  heat i s  added (as  w i t h  a heated o i l  p i p e ) ,  or w i l l  
grow b y  f r e e z i n g  i f  heat is  e x t r a c t e d  ( w i t h  a c h i l l e d- g a s  
p i p e l i n e ,  f o r  i n s t a n c e ) .  

The t h a w i n g  of ice- rich f i n e- g r a i n e d  s o i l s  u s u a l l y  i s  
accompanied by s u r f a c e  weakening and s e t t l e m e n t .  The  se t t l e-  
ment w i l l  be caused  by  t h e  volume decrease o f  ice thawed i n t o  
water and by t h e  thaw c o n s o l i d a t i o n  of t h e  s o i l .  Thaw con- 
s o l i d a t i o n  h a s  been c a l c u l a t e d  ( C r o r y ,  1973) from measured 
v a l u e s  o f  specific we igh t  o f  d r y- f r o z e n ,  and dry- thawed s o i l .  
The  r e s u l t i n g  s u b s i d e n c e  can create down-drag l o a d s  on a pipe 

and must be c o n s i d e r e d  i n  p i p e l i n e  d e s i g n  (Huck, 1979). I n  
d i s c o n t i n u o u s  ice-rich s o i l  s i t u a t i o n s ,  a w a r m  o i l  p i p e  c o u l d  
behave l i k e  a beam immersed i n  a dense  f l u i d  w i t h  s u p p o r t  a t  
i n t e r v a l s  a l o n g  its l e n g t h  (Walker ,  1978). The  l e n g t h  of t h e  
unsuppor ted  p i p e  s p a n s ,  and t h e  d e f l e c t i o n  of t h e  p i p e  w i l l  
d e t e r m i n e  t h e  r e s u l t i n g  stresses. A mathematical  model of 
such  a p i p e  has  been described (Walker, 1 9 7 8 ) ,  and p i p e  stresses 

4-8 



due t o  bending,  s a g ,  t empera ture  d i f f e r e n t i a l ,  and i n t e r n a l  
p r e s s u r e  were c a l c u l a t e d .  

If t h e  thawing of permafrost  r e s u l t s  i n  format ion of 
s l u r r y  w i th  a very l o w  s h e a r  stress, a gas p ipe  o r  an empty 
o i l  p i p e l i n e  may have a p o s i t i v e  buoyancy and,  wi thout  adequate 
overburden weight ,  w i l l  t end  t o  f l o a t  and move upward. To 
prevent  t h i s ,  a p i p e  may be anchored t o  t h e  sea bottom o r  pro- 
vided wi th  weight  c o a t i n g  ( u s u a l l y  concrete) s u f f i c i e n t  t o  
i n s u r e  a n e g a t i v e  buoyancy under t h e  most adverse  cond i t i ons .  

A p o t e n t i a l  thaw subs idence  problem w a s  encountered i n  
t h e  c o n s t r u c t i o n  of t h e  T r a n s  Alaska p i p e l i n e .  There ,  i n  
regions of p o t e n t i a l l y  u n s t a b l e  pe rmaf ros t ,  t h e  p i p e  w a s  ele- 
va ted  on v e r t i c a l  suppor t  members which were cooled by  heat 
p i p e s  t o  prevent  local  permafrost  deg rada t ion ,  A s imilar  
s o l u t i o n  may no t  be p o s s i b l e  f o r  Arctic o f f s h o r e  p i p e l i n e s .  
Other means, such as p i p e  i n s u l a t i o n  o r  g r a n u l a r  bedding 
material ( J a h n s ,  1973) would have t o  be provided f o r  p i p e l i n e  
s a f e t y  when cross ing thaw- sens i t ive  s o i l d .  The effect of p i p e  
i n s u l a t i o n  on t h e  s ize  of a thaw plug forming around a p ipe  is 
i l l u s t r a t e d  i n  F igu re  4-2. The importance of thaw subsidence 
on p i p e  i n t e g r i t y  can be i l l u s t r a t e d  by an  i n c i d e n t  w i t h  t h e  
Trans  Alaska O i l  P i p e l i n e .  Thawing of an  ice  l e n s  below t h e  
d i t c h  i n  o n e  of its bur i ed  s e c t i o n s  r e s u l t e d  i n  a sagging of 
t h e  p i p e ,  fo l lowed b y  wr ink l ing  and r u p t u r e  ( O i l  and G a s  

J o u r n a l ,  J u l y  1979).  

Frost  heave can occur  when a p i p e l i n e ,  having a tempera- 
t u r e  below f r e e z i n g ,  crosses s a t u r a t e d  s o i l s  w i t h  h igh water 
pore  p r e s s u r e s .  Any unfrozen Water w i l l  t e n d  t o  freeze around 
t h e  p i p e  forming a f r o s t  bu lb .  The increase i n  t h e  volume 
wi th  phase change from water t o  ice ,  and t h e  migra t ion  of  water 
t o  t h e  f rozen /unf rozen  i n t e r f a c e ,  may cause  format ion of segre- 
‘gated ice l e n s e s ,  as shown i n  t h e  upper par t  of F igure  4-3, 
and r e s u l t s  i n  f r o s t  heave. The increase i n  ice volume would 
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produce  heave p r e s s u r e s  a c t i n g  on t h e  p i p e  and might  c a u s e  its 
movement i n  t h e  d i r e c t i o n  o f  l e a s t  r e s i s t a n c e ,  i . e . ,  upward. 
The f r o s t- h e a v e  p r e s s u r e s  w i l l  be e q u a l  t o  t h e  we igh t  of t h e  

p i p e  and o f  t h e  overburden material .  The heave  d i sp lacement  
w i l l ,  i n  g e n e r a l ,  decrease w i t h  an  i n c r e a s e  i n  t h e  heav ing  
p r e s s u r e  (Young and O s l e r ,  1971) so  t h a t  a h e a v i e r  p ipe  w i t h  
greater overburden i n  a frost heave  s i t u a t i o n  would be d i s -  

placed by  a smaller amount. The heave ra te  increases w i t h  t h e  
r a t e  of f reez ing  up t o  some maximum, and t h e n  t e n d s  t o  f a l l  
off b e c a u s e ,  uqder  h igh  ra te  of  f r o s t  p e n e t r a t i o n ,  t h e  water 
canno t  migrate f a s t  enough t o  t h e  f r o z e n  b u l b  i n t e r f a c e  
( P e n n e r ,  1972) .  F r o s t  heave can be a s e r i o u s  problem t o  a 
c o l d  p i p e l i n e  and a Russ ian  gas p i p e l i n e  f a i l u r e  caused  by 
t h i s  has been  r e p o r t e d  (Tagunov, 1969). 

Var ious  f r o s t  heave  m i t i g a t i o n  measures  were s t u d i e d  i n  
t h e  past  (Davison e t  a l ,  1979;  Phukan, 1979). They i n c l u d e d  
r e d u c t i o n  i n  t h e  heat f low between t h e  p ipe  and t h e  s u r r o u n d i n g  
s o i l ,  i n c r e a s e  i n  overburden weight  (deeper t r e n c h  o r  a berm 
o v e r  t h e  p i p e ) ,  replacement o f  s o i l  a round t h e  p i p e  f o r  a 
thermal ly- s table ,  r e d i r e c t i o n  of t h e  f r e e z i n g  f r o n t  ( b y  t h e  

u s e  of v e r t i c a l  heat p i p e s ) ,  and combinat ion  o f  t h o s e .  

D i t c h i n g  or t r e n c h i n g  i n  permafrost p r e p a r a t o r y  t o  t h e  

p i p e  b u r i a l ,  r e q u i r e s  specia l  equipment .  A s  w i t h  i c e ,  t h e  

s t r e n g t h  o f  p e r m a f r o s t  i n c r e a s e s  a t  lower  t e m p e r a t u r e s .  For- 
t u n a t e l y ,  i n  t h e  Arctic o f f s h o r e  t h e  s u b s e a  p e r m a f r o s t  i n  
sha l low waters w i l l  be c l o s e  t o  i ts  thawing p o i n t ,  i . e . ,  
r e l a t i v e l y  weak. Mel lo r  (1978) and Hironaka  (1974) d i s c u s s e d  
v a r i o u s  t y p e s  o f  t r e n c h i n g  equipment for p e r m a f r o s t  which 
i n c l u d e d  t r a v e r s e  r o t a t i on  c u t t i n g ,  r i p p i n g  and d o z i n g ,  water 
and a i r  j e t t i n g ,  i m p a c t i n g ,  the rmal  c u t t i n g ,  and b l a s t i n g .  
I n  t h e  case of t h e  TAPS, Hironaka  (1974) quo ted  recommendations 
for: t r e n c h i n g  i n  p e r m a f r o s t  u s i n g  d i t c h i n g  machines i n  s i l t ,  
c lay,  peat and s a n d  regardless of m o i s t u r e  c o n t e n t ;  r i p p i n g  
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f o l l o w e d  by backhoeing f o r  g r a v e l s  w i t h  m o i s t u r e  less t h a n  1 0  
p e r c e n t ;  and i n  d r i l l i n g ,  b l a s t i n g  and e x c a v a t i n g  i n  g r a v e l s '  
w i t h  m o i s t u r e  c o n t e n t s  above 1 0  p e r c e n t .  O r i a r d  (1979)  d i s-  

c u s s e d  c o n t r o l l e d  b l a s t i n g  i n  p e r m a f r o s t  t o  p r o v i d e  c l e a n ,  
w e l l- d e f i n e d  t r e n c h e s .  

I t  is  q u i t e  p o s s i b l e  t h a t  fo r  " s o f t f '  s u b s e a  p e r m a f r o s t ,  
t r e n c h i n g  w i t h  underwate r  p l o u g h s ,  r i p p e r s ,  or h i g h- p r e s s u r e  
water j e t s  c o u l d  b e  c o n s i d e r e d ,  b u t  t h e  s e l e c t i o n  of t h e  m o s t  
s u i t a b l e  equipment w i l l  be guided by economics and by t h e  

l oca l  g e o t e c h n i c  and oceanograph ic  c o n d i t i o n s .  ' 

2 .  Ice - 
Ice phenomena o f  t h e  Arctic Ocean have  a profound e f f e c t  

on a l l  p h a s e s  of p i p e l i n e  sys tem c o n s t r u c t i o n .  T h i s  d i s c u s s i o n  
o f  ice  ef fec ts  w i l l  c o n s i d e r  s u r f a c e  ice a c t i v i t i e s ,  sea bottom 
ice s c o u r i n g ,  and ice a c c r e t i o n  on o f f s h o r e  s t r u c t u r e s .  Ice 
problems i n  t h e  B e a u f o r t  Sea were reviewed i n  S e c t i o n  1 I . B  of  
t h i s  r e p o r t ,  and t h e  d i s c u s s i o n  here w i l l  be focused  on t h e  
effect  of  i ce  on p i p e l i n e  s a f e t y .  

The Arctic Ocean and t h e  Alaskan  B e a u f o r t  Sea  are covered  
w i t h  ice n i n e  t o  10 months  a y e a r  a l l o w i n g  o n l y  t w o  or three 
summer months f o r  m a r i t i m e  t r a n s p o r t a t i o n  i n  some ice-free 
water. Consequen t ly ,  c o n v e n t i o n a l  p i p e- l a y i n g  t e c h n i q u e s ,  even 
w i t h  barges hav ing  r e i n f o r c e d  h u l l s ,  must be c o n f i n e d  t o  t h a t  
p e r i o d .  T h i s  means t h a t  a p i p e- l a y i n g  b a r g e  would b e  w i n t e r-  
i z e d  n e a r  t h e  p r o j e c t e d  pipe c o r r i d o r  t o  t ake  f u l l  advan tage  
o f  t h e  narrow,  o p e r a t i o n a l  windows a v a i l a b l e .  I n  t h e  w i n t e r  
months,  t h e  s h a l l o w  p a r t  ( u p  t o  60 f t  d e p t h )  of  t h e  B e a u f o r t  
Sea  is covered  comple te ly  w i t h  ice which is i n  almost c o n t i n u-  
ous motion.  The s ize  and ra te  o f  t h i s  motion depend on t h e  
d i s t a n c e  from t h e  s h o r e  and t h e  l o c a t i o n  r e l a t i v e  t o  i s l a n d s  
and winds.  Thus ,  t h e  p i p e- l a y i n g  o p e r a t i o n  from i ce ,  employed 
by R. J .  Brown and A s s o c i a t e s  i n  t h e  P a n a r c t i c  gas l i n e  
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(see S e c t i o n  I ) ,  may n o t  be feasible i n  those p a r t s  of t h e  
B e a u f o r t  Sea n o t  p r o t e c t e d  by o f f s h o r e  i s l a n d s .  

I n  t h e  s p r i n g  break- up p e r i o d ,  or i n  t h e  f reeze- up  d u r i n g  
t h e  f a l l ,  a ccess ib i l i t y  by barges is n o t  practical.  Thus,  
p i p e- l a y i n g  i n  t h e  Arctic o f f s h o r e  r e q u i r e s  c a r e f u l  p l a n n i n g  
and p r o v i s i o n  of con t ingency  f o r  many o p e r a t i o n s .  These i n-  
c l u d e  t r a n s p o r t a t i o n ,  f i e l d  work, p i p e l i n e  i n s t a l l a t i o n ,  and 
check-out p r o c e d u r e s .  The t echno logy  t o  do t h e  work is a v a i l -  
able ,  b u t  it s h o u l d  be used  i n  a n  i m a g i n a t i v e ,  i n n o v a t i v e  and 
we l l- p lanned  manner. 

Ice s c o u r ,  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  I I . B ,  is a rea l  
hazard t o  p i p e l i n e s  i n  sha l l ow  pa r t s  of t h e  B e a u f o r t  Sea. As 
i l l u s t r a t e d  i n  F i g u r e  2-7 ( S e c t i o n  I I . B . 3 ) ,  t h e  d e p t h  o f  s c o u r  
and i ts f requency  are a f u n c t i o n  of water d e p t h ,  s c o u r s  becom- 
i n g  deeper b u t  less f r e q u e n t  i n  d e e p e r  waters. Some o f  t h e  
moving b l o c k s  of ice ,  w i t h  large mass and i n e r t i a ,  c o u l d  scrape 
t h e  sea bo t tom,  a f f e c t i n g  t h e  s a f e t y  o f  p i p e l i n e s  and cables 
u n l e s s  special  p r o t e c t i o n  is p r o v i d e d  ( S e c t i o n  I ) .  

Ice a c c r e t i o n ,  as related t o  p i p e l i n e  s y s t e m s ,  may affect  
t h e  o p e r a t i o n  of pumping s t a t i o n s  by b l o c k i n g  compressor  i n l e t s ,  
a problem e n c o u n t e r e d  i n  t h e  Prudhoe Bay development.  The ra te  
of ice  a c c r e t i o n  depends on a i r ,  on sea water t e m p e r a t u r e  and 
o n  t h e  wind f o r c e ,  as shown i n  F i g u r e  4-4. Ice accretion is 
d i s c u s s e d  f u r t h e r  i n  par t  5.2 of t h i s  s e c t i o n .  P i p e l i n e  f a i l -  
u r e  modes due t o  p e r m a f r o s t  and ice are shown i n  F i g u r e  4-5. 

3 .  Waves and  C u r r e n t s  

Waves and c u r r e n t s  i n  t h e  B e a u f o r t  Sea w e r e  d i s c u s s e d  i n  
S e c t i o n  I I . A ,  which s a i d  t h e  normal waves and c u r r e n t s  are 
small when compared w i t h  m i d- l a t i t u d e  areas. Table 2-1 shows 
estimates of maximum ( s to rm)  wave h e i g h t s  for v a r i o u s  r e t u r n  
p e r i o d s .  These v a l u e s  are a l s o  c o n s i d e r a b l y  lower t h a n  those 
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e x p e c t e d  i n  o t h e r  OCS locat ions .  P i p e l i n e  b u r i e d  i n  t h e  ground 
or o t h e r w i s e  p r o t e c t e d  a g a i n s t  ice f o r c e s  would n o t  b e  a f f e c t e d  
by waves and c u r r e n t s  e x c e p t  i n  t h e  s u r f  zone .  Here, a p i p e  
may b e  s u b j e c t e d  t o  s o i l  mass movement o r  ve r t i ca l  erosion o f  
s e v e r a l  f e e t  p e r  y e a r ,  as r e p o r t e d  i n  t h e  O u t e r  C o n t i n e n t a l  
S h e l f  Environmenta l  Assessment Program (OCSEAP S y n t h e s i s  R e p o r t ,  
1978) .  I n  t h e  nea r- shore  area o f f  t h e  s u r f  z o n e ,  waves a l s o  
may induce  c y c l i n g  stresses i n  t h e  sea bottom which may c a u s e  
a p r o g r e s s i v e  b u i l d u p  of p o r e  p r e s s u r e ,  l e a d i n g  t o  s o i l  l i q u e-  
f a c t i o n  and l o s s  o f  s u p p o r t  f o r  a p i p e  c r o s s i n g  such  a r e g i o n  
(Seed and Rahman, 1 9 7 7 ) .  Consequen t ly ,  d u r i n g  i ts  p e r i o d  of 

o p e r a t i o n a l  l i f e ,  t h e  b u r i a l  d e p t h  must be l a r g e  enough t o  
p r e v e n t  p i p e  exposure  i n  a l l  such  l o c a t i o n s .  

Pe rhaps  t h e  most s i g n i f i c a n t  e f f e c t  o f  waves and c u r r e n t s  
would b e  d u r i n g  t h e  p i p e- l a y i n g  o p e r a t i o n .  The t echno logy  o f  
d e a l i n g  w i t h  t h i s  problem w a s  e s t a b l i s h e d  i n  t h e  Gulf of Mexico 
and Nor th  Sea  o p e r a t i o n s .  The a d d i t i o n a l  h a z a r d  o f  f l o a t i n g  
ice i n  t h e  Arctic o f f s h o r e  may r e q u i r e  some f u r t h e r  p r e c a u t i o n s  

and c o n t i n g e n c y  measures. 

4 .  S e i s m i c i t y  

The seismic c h a r a c t e r i s t i c s  of t h e  B e a u f o r t  Sea  o f f s h o r e  

have  been reviewed i n  S e c t i o n  I I . C . 4 .  I n  t h e  s o u t h e r n  p a r t  of  
Alaska  ( t h e  Anchorage, P o r t  Valdez area) h i g h - i n t e n s i t y ,  seis- 
m i c  e v e n t s  w e r e  r e c o r d e d ,  and had t o  be c o n s i d e r e d  i n  t h e  
d e s i g n  of t h e  T r a n s  Alaska  p i p e l i n e .  On t h e  o t h e r  hand,  t h e  
e s t i m a t e d  s e i s m i c i t y  o f  t h e  B e a u f o r t  Sea i s  o f  low magni tude ,  
w i t h  a p r e d i c t e d  100- year  r e t u r n  p e r i o d  and maximum l a t e r a l  
a c c e l e r a t i o n s  of  o n l y  0 .12  g ( E I A ,  1 9 7 9 ) .  No a c t i v e  f a u l t s  
w e r e  i d e n t i f i e d  i n  t h e  B e a u f o r t  Sea  o f f s h o r e .  Consequen t ly ,  
p i p e l i n e s  d e s i g n e d  t o  w i t h s t a n d  t h e  e x t e r n a l  l o a d s  d i s c u s s e d  
p r e v i o u s l y  s h o u l d  b e  able t o  resist p r e d i c t e d  seismic e v e n t s .  
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5 .  Thermal Expansion or Cont rac t ion  of a P ipe  

Although thermal expansion or  c o n t r a c t i o n  may not  be 
cons idered  an e x t e r n a l  l o a d  i n  a b u r i e d  and r e s t r a i n e d  p i p e ,  
such stresses w i l l  be genera ted  as a r e s u l t  of p ipe- to- so i l  
i n t e r a c t i o n .  Luscher e t  a1 (1979) analyzed t h e  case of f u l l y -  
r e s t r a i n e d ,  thermally- expanding p i p e l i n e s .  The l o n g i t u d i n a l  
force F1 genera ted  i n  such a case is: 

F1 = As x ( E  x u x AT - V X U H  + 0 .5  x U H )  

F1 = As (EaAT - vuH + 0 . 5  aH) 

As - Pipe  w a l l  c ro s s- sec t ion  area 

E - Pipe  material modulus of e l a s t i c i t y  

a - Pipe  material c o e f f i c i e n t  of thermal  expansion 

AT - Temperature d i f f e r e n t i a l  

v - Poisson ' s  r a t i o  

aH - Hoop stress caused by  a n e t  i n t e r n a l  p r e s s u r e  

The first t e r m  i n  t h e  above equa t ion  represents the rmal  
f o r c e ,  t h e  second t h e  P o i s s o n ' s  r a t i o  e f fec t ,  and t h e  t h i r d  

t h e  a x i a l  f o r c e  caused by i n t e r n a l  p r e s s u r e .  

As a r e s u l t  of  t h e  l o n g i t u d i n a l  compressive f o r c e ,  a 
p ipe  may buckle  i n  t h e  d i r e c t i o n  of leas t  r e s t r a i n t .  The 
i n t e r a c t i o n  of t h e  sur rounding  s o i l  d u r i n g  t h e  overbending,  
s idebending  and sagbending of  a p i p e  has  been s t u d i e d  (Luscher 
e t  a l ,  1979).  The p i p e  movement w i l l  be r e s t r a i n e d  by t h e  
combination of i ts own w e i g h t ,  t h e  overburden weight ,  and  by  
s o i l  shear s t r e n g t h .  Once a bend starts i n  a b u r i e d  p i p e l i n e ,  
large radial  forces can develop which are resisted by t h e  
sur rounding  so i l .  To quo te  Luscher e t  a1 (1979):  
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... as r ad ia l  d i s p l a c e m e n t s  o c c u r  a t  t h e  bend ,  
t h e  p i p e  t e n d s  t g  move l o n g i t u d i n a l l y  t h r o u g h  
t h e  s o i l  toward t h e  bend ,  and i n  so  d o i n g  
mobilizes l o n g i t u d i n a l  s h e a r  stresses which 
r e d u c e  t h e  l o n g i t u d i n a l  and hence  t h e  t r a n s -  
v e r s e  force at  t h e  bend.  S a t i s f a c t o r y  des ign  
o f  t h e  bends  r e q u i r e s  t h a t  t h e  a c t u a l  r ad i a l  
bend force is  i n  e q u i l i b r i u m  w i t h  t h e  resist- 
i n g  forces p r o v i d e d  by t h e  s u r r o u n d i n g  s o i l ,  
a n d  t h a t  p i p e  stresses and p i p e  s t r a i n s  are 
w i t h i n  a l l o w a b l e  l i m i t s  f o r  r e a s o n a b l e  p ipe  

displacements.  

Should  t h e  compress ive  stresses i n  t h e  bend exceed t h e  

y i e l d  s t r e n g t h  of t h e  p i p e  mater ia l ,  a w r i n k l i n g  of t h e  p ipe  

may o c c u r .  U S  s a f e t y  s t a n d a r d s  a l l o w  no w r i n k l e  bends  i n  
h i g h l y- s t r e s s e d  p ipes  (above  30% of  SMYS, Sec. 192.315 and 
above 20% of SMYS,  Sec. 195.212) .  T h e r e f o r e ,  safe  d e s i g n  must 
e n s u r e  a maximum bend c u r v a t u r e  below t h e  c r i t i c a l  c u r v a t u r e  
of w r i n k l i n g .  For such  an  a n a l y s i s ,  s o i l  p r o p e r t i e s  and  t h e  

l o c a t i o n  of p o s s i b l e  thaw s u b s i d e n c e  ( o r  f r o s t  heave)  areas 
must be known. 

I n  a r e c e n t  f a i l u r e  i n v e s t i g a t i o n  of t h e  TAPS ( O i l  and 
G a s  J o u r n a l ,  J u l y  1 9 7 9 ) ,  i t  w a s  p o s t u l a t e d  t h a t  t h e  l i n e  sagged ,  
w r i n k l e d  and f r a c t u r e d  b e c a u s e  o f  t h e  e x i s t e n c e  of unknown ice 
l e n s e s  below t h e  p ipe .  These thawed e v e n t u a l l y ,  and t h e  p i p e ,  
covered  w i t h  a heavy overburden ,  sagged and b u c k l e d .  

T h e  geometry o f  a n  u n b u r i e d  p i p e  u s u a l l y  a l l o w s  s u f f i -  
c i e n t  movement s o  t h a t  thermal  stresses are n o t  s i g n i f i c a n t .  

I n  a c o o l e d  p ipe  ( p i p e  t e m p e r a t u r e  lower i n  o p e r a t i o n  
t h a n  d u r i n g  i n s t a l l a t i o n )  t h e  first t e r m  i n  t h e  e q u a t i o n  i n  D 5  

w i l l  be n e g a t i v e .  T h e r m a l l y  induced compress ive  stresses i n  
t h e  p ipe  t h e n  w i l l  be lower o r  even may disappear.  Thus,  t h e  
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p o s s i b i l i t y  of  p i p e  b u c k l i n g  may be greater f o r  w a r m  b u r i e d  
p i p e s  t h a n  for o t h e r s .  A n a l y t i c a l  t oo l s ,  i n  t h e  form of  f i n i t e  
e lement  th ree- d imens iona l  computer programs,  are a v a i l a b l e  f o r  
stress a n a l y s i s .  I n f o r m a t i o n  on s o i l  character is t ics  and s o i l  
i n t e r a c t i o n  must be avai lable  and s h o u l d  be v e r i f i e d  b y  f i e l d  
measurements.  

E .  REMOTENESS AND INACCESSIBILITY OF ARCTIC OFFSHORE 

Nor the rn  Alaska is devo id  o f  r o a d s  f o r  terrestr ia l  
t r a n s p o r t a t i o n  except for  t h e  r e c e n t l y  b u i l t  Alyeska  highway. 
There  is a b r i e f  s e a s o n a l  p e r i o d  of p o s s i b l e  access by mar ine  
barges, and a f e w  l a n d i n g  s t r i p s  f o r  p r o p e l l e r  a i r c r a f t  e x i s t .  
However, there are no e n g i n e e r i n g  or i n d u s t r i a l  c e n t e r s ,  ex- 
cept t h e  Navy Arctic Research L a b o r a t o r y  ( N A R L )  and t h e  r e c e n t  
Prudhoe Bay development .  The  largest  community is  a t  B a r r o w ,  
w i t h  300 i n h a b i t a n t s .  Consequen t ly ,  any  major e n g i n e e r i n g  
o p e r a t i o n s ,  such  as  l a y i n g  offshore p i p e l i n e s ,  must c o n s i d e r  
l o g i s t i c s ,  t r a n s p o r t a t i o n ,  communicat ions,  s u r v e i l l a n c e ,  and 
m o n i t o r i n g .  

F.  LOGISTICS AND TRANSPORTATION 

The l i m i t e d  access ib i l i ty  t o  t h e  n o r t h e r n  Alaska o f f s h o r e  
and t h e  s e v e r e  climate r e q u i r e  c a r e f u l  p l a n n i n g  fo r  t h e  t r ans-  
p o r t a t i o n  of materials ,  heavy equipment and p e r s o n n e l  for t h e  

s u p p o r t  of p i p e l i n e  c o n s t r u c t i o n .  However, unexpected  changes  
i n  w e a t h e r  may u p s e t  t h e  best p l ans .  For  example,  Prudhoe Bay 
Sea L i f t  p i p e l i n e  barges unexpec ted ly  were s t r a n d e d  o f f s h o r e  
d u r i n g  August and September 1975 as  a r e s u l t  of an u n u s u a l l y  
heavy ice i n v a s i o n  a l o n g  t h e  Arctic c o a s t .  Consequen t ly ,  
l o g i s t i c s  p l a n n i n g  a l w a y s  s h o u l d  provide for  such  con t ingen-  
cies .  The e x i s t e n c e  of t h e  Alyeska  highway from F a i r b a n k s  t o  
Prudhoe Bay improves t h e  s i t u a t i o n ,  b u t  it s t i l l  i s  n e c e s s a r y  
t o  t r a n s p o r t  t h e  material from Prudhoe Bay, t o  b r i n g  i n  t h e  
heavy equipment  by b a r g e s ,  and t o  s h u t t l e  t h e  p e r s o n n e l .  
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The c o n s t r u c t i o n  o f  t h e  TAPS and t h e  Prudhoe Bay pro-  
d u c t i o n  f a c i l i t i e s  h a s  p r o v i d e d  v a l u a b l e  e x p e r i e n c e  i n  Arctic, 
l o g i s t i c s  ( J a h n s ,  1 9 7 8 ) .  Marine t r a n s p o r t  by barges th rough  
t h e  B e a u f o r t  Sea  is economica l ,  b u t  i t  re l i es  on  an ice-free 
water p a t h  i n  summer. I n  some y e a r s ,  t h i s  may n o t  o c c u r .  
For b a r g e  u n l o a d i n g ,  causeways may p r o v i d e  t h e  safest  and 
least  economica l ly  damaging means o f  heavy l o a d  t r a n s f e r  t o  
o n s h o r e  s i t e s .  

Both  f i x e d  wing a i r c r a f t  ( H e r c u l e s  130, Twin O t t e r )  and 

T h i s  mode 
h e l i c o p t e r s  ( B e l l  205) f r e q u e n t l y  were used  f o r  t r a n s p o r t  of  
l o a d s  ( u p  t o  20 t o n s  i n  t h e  case of  t h e  H e r c u l e s ) .  
i s  e x p e n s i v e ,  r e q u i r e s  c o n s t r u c t i o n  of l a n d i n g  s t r i p s  or  p a d s ,  
and i s  s e n s i t i v e  t o  weather c o n d i t i o n s .  

R o l l i g o n s  are t h e  o f f - r o a d  v e h i c l e s  most used  on t h e  

Nor th  S l o p e .  They can c r o s s  t h e  t u n d r a  a f t e r  i t  d r i e s ,  and 
c a n  o p e r a t e  on ice  as t h i n  as 0.6m ( 2  f t )  b e c a u s e  of t h e  low 
ground p r e s s u r e  t h e y  e x e r t .  

Except  f o r  l i m i t e d  u s e  of  t h e  Canadian B e l l  Voyager and 
a i r- c u s h i o n e d  b a r g e s ,  a i r - c u s h i o n  v e h i c l e s  ( A C V ' s )  have  had 

r e l a t i v e l y  l i t t l e  u s e  i n  Alaskan o i l / g a s  o p e r a t i o n s .  

E x i s t i n g  t r a n s p o r t a t i o n  means are now a d e q u a t e  t o  s u p p o r t  
e x p l o r a t o r y  a c t i v i t i e s ,  b u t  are n o t  s u f f i c i e n t  f o r  year- round 
s u p p o r t  o f  o p e r a t i o n s  i n  o f f s h o r e  o i l / g a s  f i e l d s .  For t h a t  
p u r p o s e ,  c o n s t r u c t i o n  of a d d i t i o n a l  permanent r o a d s ,  causeways,  
and p e r h a p s  a w i d e r  u s e  of  more r e l i a b l e  A C V ' s  would b e  r e q u i r e d .  
T a b l e  4- 1  p r e s e n t s  a l i s t i n g  o f  t r a n s p o r t a t i o n  means ,  c o n c e r n s ,  
and gaps  s t i l l  e x i s t i n g  i n  t echno logy  and b a s e l i n e  d a t a .  

Summarizing t h e  t r a n s p o r t a t i o n  problem,  f o u r  modes of - 
t r a n s p o r t  c a n  be c o n s i d e r e d :  
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TYPE 

MARINE 

IC E 
SURFACE 

A I R  

~ ~~ 

AMPHIR- 
rous 

ALL- 
WEATHER 
YEAR- 
AROUND 

EXAMPLES 

S U R V E Y  SI.iIF'S 
0 SUPPLY BARGES 

0 TRUCKS 
SLEDS 

0 ROLLIGON 

FtXED-WING 
0 I-1ELICOPTER 

0 ACV 

0 CAUSEWAYS 

Table 4-1. Logistics S upport 

CONCERNS 

0 S U M M E R I C E  
0 ODER. COST 

HAZARDS 

0 ICE THICKNESS 
@ SNOW DRIFTING 

ICE MOVEMENT 
RIDGING 

0 RUNWAY 
0 WEATHER 

DOWNTIME 
COST 

0 RELLABILITY 
0 ICE RIDGE 

CROSSING 

0 fCE PRESSURE 
0 ICE OVERRIDE 
0 WAVE EROSION 
0 GRAVEL AVAIL. 

M A R I N E  BIOTA 

0 

11 ID G E - C; ROSS I NG 
TECHNIQUES 

0 IMPROVE13 

0 
RELIARJLITY 
I NC R EAS F;1> 
GND. CLEARANCE 

JMP14OVED 
ICE 
FORECASTING 

0 ICE PJIESSURF 
O V  Fill R I I )E 
OCEANO- 
C R A  1'1 11C 

LIFE 
a UENTHIC 



I 

0 Marine ,  By S h i p s ,  Barges  and T a n k e r s .  The 
c o n s t r a i n t  on t h i s  mode is t h e  s h o r t  season  
( a p p r o x i m a t e l y  60 d a y s )  and t h e  s h a l l o w n e s s  
o f  t h e  water i n  t h e  g e n t l y  s l o p i n g  B e a u f o r t  
Sea  which p u t s  a l i m i t a t i o n  on t h e  d r a f t  o f  
f l o a t i n g  v e s s e l s .  

0 T e r r e s t r i a l - O v e r l a n d ,  There  are c o n s t r a i n t s  
on t h i s  mode of t r a n s p o r t a t i o n .  From l a t e  
s p r i n g  u n t i l  t h e  e a r l y  f a l l  ( J u n e  t o  e a r l y  
Oc tober )  t r a v e l  a c r o s s  t h e  t u n d r a  w i t h '  heavy- 
wheeled and t r a c k e d  v e h i c l e s  is  n o t  p e r m i t t e d .  
The f r a g i l i t y  of  t h e  thawed a c t i v e  v e g e g a t i o n  
l a y e r  above t h e  p e r m a f r o s t  would be a f f e c t e d  
by t h e  p a s s a g e  o f  any h igh- ground- pressure  
wheels  or t r acks .  Only a i r  cush ion  v e h i c l e s  
and s p e c i a l  low- ground- pressure r o l l i g o n s  
c o u l d  be c o n s i d e r e d .  

0 Ter res t r i a l  Over Snow or Ice. T h i s  mode o f  
t r a n s p o r t a t i o n  is  p o s s i b l e  i n  w i n t e r  when t h e  
sea ice is  t h i c k  enough t o  s u p p o r t  moving 
l o a d s .  A d d i t i o n a l  s u p p o r t  a l s o  may be g a i n e d  
a t  some l o c a t i o n s  by c o n s t r u c t i n g  ice r o a d s  
or i ce  a g g r e g a t e  pads  p e r m i t t i n g  w i n t e r  t r a n s -  
p o r t a t i o n  o f  equipment and s u p p l i e s .  

0 - A i r .  One c o n s t r a i n t  i n  t h i s  mode o f  t r a n s p o r -  
t a t i o n  u s i n g  f ixed- wing a i r c r a f t  or h e l i c o p t e r s  
i s  weather ( v i s i b i l i t y ,  wind,  p r e c i p i t a t i o n ) .  
A second is t h e  a v a i l a b i l i t y  of l a n d i n g  and 
t a k e o f f  s t r i p s ,  f o r  f ixed- wing a i r c r a f t ,  which 
i n  w i n t e r  c o u l d  be b u i l t  on i c e ,  b u t  i n  summer 
would r e q u i r e  a s u b s t a n t i a l  amount of s a n d  and  
g r a v e l .  
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G.  COMMUNICATIONS 

The communication between offshore  and o n s h o r e  f a c i l i t i e s  
re la ted t o  p i p e l i n e  o p e r a t i o n  c o n c e r n s  s a f e t y  and s t r u c t u r a l  
i n t e g r i t y  of p i p e l i n e  and a s s o c i a t e d  equipment ;  p i p e l i n e  pe r-  
formance and o i l / g a s  f l o w  c o n t r o l ;  and p e r s o n n e l  s a f e t y  and 
h e a l t h .  

I n  view of  t h e  d i f f i c u l t y  i n  t r a n s p o r t a t i o n  and accessi- 
b i l i t y  d i s c u s s e d  above ,  re l iable  communication c h a n n e l s ,  i m-  
p e r v i o u s  t o  Arctic wea the r  c o n d i t i o n s  are i m p o r t a n t .  Because 
of t h i s ,  i t  would be p r u d e n t  t o  p r o v i d e  a backup t o  t h e  p r i m a r y  
communications s y s t e m ,  an  approach u s u a l l y  t a k e n  by p i p e l i n e  
o p e r a t o r s .  For i n s t a n c e ,  t h e  TAPS communications s y s t e m  con- 
sists o f  p r i m a r y  microwave s t a t i o n s ,  a network backed up w i t h  
s a t e l l i t e - t r a n s m i t t e d  s i g n a l s  ( M e r r e t t ,  1979) ,  and radio.  I n  
t h e  proposed Alaskan Arctic G a s  P i p e l i n e  p r o j e c t ,  t h e  communi- 
c a t i o n  concep t  used  microwave s y s t e m s  c o n s i s t i n g  of f i v e  
p r imary  communication sites and f o u r  repeater s i t e s ,  one  
located between each o f  t h e  p r i m a r y  s i t e s  (Alaskan Arctic Gas 
P i p e l i n e  C o .  1974).  A s imi l a r  approach ,  u t i l i z i n g  some of t h e  

microwave c h a n n e l s  o f  t h e  TAPS w a s  proposed by Alcan G a s .  

I n  t h e  o p e r a t i o n  o f  pumping s t a t i o n s ,  development is  
under  way t o  automate  some of  t h e  f u n c t i o n s  t o  r e d u c e  t h e  
number of  p e r s o n n e l  i n  remote o u t p o s t s  (Schaferman,  1 9 7 4 ) .  
Any automated f u n c t i o n  would need r e l i ab le  t r a n s m i s s i o n  of 
s i g n a l s  t o  and from a c o n t r o l  c e n t e r .  

The r e q u i r e d  t e c h n o l o g y  and e x p e r i e n c e  i n  communications 
i n  t h e  Arctic environment  is  a v a i l a b l e ,  and i t  would be desir- 
able f o r  p i p e l i n e  s a f e t y  s t a n d a r d s  t o  emphasize t h e  impor tance  
of t h i s  f u n c t i o n  and t o  stress t h e  r e l i a b i l i t y  aspects. 
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H .  SURVEILLANCE AND MONITORING 

The s t a t u s  o f  t echno logy  f o r  s u r v e i l l a n c e  and m o n i t o r i n g  
w a s  d e s c r i b e d  b r i e f l y  i n  S e c t i o n  I . F .  Performance o f  t h e s e  
f u n c t i o n s  f o r  Arctic o f f s h o r e  p i p e l i n e s  is c o n s t r a i n e d  by 
s e v e r e  env i ronmenta l  c o n d i t i o n s .  Approximately 80 p e r c e n t  of 
t h e  t i m e ,  t h e  B e a u f o r t  Sea is  covered  w i t h  n o n- s t a t i o n a r y  ice .  
Consequen t ly ,  t h e  most p r a c t i c a l  way t o  pe r fo rm s u r v e i l l a n c e  
f o r  any leaks is by a e r i a l  means. However, g a s  l e a k a g e  from 
a p i p e  would n o t  b e  v i s i b l e  u n l e s s  i n  s u f f i c i e n t l y  l a r g e  
volume t o  form a vapor  c l o u d  c a p a b l e  of  f o r c i n g  i t s  way th rough  
ice cracks. Another p o s s i b i l i t y  is t h a t  a v i s i b l e  d e p r e s s i o n  
might  be formed i f  t h e  leakage w a s  s u f f i c i e n t  t o  r u p t u r e  t h e  

ice.  Moni to r ing  of  p r e s s u r e  and  f l o w- r a t e  measurements on 
b o t h  a n  o f f s h o r e  p l a t f o r m  and a n  o n s h o r e  gas r e c e i v i n g  p o i n t  
a l s o  would i n d i c a t e  a major  l e a k ,  b u t  n o t  i ts  l o c a t i o n .  Prob- 
a b l y  minor gas leaks would n o t  b e  d e t e c t e d  i n  w i n t e r  and would 
n o t  b e  found u n t i l  underwate r  i n s p e c t i o n  w a s  f eas ib le .  

O i l  leakage would be easier  t o  detect even i n  t h e  w i n t e r  
s e a s o n ,  If t h e  ice c o v e r  is porous  and s u b j e c t  t o  c r a c k l i n g  
d u r i n g  i t s  movement, o i l  c o u l d  f i n d  i ts  way t o  t h e  s u r f a c e  and 
be v i s i b l e  u n t i l  covered  b y  snow. O i l  accumula ted  under  i ce  
would be detectable i n  t h e  f u t u r e  when i n f r a- r e d  s e n s o r s ,  r adar ,  
or s o n i c  d e v i c e s  are developed more f u l l y .  

The effect  o f  c o r r o s i o n  c a n  be moni to red  by pumping a 
"pig"  w i t h  t h e  f l u i d ,  equipped w i t h  s e n s o r s  t o  measure w a l l  
t h i c k n e s s .  Reduct ion  i n  t h i c k n e s s  t h u s  can be d e t e c t e d  b e f o r e  
c a u s i n g  t h e  leak.  

Dur ing summer months (Augus t ,  September)  ice-free waters 
may e x i s t  i n  t h e  p i p e l i n e  c o r r i d o r s .  I n  t h e  f o r e s e e a b l e  
f u t u r e ,  such  areas would b e  c o n f i n e d  t o  s h a l l o w  waters up t o  
a 20m (66 f t )  d e p t h .  These  are t h e  t r a c t s  earmarked by t h e  
f e d e r a l  government t o  be s o l d  by t h e  s t a t e  o f  Alaska i n  t h e  
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B e a u f o r t  Sea. Dur ing summer, ae r i a l  s u r v e i l l a n c e  would be 
supplemented  by underwater  i n s p e c t i o n ,  u s i n g  d i v e r s  o p e r a t i n g  
from a s h i p ,  or manned o r  unmanned s u b m e r s i b l e s .  

P e r i o d i c  underwate r  i n s p e c t i o n  a l s o  would be n e c e s s a r y  
t o  examine t r e n c h e d  p i p e  s t a b i l i t y ,  e r o s i o n  of  pipe c o v e r ,  ice 
s c o u r i n g  and p i p e  exposure .  The c o r r o s i o n- p r o t e c t i o n  d e v i c e s  
a l s o  c o u l d  be examined d u r i n g  underwate r  i n s p e c t i o n  and c u r r e n t  
measurement c o u l d  be made i f  deemed n e c e s s a r y .  

I .  PIPELINE INSTALLATION AND REPAIR 

The e x i s t i n g  technology of t r e n c h i n g ,  p i p e- l a y i n g ,  and 
i n s t a l l a t i o n  i n  Arctic o f f s h o r e  areas w a s  d i s c u s s e d  i n  S e c t i o n  
I of t h i s  r e p o r t .  Here, a t t e n t i o n  w i l l  be f o c u s e d  on special 
r e q u i r e m e n t s  imposed by t h e  Arctic o f f s h o r e  p i p e l i n e  i n  t h e  

a p p l i c a t i o n  of p r e s e n t  t echno logy .  

Dur ing p i p e- l a y i n g  o p e r a t i o n s ,  a p i p e  c o u l d  e n c o u n t e r  
i ts most s e v e r e  s t r e s s i n g  (Freund ,  1977) .  The danger  l i e s  i n  
p i p e  b u c k l i n g  and subsequen t  f a i l u r e  (Smal l  and W a l l i n ,  1971). 
A f t e r  t h e  p i p e  is d e p o s i t e d  on t h e  sea bo t tom,  l o w e r i n g  it 
i n t o  a t r e n c h  and g u i d i n g  i t  a c r o s s  t r e n c h  e l e v a t i o n s  or 
d e p r e s s i o n s  r e s u l t s  i n  bend ing  stresses. 
u s i n g  one of t h e  e x i s t i n g  computer programs ( M o u s s e l l i ,  1977). 

Stresses encoun te red  w i l l  depend mainly  on p i p e  diameter and 
w a l l  t h i c k n e s s ,  method of l a y i n g ,  water d e p t h ,  and waves and 
c u r r e n t s  e n c o u n t e r e d  d u r i n g  t h e  l a y i n g  o p e r a t i o n s .  Close i n-  
s p e c t i o n  o f  t h e  p i p e l i n e  i n s t a l l a t i o n  ( n o t  covered  e x p l i c i t l y  
i n  192 and 195 s t a n d a r d s )  is  t h e r e f o r e  impor tan t  f o r  enhanced 
a s s u r a n c e  of p i p e l i n e  s a f e t y .  

These can be a n a l y z e d  

The above comments apply  t o  a n y  o f f s h o r e  p i p e s .  What is 
un ique  f o r  Arctic o f f s h o r e  is t h e  e x i s t e n c e  of a n a r r o w  "window" 
i n  which t r e n c h i n g  and p i p e- l a y i n g  o p e r a t i o n s  can be performed.  
Only a two-month (Augus t ,  September) ice-free p e r i o d  can  be 
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e x p e c t e d  d u r i n g  which a l a y  b a r g e  can  be used  ( F i g u r e  2- 4).  
If t r e n c h i n g  and p i p e- l a y i n g  i s  done from i c e ,  t h e  o p e r a t i o n  . 

w i l l  b e  l i m i t e d  by ice movement which i n c r e a s e s  i n  magnitude 
w i t h  t h e  d i s t a n c e  from t h e  s h o r e l i n e  ( S e c t i o n  1 I . B ) .  I n  t h e  
Nor th  S e a ,  p i p e- l a y i n g  o p e r a t i o n s  f r e q u e n t l y  are cur ta i led  by 
s t o r m s ,  b u t  a warning of s e v e r a l  h o u r s  u s u a l l y  is p r o v i d e d .  
On t h e  o t h e r  hand,  ice movement i n  t h e  Arctic cannot  y e t  be 

p r e d i c t e d  w i t h  s u f f i c i e n t  a c c u r a c y ,  and t h e  warn ing  t i m e  may 
be s h o r t  or n i l .  

The same comments a p p l y  t o  o p e r a t i o n a l  p i p e  r e p a i r s .  
Equipment r e q u i r e d  s h o u l d  b e  immedia te ly  a v a i l a b l e  t o  take  
advan tage  of t h e  f ree water i n  summer o r  t h e  n e a r - s t a t i o n a r y  
t h i c k  ice i n  t h e  l a t e  w i n t e r .  I n  some cases a p i p e  may n o t  
b e  r e p a i r e d  f o r  a p e r i o d  o f  weeks o r  months,  and t h i s  s h o u l d  
be t a k e n  i n t o  account  i n  c o n s i d e r i n g  t h e  economics of an 
Arctic o f f s h o r e  p i p e l i n e .  Dual p i p e l i n e s  might  be j u s t i f i e d .  

I n  summing up ,  t h e  t echno logy  f o r  p i p e l i n e  i n s t a l l a t i o n  
i n  t h e  Arctic o f f s h o r e  is a v a i l a b l e ,  b u t  c a r e f u l  p l a n n i n g  and 
l o g i s t i c  s u p p o r t  i s  n e c e s s a r y  f o r  s a f e  and economic p e r f o r -  
mance. 

J .  ENVIRONMENTAL CONSIDERATIONS 

1. G a s  and O i l  Leaks 

The e n v i r o n m e n t a l  impact  of p i p e l i n e  i n s t a l l a t i o n ,  
o p e r a t i o n ,  and p o s s i b l e  g a s  or o i l  leaks caused  by a f a i l u r e  
i n  t h e  p i p e l i n e  i s  c o n s i d e r e d  f o r  a l l  U S  o f f s h o r e  p i p e l i n e s .  
The un ique  problem a s s o c i a t e d  w i t h  Arct ic  o f f s h o r e  i n s t a l l a -  
t i o n s  is t h e  d e t e c t i o n ,  conta inment  and c o l l e c t i o n  of any o i l  
l e a k  i n  i ce- covered  or i c e - i n f e s t e d  waters (EIA, 1 9 7 9 ) .  

T h e r e  are f o u r  d i s t i n c t  s e a s o n s  i n  t h e  B e a u f o r t  Sea  ice 
c y c l e  which demand d i f f e r e n t  approaches  t o  an o i l  s p i l l .  
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0 I n  w i n t e r  months (December th rough  A p r i l )  t h e  
ice g e t s  t h i c k  enough t o  s u p p o r t  heavy equip-  
ment ,  and forms a c o v e r  o v e r  any s p i l l e d  o i l  
which t h e n  is  c o n t a i n e d  under  t h e  ice  i n  a 
r e l a t i v e l y  small area.  

0 During t h e  s p r i n g  months (May th rough  J u l y )  
ice breakup o c c u r s  and o f f s h o r e  areas,  i n  
g e n e r a l ,  are no t  a c c e s s i b l e  f o r  t r a n s p o r t a t i o n  
of equipment e i ther  on t h e  ice s u r f a c e  or by 
mar ine  t r a n s p o r t .  Any o i l  s p i l l e d  d u r i n g  
t h a t  t i m e  would s p r e a d  be tween  t h e  p i e c e s  o f  
f l o a t i n g  ice  and c o u l d  t r a v e l  a l o n g  d i s t a n c e .  

0 I n  summer months (Augus t ,  September)  t h e  

s h a l l o w  area of t h e  B e a u f o r t  Sea  c o u l d  be  
ice-free and methods o f  o i l  conta inment  and 
c o l l e c t i o n  a p p l i c a b l e  t o  open waters would 

a p p l y .  

0 During t h e  f a l l  months ( O c t o b e r ,  November) 
ice f r e e z e- u p  t a k e s  p l a c e ,  b u t  t h e  ice  i s  t o o  
t h i n  t o  s u p p o r t  heavy equipment .  Consequen t ly ,  
t h e  o f f s h o r e  areas would n o t  be  accessible by 

ice  s u r f a c e  t r a n s p o r t a t i o n  n o r  by mar ine  w i t h  

e x c e p t i o n  o f  i ce  b r e a k e r s .  Any o i l  s p i l l e d  
would e i t h e r  c o l l e c t  under  t h e  ice or p e n e t r a t e  
t o  t h e  s u r f a c e  th rough  cracks and l e a k s  formed 
i n  t h e  weak i ce .  

The  env i ronmenta l  impact  o f  an o i l  s p i l l  c o u l d  be damag- 
i n g  t o  t h e  Arct ic  mar ine  b i o t a  i f  i t  is  a l lowed  t o  d r i f t  t o  
b i o l o g i c a l l y - a c t i v e  areas such  as  b e a c h e s ,  d e l t a s ,  and some 
i s l a n d s .  Because o f  t h e  d i f f i c u l t y  i n  c o n t a i n i n g  s p i l l e d  o i l ,  
and due t o  t h e  r emoteness  of  t h e  Arctic o f f s h o r e  areas d i s c u s s e d  
e a r l i e r ,  i t  would be p r u d e n t  f o r  p i p e l i n e  s a f e t y  t o  have  a 
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prepared p l an  f o r  emergency measures. T h i s  would cons ider  t h e  
. p i p e l i n e  l o c a t i o n ,  seasonal ice v a r i a b i l i t y ,  and procedures  

f o r  o i l - l e a k  c o n t r o l  as w e l l  as t h e  subsequent r e p a i r  work. 

The impact of a gas leak would, i n  g e n e r a l ,  be s m a l l .  
T h e r e  could be an  a sphyx ia t ion  and explos ion  hazard i f  re- 
frigerated gas forms a c loud d r i f t i n g  over  t h e  ground t o  areas 
of human ' ac t iv i ty .  The p r o b a b i l i t y  of t h i s  happening is remote 
because refrigerated n a t u r a l  gas, warmed t o  ambient  a i r  t e m -  
p e r a t u r e ,  is l i g h t e r  t han  a i r  and w i l l  be d i s s ipa ted  q u i t e  
r a p i d l y  i n  t h e  atmosphere. Thus, t h e  most important  problem 
fo r  a d e f e c t i v e  gas  p i p e l i n e  would not  be t h e  environmental  
impact of a gas leak b u t  t h e  need fo r  e x p e d i t i o u s  repair  work. 

2 .  Pumping S t a t i o n s  

A unique problem i n  bo th  t h e  Arctic onshore  and o f f s h o r e  
is t h e  f r eez ing  of a i r  i n l e t s  i n  t h e  t u r b i n e s  d r i v i n g  t h e  pumps 
(S tenson ,  1972) .  There  are t w o  t y p e s  of i c i n g  phenomena: one 
is caused by wind- carr ied snow (par t i c les )  which clog t h e  t u r -  
b i n e  i n l e t .  The o ther  is due t o  ice fog forming a t  tempera- 
t u r e s  below minus 23OC (minus 10°F) caus ing  ad f r eez ing  of ice 
par t ic les  t o  a i r  i n l e t s .  Technology was developed t o  deal 
w i t h  bo th  problems, as evidenced by  s a t i s f a c t o r y  o p e r a t i o n  of 
Prudhoe Bay pumping s t a t i o n s .  I t  probably would be desirable 
t o  c a l l  a t t e n t i o n  t o  t h i s  factor  when cons ide r ing  Arctic o f f -  
shore p i p e l i n e  s a f e t y  s tandards.  

Pump s t a t i o n  no i se  is  ano the r  c o n s i d e r a t i o n ,  bu t  it is  
o u t s i d e  of t h e  scope of p i p e l i n e  s a f e t y  s t a n d a r d s .  

K .  CORROSION PROTECTION 

Corrosion p r o t e c t i o n  is an important  pa r t  of a p i p e l i n e  
i n s t a l l a t i o n .  However, there are no unique requirements  fo r  
t h e  Arctic o f f s h o r e  and t h e  e x i s t i n g  t echno logy  and procedures  
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fo r  o t h e r  o f f s h o r e  waters are appl icable  i f  t h e  s a l i n i t y  and 
oxygen c o n t e n t  of Arctic ocean water is t a k e n  i n t o  account  
(see a l s o  S e c t i o n  V.C.5). 
d e v i c e s  is  a par t  of p i p e l i n e  m o n i t o r i n g  and s u r v e i l l a n c e  and 
w a s  mentioned i n  S e c t i o n  1 V . H .  

Maintenance of a n t i - c o r r o s i o n  
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