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FOREWORD 

This  is a  record of Workshops on ( a )  Subsea Permafrost  and 
( b )  P i p e l i n e s  i n  Permafrost  which were he ld  on November 18 and 

19,  1985, r e s p e c t i v e l y ,  i n  Edmonton, Alber ta .  The Workshops were 
sponsored by t h e  Permafrost  Subcommittee, Assoc ia te  Committee on 
Geotechnica l  Research, Nat iona l  Research Council  of Canada. 

A t o t a l  of  103 p a r t i c i p a n t s  a t t ended  t h e  two Workshops, 

81  from Canada, 21 from t h e  United S t a t e s  and one from the  
United Kingdom. Each Workshop fol lowed e s s e n t i a l l y  t he  same 
format.  Papers presen ted  a t  s e s s i o n s  dur ing  t h e  morning and 
e a r l y  a f t e rnoon  each day were followed by a  c l o s i n g  s e s s i o n  f o r  
open d i s c u s s i o n  and c o n s i d e r a t i o n  of r e sea rch  needs. Complete 
t e x t s  o r  extended a b s t r a c t s  of most of t h e  papers  presen ted  a t  
t h e  Workshops a r e  included i n  t h i s  volume. Only minor e d i t o r i a l  
changes were made t o  t h e  manuscr ip t s  submit ted.  The e f f o r t s  of 
t h e  au tho r s  i n  p repa r ing  and p re sen t ing  t h e i r  c o n t r i b u t i o n s  is 
g r e a t l y  app rec i a t ed .  

The Permafrost  Subcommittee wishes t o  exp re s s  i t s  s i n c e r e  
thanks  t o  M r .  D.W. Hayley, EBA Engineering Consu l t an t s  Ltd. ,  
Edmonton, Prof.  D. C. Sego, Department of C i v i l  Engineer ing ,  
Un ive r s i t y  of A lbe r t a ,  Edmonton, D r .  W.A. Slusarchuk,  Hardy 
Assoc i a t e s  (1978) Ltd.,  Calgary,  and M r .  G.N. Lewis, Esso 
Resources Canada Ltd. ,  Calgary,  a l l  members of t he  
Subcommittee, f o r  developing and o rgan iz ing  the  programs 

f o r  t h e  Workshops. Spec i a l  thanks  a r e  a l s o  extended t o  t h e  
fo l lowing  i n d i v i d u a l s  f o r  t h e i r  a s s i s t a n c e  du r ing  the  Workshops: 

M r .  T.H.W. Baker, I n s t i t u t e  f o r  Research i n  Cons t ruc t ion ,  
Nat iona l  Research Council  of Canada, Ottawa, M r .  P. C o l l i n s  
and M s .  G. G r i f f i n ,  Department of C i v i l  Engineer ing ,  Un ive r s i t y  
of A lbe r t a ,  Edmonton and Mrs. C. Boss and Mrs. M. Cusack, EBA 

Engineering Consu l t an t s ,  Edmonton. 
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PERMAFROST DISTRIBUTION AND THE QUATERNARY H I  STORY OF THE 
MACKENZIE - BEAUFORT REGION: A GEOTHERMAL PERSPECTIVE 

A.S. Judge* 

Data Base 

The base of permafrost  f o r  each of  161 e x p l o r a t o r y  w e l l s  was 
determined us ing  convent iona l  wel l - logs a s  o u t l i n e d  by Walker and S t u a r t  
(1976) ,  Hnatiuk and Randall  (1977) ,  H a t l e l i d  and Macdonald (1979) ,  and 

D & S Pe t rophys ics  (1983).  The va lues  determined a r e  s t r i c t l y  f o r  t h e  
base of i ce -bear ing  permafrost  a s  revea led  by changes i n  t h e  p h y s i c a l  
p r o p e r t i e s  , i n  p a r t i c u l a r  t h e  e l e c t r i c a l  and acous t i c .  In  coarse-grained 
sediments  t he  base may co inc ide  c l o s e l y  wi th  t h e  O°C i so therm,  t h e  
d i f f e r e n c e  being dependent on depth  and pore water  s a l i n i t y  a lone.  I n  
f ine-gra ined  s o i l s  t h e  f r e e z i n g  c h a r a c t e r i s t i c s  of t h e  s o i l  predominate 

and t h e  base of ice-bear ing permafros t  may be up t o  100 m above t h e  O°C 
i so therm with a  t r a n s i t i o n  l a y e r  below (Osterkamp & Payne, 1981; Taylor  

et .  a l . ,  1982). The bottom of t he  ice-bear ing  sediments  i s  i n  f a c t  
determined by a very complex s e t  of s o i l  c h a r a c t e r i s t i c s ,  both s t a t i c  
and dynamic, t h e  i n t e r - r e l a t  i ons  h i p s  of which remain poor ly  understood. 

Deep tempera ture  obse rva t ions  were c o l l e c t e d  and c o l l a t e d  from 172 

e x p l o r a t o r y  w e l l s  i n  t h e  Mackenzie D e l t a ,  t he  A r c t i c  Coas t a l  P l a i n  and 
t h e  Beaufort  Shelf  (Geotechnica l  Resources Ltd.,  1983). Three primary 
sou rces  were used: ( 1 )  bottom-hole tempera ture  i n fo rma t ion  from t h e  
headers  of wel l - logs,  t o g e t h e r  with r e l e v a n t  in format ion  on depth and 
t i m e  s i n c e  t h e  end of c i r c u l a t i o n  i n  t h e  w e l l ,  and mud tempera ture ;  

( 2 )  d r i l l - s t e m  test determina t ion  of formation tempera ture  w i t h  
in format ion  on t h e  depth  of measurement and (3 )  indus t ry- run  downhole 

temperature  surveys  t oge the r  with r e l e v a n t  in format ion  s i n c e  t h e  t i m e  

of l a s t  c i r c u l a t i o n  i n  t h e  w e l l ,  and t h e  survey accuracy. Probable  
equ i l i b r ium tempera tures  were c a l c u l a t e d  f o r  each type of d a t a  and 
p l o t t e d  a s  a  f u n c t i o n  of depth.  Such informat ion  ex tends  t o  depths  
of 4 km. 

Over t h e  pas t  decade, through t h e  coope ra t i on  of i n d u s t r y  and 
government agenc i e s ,  temperature  measurements have been made i n  45 
wel l s  d r i l l e d  f o r  hydrocarbon e x p l o r a t i o n  (Taylor  e t .  a l .  , 1982). 
P rec i se  tempera tures  have been measured a t  succes s ive  t imes s i n c e  

completion of t h e  w e l l  t o  depths  i n  excess  of 600 m. The base of 
i ce -bear ing  permafros t ,  t h e  O°C i so therm,  and i n d i c a t i o n s  of zones 
of h igh  i c e  con ten t ,  a s  de r ived  from t h i s  d a t a  s e t ,  were used t o  
c a l i b r a t e  and i n t e r p r e t  t h e  geophys ica l  wel l - logs.  Mean s u r f a c e  
tempera tures ,  temperature  g r a d i e n t s  w i th in  and below t h e  permaf r o s  t 
and o t h e r  c h a r a c t e r i s t i c s  of t h e  tempera ture  curves  have been used 
t o  determine t h e  n a t u r e  and e x t e n t  of t h e  permafrost  d i s t r i b u t i o n .  

D r i l l i n g  of about  100 sha l low h o l e s  on and o f f s h o r e  has  enabled  
a n  examinat ion of t h e  c u r r e n t  near-surf ace  permafrost  c h a r a c t e r i s t i c s  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of au tho r s .  



and a c t i v e  processes  through t h e  p r e c i s e  monitor ing of t empera tures  
(MacAulay et .  a l . ,  1977; Taylor  et. a l . ,  1982). The r e s u l t s  from 
o f f s h o r e  temperature  measurements have been i n t e g r a t e d  wi th  s e i s m i c  
r e f l e c t i o n  and r e f r a c t i o n  s t u d i e s ,  a s  o u t l i n e d  by Hunter e t  a l .  (1976) 

and Neave et  a l .  (1978). 

Thickness of Permafrost  

F igure  1 shows a contour  of t h e  base of t h e  permafrost  a t  100 m 
i n t e r v a l s .  The g r e a t e s t  dep ths ,  a s  much a s  740 m ,  t o  t h e  base of 
permafrost  a r e  found on land i n  t he  no r the rn  p a r t  of t h e  Mackenzie De l t a  
on no r the rn  Richards I s l a n d ,  bu t  dep ths  exceed 500 m i n  t h e  no r the rn  ha l f  
of t he  e n t i r e  Tutoyaktuk Peninsu la  between t h e  Eas t  channel  of t h e  De l t a  
and t h e  n o r t h e a s t e r n  t i p  of t h e  Peninsu la .  Depths t o  t h e  permafrost  base 
o f f s h o r e  a r e  encountered t o  700 m beneath t h e  sea- f loor .  Almost t h e  
e n t i r e  s h e l f  between longi tude  12g0W and 136OW is c h a r a c t e r i z e d  by 

occur rences  of t h i c k  permafrost  below t h e  sea-bed. The seaward 
boundaries  of permafrost  determined from t h e  well-log a n a l y s i s  co inc ide  
c l o s e l y  with t h e  boundaries  of t he  permafrost  i n f e r r e d  from se i smic  
r e f r a c t  i o n  v e l o c i t i e s  on t h e  upper permafrost  t a b l e .  Seismic 
i n t e r p r e t a t i o n  sugges t s  an a d d i t i o n a l  p o r t i o n  of t h e  n o r t h e a s t e r n  s h e l f ,  
ex tending  sou thwes t e r ly  i n  a belt 15-20 km wide,  t o  be without  t h i s  
f rozen  s u b s t r a t e .  Lack of w e l l  i n fo rma t ion  i n  t h e  a r e a  prevents  
con£ i rma t ion  of t h e  t o t a l  absence of permafrost  throughout t h e  belt. 

Thickness of permafrost  dec reases  i n  t h e  sou the rn  p o r t i o n  of t h e  
Mackenzie De l t a ,  a long t h e  Eskimo Lakes t o  t h e  e a s t  of t h e  D e l t a ,  e a s t  of 
a N-S l i n e  along t h e  w e s t  s i d e  of t h e  Del ta ,  and poss ib ly  on t h e  Yukon 
Coas ta l  P l a in .  West of 136OW permafrost  i s  t h i n  or  absen t  o f f sho re .  A 
few l i m i t e d  onshore obse rva t ions  e a s t  of t h e  s tudy  reg ion  aga in  i n d i c a t e  
t h i c k  permafrost :  '300 m a t  68 51°N, 126O47'W and 450m a t  67"44'N, 
126O50'W (Taylor  et  a l . ,  1982). S imi l a r  i n c r e a s e s  i n  permafros t  
t h i c k n e s s  might be expected west  of t h e  Mackenzie D e l t a  w i th  a boundary 
e i t h e r  i n  o r  t o  t h e  south  of t h e  Yukon c o a s t a l  a r ea s .  However, w e l l  d a t a  
i s  not a v a i l a b l e  t o  con£ irm t h i s .  West of t h e  Mackenzie Trough, o f f s h o r e  
permafrost  may aga in  t h i cken ,  a l though t h e  a v a i l a b l e  w e l l  d a t a  i s  no t  
s u f f i c i e n t  t o  con£ i n n  t h i s  assumption. Sediment c h a r a c t e r i s  t i c s  a r e  a k i n  
t o  those  encountered i n  t h e  Alaskan Beaufort  where t h i c k  permafrost  is 
encountered o f f s h o r e  (Osterkamp and Payne, 1981). 

Deep Temperature Observat ions 

The deep tempera tures  c a l c u l a t e d  from i n d u s t r y  d a t a  were p l o t t e d  and 
contoured i so therm maps were genera ted  f o r  depths  of 1 ,  2 ,  3 and 4 km 
u t i l i s i n g  a 10°C contour  i n t e r v a l .  A s  shown i n  F igu re  2 d a t a  i s  o f t e n  
s p a r s e  and s o  t h e  i n d i v i d u a l  contours  a r e  specu la t i ve .  The maximum and 
minimum tempera tures  recorded f o r  t h e  given depth  zones a r e  44/14*C a t  
1 km, 66133OC a t  2 km, 97146°C a t  3 km and 128183°C a t  4 km. 
D i f f e r e n t i a l  t empera tures  between t h e  maximum and minimum va lues  range 
from 30' a t  1 km t o  50' a t  4 km, c o n s i s t e n t  with reg ions  of vary ing  
geothermal g rad i en t .  The h e a t  sources  and s i n k s  a r e  no t  wel l -def ined 
because of l a c k  of s u f f i c i e n t  da ta .  However, t h e  h ighe r  temperature  
zones c o n s i s t e n t l y  occur  around t h e  Eskimo Lakes reg ion  e a s t  of 



Tuktoyaktuk,  a l o n g  t h e  w e s t  c o a s t  of Mackenzie Bay and o f f s h o r e  between 
l a t i t u d e s  69'40'N and 70°N around l o n g i t u d e  136"W. A low t e m p e r a t u r e  
zone f o l l o w s  a g e n e r a l  n o r t h e a s t - s o u t h w e s t  t r e n d  w e s t  of Tuk toyak tuk ,  
c e n t e r e d  o v e r  n o r t h e r n  R i c h a r d s  I s l a n d  and t h e  w e s t e r n  Tuktoyaktuk 

Pen insu la .  

Deep geo the rmal  g r a d i e n t s  a r e  q u i t e  un i fo rm compared w i t h  o t h e r  
g e o l o g i c a l  r e g i o n s  and i n d i c a t e  a n  a r e a  of normal h e a t  f low,  i.e., 
g r a d i e n t s  are g e n e r a l l y  i n  t h e  range of 20 t o  30°C/km. A r e g i o n  of  
g r a d i e n t  40°C/km, o c c u r s  t o  t h e  n o r t h w e s t  of t h e  a r e a  around l a t i t u d e  
7 U 0 N  and l o n g i t u d e  136"W. G r a d i e n t s  a p p e a r  t o  d e c r e a s e  towards  t h e  
e a s t e r n  edge of t h e  a r e a .  

P r e c i s e  Well Temperature  Data 

Deep t e m p e r a t u r e  measurements a r e  a v a i l a b l e  a t  45 s i t e s  i n  t h e  
r e g i o n ,  p r i m a r i l y  onshore .  The coverage  is not  un i fo rm i n  d i s t r i b u -  
t i o n ;  30 sites a r e  i n  t h e  o l d  d e l t a  where p e r m a f r o s t  t h i c k n e s s ,  as 
r e v e a l e d  by t h e  0°C i s o t h e r m ,  r a n g e s  from 272 t o  670 m w i t h  a  median 
v a l u e  o f  370 m. T h i s  i s  f o u r  t o  f i v e  times t h i c k e r  t h a n  t h e  p e r m a f r o s t  
a t  9 s i t e s  i n  t h e  m d e r n  d e l t a  ( 6 5  t o  175 m ;  median 8 5  m). Ground 
t e m p e r a t u r e s ,  e x t r a p o l a t e d  t o  t h e  s u r f a c e  from measurements i n  t h e  u p p e r  
100 m a t  t h e s e  s i t e s ,  l i e  i n  t h e  range -4.4 t o  -9.5OC ( o l d  d e l t a )  and 
-1.4 t o  -4.9OC (modern d e l t a ) .  A s i m i l a r  r ange  was found by Mackay 
( 1972) froin measurements i n  s e i s m i c  sho t -ho les .  L i t t l e  d i f f e r e n c e  was 
obse rved  i n  a i r  t e m p e r a t u r e s  r e c o r d e d  a t  t h r e e  s t a t i o n s  i n  t h e  r e g i o n  
(Environment Canada, 1975).  I n  most i n s t a n c e s  t h e  t e m p e r a t u r e s  i n c r e a s e  

reasonab ly  l i n e a r l y  w i t h  d e p t h  below 100 m ,  i n d i c a t i n g  a  q u a s i -  

e q u i l i b r i u m  s t a t e ,  a l t h o u g h  above 100 m i n d i c a t i o n s  do e x i s t  o€ s u r f a c e  
warming i n  t h e  o l d  d e l t a  w e l l s  and c o o l i n g  a t  t h e  new d e l t a  s i t e s .  An 
e x c e p t i o n  t o  t h i s  d i s t r i b u t i o n  of t e m p e r a t u r e  w i t h  d e p t h  w a s  ve ry  
pronounced i n  5 w e l l s  t o  t h e  west  and s o u t h  of Big  Lake i n  t h e  c e n t r a l  

d e l t a .  Although Mackay (1963)  p l a c e d  t h e  r e g i o n  i n  t h e  modern 
d e l t a ,  t h i c k  pe rmaf ros t  i n  e x c e s s  of  500 m p l a c e s  i t  i n  t h e  o l d  d e l t a  

w h i l e  t h e  e s s e n t i a l l y  i s o t h e r m a l  n a t u r e  of t h e  t e m p e r a t u r e s  th rough  t h e  
p e r m a f r o s t  a r e  most a k i n  t o  t h e  o f f s h o r e  the rmal  c h a r a c t e r i s t i c s .  

Shal low Thermal and Se i smic  S t u d i e s  i n  t h e  O f f s h o r e  

A s  d e s c r i b e d  by Hunter  et a l .  (1976)  and Neave et a l .  ( 1 9 7 8 ) ,  h i g h  
s e i s m i c  v e l o c i t i e s  encoun te red  on t h e  e a s t e r n  h a l f  of t h e  Beauf o r t  S h e l f  
a r e  i n t e r p r e t e d  as r e l i c  ice-bonded p e r m a f r o s t .  The v e l o c i t y  d a t a  e a s t  
of 135"W i s  d i v i s i b l e  i n t o  a n  upper  v e l o c i t y  g roup  w i t h  a  t o p  60-100 m 

below s e a  l e v e l  and a lower g r o u p  130-200 m below s e a  l e v e l .  West of 
135OW and t o  t h e  edge of t h e  Mackenzie Trough a  more complex s t r u c t u r e  
i s  p r e s e n t ,  p robab ly  r e p r e s e n t a t i v e  of p a r t i a l l y  ice-bonded o r  i c e -  
b e a r i n g  sed iments .  Shal low d r i l l i n g  t o  d e p t h s  of 6 0  m below t h e  s e a  
f l o o r  has  r e v e a l e d  t h e  profound n a t u r e  of t h e  edge of t h e  Mackenzie 
Trough, n o r t h  and west  of Gar ry  I s l a n d ,  and a  v e r y  complex s h a l l o w  
the rmal  regime t o  t h e  east (MacAuley e t  a l . ,  1977,  1978).  These  
o b s e r v a t i o n s  a r e  i n d i c a t i v e  of r e l i c  c o n d i t i o n s  a t  d e p t h ,  p o s s  Lble 
s e a s o n a l  a g g r a d a t i o n  of f r o s t  i n  t h e  upper  3  t o  4  m of s e d i m e n t s  and 



non-conductive p r o c e s s e s  of h e a t  t r a n s f e r  above t h e  t o p  of t h e  main 
p e r m a f r o s t  body. 

Permaf ros t  and Oua te rnarv  H i s t o r v  

The zones of t h i c k  and t h i n  pe rmaf ros t  appear  t o  show a s t r o n g  
r e l a t i o n s h i p  w i t h  t h e  l i m i t s  of Wisconsin g l a c i a t i o n  shown i n  F i g u r e  1. 

The r e l a t i v e l y  t h i n  pe rmaf ros t  of t h e  modern d e l t a  and t h e  p o s i t i o n  of 
t h e  l a te  Wisconsin  g l a c i a l  l i m i t  (Mackay et  a l . ,  1972) a r e  i n  c l o s e  
agreement.  The t h i c k e r  pe rmaf ros t  a p p e a r s  as a wedge encompassing 
Richards  I s l a n d ,  t h e  n o r t h w e s t  Tuktoyaktuk P e n i n s u l a ,  and Parga s e c t  i o n s  
of t h e  a d j a c e n t  s h e l f  a g a i n  c o r r e l a t e s  w e l l  w i t h  t h e  proposed l i m i t  of 
t h e  Wisconsin maxima shown i n  F i g u r e  1. Fol lowing Rampton's p o s i t i o n  
of t h e  e a r l y  Wisconsin g l a c i a l  l i m i t ,  t h e  t h i c k e s t  pe rmaf ros t  might be 
p r e d i c t e d  t o  be t o  t h e  n o r t h e a s t  of Tuktoyaktuk,  n o r t h  of Rampton's 
n o r t h e r n  l i m i t  of g l a c i a t i o n .  I n  f a c t ,  v a l u e s  a v e r a g e  s e v e r a l  hundred 
metres  l e s s  t h a n  on R i c h a r d s  I s l a n d s .  I n  a g e n e r a l  s e n s e  t h e  e x i s t e n c e  
of i c e  tongues  o r  i c e  s h e e t s  i n  t h e  r e g i o n  a p p e a r s  t o  have i n s u l a t e d  t h e  
s o i l  from sub-zero a i r  t e m p e r a t u r e s  which c h a r a c t e r i z e d  t h e  c l i m a t e  
d u r i n g  t h e  p e r i o d  of Wisconsin g l a c i a t i o n ,  t h u s  i n h i b i t i n g  t h e  growth 
of deep permaf ros t .  I n  t h e  n o r t h e r n  and c e n t r a l  p a r t  of t h e  Mackenzie 
D e l t a ,  a l o n g  t h e  Beaufor t  C r u s t a l  zone of t h e  Tuktoyaktuk P e n i n s u l a ,  and 

on t h e  s h e l f  a d j a c e n t  t o  bo th  areas, t h e  p r e s e n c e  of deep p e r m a f r o s t  
s u g g e s t s  a n  absence  of g l a c i a l  i c e  o r  sea-water  c o v e r ,  and a d i r e c t  
exposure  of t h e  land t o  t h e  c o l d e r  a i r  t e m p e r a t u r e s  o c c u r r i n g  i n  an  
i c e  age.  The d i s t r i b u t i o n  of pe rmaf ros t  may i n  f a c t  p r o v i d e  a u s e f u l  
a d d i t i o n a l  s o u r c e  of i n f o r m a t i o n  i n  d e t e r m i n i n g  t h e  p o s i t i o n  of g l a c i a l  
l i m i t s .  

Pe rmaf ros t  t h i c k n e s s  i n  t h e  modern d e l t a  is r e l a t i v e l y  s h a l l o w  
a l t h o u g h  t h e  t h i c k n e s s  has  been f u r t h e r  l i m i t e d  by p rox imi ty  t o  s e a s o n a l  
f l o o d i n g  and t o  major  r i v e r  channe l s  t h a t  have s h i f t e d  o v e r  t h e  p a s t  few 
thousand y e a r s .  I n t e r c e p t  t e m p e r a t u r e s  g e n e r a l l y  s u g g e s t  c o o l i n g  of t h e  
l and  s u r f a c e  o v e r  t h e  p e r i o d ,  which is  c o n s i s t e n t  w i t h  a g g r a d a t i o n  of 
p e r m a f r o s t  i n  a n  aggrad ing  modern r i v e r  d e l t a .  

O b s e r v a t i o n s  of pe rmaf ros t  d i s t r i b u t i o n  are accompanied by h i g h  
q u a l i t y  t e m p e r a t u r e  measurements a t  10 s i t e s  i n  t h e  P a r s o n ' s  Lake a r e a .  
I n  t h e  m o r a i n i c  h i l l s  a d j a c e n t  t o  t h e  l a k e ,  p e r m a f r o s t  t h i c k n e s s  ranges  
From 294 t o  386 m. Mackay et  al.  (1972) p o s i t i o n  t h e  l a t e  Wisconsin 
l i m i t  d i r e c t l y  th rough  t h e  area; a s i t e  10 km w e s t  of t h e  l a k e  h a s  v e r y  
deep permaf ros t  (550  m), s u g g e s t i n g  i t  may l i e  o u t s i d e  of t h e  maximum 
Wisconsin advance. A l t e r n a t i v e l y ,  s i n c e  a r e c e n t  g e o p h y s i c a l  s u r v e y  h a s  
shown P a r s o n ' s  Lake is not  u n d e r l a i n  by permaf ros t  (Geo-Physi-Con, 1983) ,  
t h e  l a k e  may be an  o l d  f e a t u r e  and t h e  g l a c i a l  l i m i t  may l i e  f u r t h e r  
east. U n f o r t u n a t e l y ,  r e l a t i v e l y  warm s u b - g l a c i a l  c o n d i t i o n s  cou ld  c r e a t e  
a  s t m i l a r  s i t u a t i o n .  

The deep p e r m a f r o s t  and t e m p e r a t u r e  r e s u l t s  add t o  t h e  d e f i n i t i o n  o f  
t h e  wes te rn  boundary between t h e  modern and o l d  d e l t a .  Mackay (1963)  
p l a c e s  i t  a t  t h e  base  of t h e  Caribou H i l l s  and t h e  exposed P l e i s t o c e n e  
a r e a  of Richards  I s l a n d  f u r t h e r  n o r t h ,  towards t h e  sea .  T h i s  d e f i n i t i o n  
r e s u l t s  i n  a loop  e x t e n d i n g  east t o  i n c l u d e  t h e  Taglu  g a s  f i e l d  i n  t h e  



modern d e l t a .  However, t h e  r e c e n t l y  o b t a i n e d  deep t e m p e r a t u r e  
o b s e r v a t i o n s  and t h e  wel l - log i n t e r p r e t a t i o n s  have shown p e r m a f r o s t  
t h i c k n e s s e s  t o  be i n  e x c e s s  of 500 m ,  v a l u e s  t h a t  a r e  s i m i l a r  t o  
I,I: rmaf ros t t h i c k n e s s e s  i n  t h e  o l d  d e l t a .  Fur the rmore ,  p e r m a f r o s t  d e p t h s  

i n  t h e  Taglu f i e l d  s u g g e s t  t h a t  t h e  a r e a  w a s  not  g l a c i a t e d  d u r i n g  t h e  
Late Wisconsin ,  adding e v i d e n c e  t o  t h e  i c e  l i m i t  proposed by Mackay et 

a l .  (1972) .  The p r e s e n t  d a t a  s u g g e s t  t h a t  t h e  boundary between t h e  o l d  

and modern d e l t a s  f o l l o w s  a l i n e a r  e x t e n s i o n  n o r t h w e s t  from t h e  Car ibou 
H i  11s. S e v e r a l  logged w e l l s  are l o c a t e d  very  c l o s e  t o  t h i s  l ineament ;  
t h e  deep p e r m a f r o s t  (502  m )  a t  Sun Gar ry  P-04 s u g g e s t s  t h a t  t h e  boundary 

passes  t o  t h e  w e s t  of t h a t  s i t e  and Gar ry  I s l a n d  f u r t h e r  n o r t h ,  a s  shown 
i n  F i g u r e  1. 

C o n t i g u i t y  of t h e  pe rmaf ros t  d i s t r i b u t i o n  and h i s t o r y  onshore  and 
o f f s h o r e  is w e l l  i l l u s t r a t e d  by l o g s  from t h e  Tag lu  gas  f i e l d  where t h i c k  
warm onshore  p e r m a f r o s t ,  similar t o  t h a t  found o f f s h o r e ,  is found i n  a  
r e g i o n  newly emergent i n  t h e  p a s t  1000 y e a r s  o r  l e s s ,  Consequent ly  t h e  
p e r m a f r o s t  is d e g r a d i n g  a t  t h e  base  and a g g r a d i n g  i n  t h e  u p p e r  120 m. 

U n f o r t u n a t e l y ,  a l t h o u g h  s h a l l o w  t e m p e r a t u r e  o b s e r v a t i o n s  t o  60 m 
below t h e  sea-bottom conf i rm t h e  d e g r a d a t i o n a l  c h a r a c t e r  of o f f s h o r e  

pe rmaf ros t  and t h e  we l l - log  i n t e r p r e t a t i o n s  r e v e a l  t h e  wide r e g i o n a l  

v a r i a t i o n s  i n  pennaf ros  t t h i c k n e s s ,  t h e  l a c k  of p r e c i s e  ternpe r a t u r e  

o b s e r v a t i o n s  t a k e n  over  a  p e r i o d  of t i m e ,  p r e c l u d e  d e t a i l e d  t h e r m a l  
~ n o t l e l l i n g  of t h e  s h e l f  h i s t o r y  a t  t h e  p r e s e n t  t ime. 
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Figure 1. Contour of the Base of Permafrost at 100 m Intervals 



F iqure 2 (a-d) . Contoured Isotherm Maps for Epths of 1, 2,  3 and 4 km respectively 



DRILLING AND SAMPLING OFFSHORE PERMAFROST 

J.P. R u f f e l l *  

This  p r e s e n t a t i o n  summarises t h e  c o l l e c t i o n  of d i v e r s e  d a t a  per-  

t i n en t  t o  t h e  eng inee r i ng  a n a l y s i s  of sha l l ow  mar ine  permaf ros t .  It 
should  be no ted  t h a t ,  g i ven  t h e  l a r g e  number of bo reho l e s  d r i l l e d  i n  t h e  
Canadian Beaufor t  Sea t o  d a t e ,  v e r y  few samples have been t aken  f o r  t h i s  

purpose: t h e  pr imary purpose of most bo reho l e s  is t h e  c o l l e c t i o n  of d a t a  

i n  t h e  "weaker" un f rozen  s o i l s .  

Permaf ros t  D i s t r i b u t i o n  i n  t h e  Beaufor t  Sea 

To b r i e f l y  r e i t e r a t e  s e v e r a l  o t h e r  papers  i n  t h i s  s e s s i o n ,  perma- 

f r o s t  is widespread,  t h i c k ,  and l a r g e l y  undef ined a c r o s s  t h e  m a j o r i t y  of 

both t h e  Canadian and Alaskan Beaufor t  s h e l v e s .  S i g n i f i c a n t  pe rmaf ros t  
bod ies  a r e  p r e s e n t  i n  a l l  of t h e  a r e a s  of i n t e r e s t  f o r  hydrocarbon 

e x p l o r a t i o n .  Exp lo r a t i on  of t h e s e  permaf ros t  zones has  l a r g e l y  been 

conf ined  t o  t h e i r  l a t e r a l  e x t e n t :  ve ry  l i t t l e  i n v e s t i g a t i o n  of t h e  

na tu r e  oE t h e  body i n  i t s  v e r t i c a l  dimension ha s  been a t t empted .  

Ice-bonded sed iments  a r e  widespread a c r o s s  t h e  s h e l f  t o  d e p t h s  

of between 200 and 600 m e t r e s  below t h e  seabed. A t  t h e  T a r s i u t  N-44 

l o c a t i o n ,  t h e  base of permaf ros t  de f i ned  by e l e c t r i c a l  down-hole 

geophys i ca l  l ogs  was c l o s e  t o  400 m e t r e s  below seabed:  t h i s  
i n v e s t i g a t i o n  w a s  t h e  on ly  one completed t o  d a t e ,  s p e c i f i c a l l y  

des igned  t o  e x p l o r e  t h e  p e m a f r o s  t s e c t  ion.  

Permafrost  can be encounte red  w i t h i n  a few met res  of t h e  seabed.  

Loca t ions  on t h e  Yukon s h e l f  and i n  H a r r i s o n  Bay d i s p l a y  p a r t i a l l y -  

bonded s o i l s  a t  o r  w i t h i n  a  few met res  of t h e  seabed. The s u r f a c e  r e l i e f  
of t h e  permaf ros t  body is both  i r r e g u l a r  and complex. 

F e a t u r e s  of  Offshore  Permaf ros t  

Some oE the  more unusual  f e a t u r e s  of o f f s h o r e  pe rmaf ro s t ,  compared 

w i th  i t s  t e r r e s t r i a l  c o u n t e r p a r t ,  a r e  de sc r i bed  below. 

No c l e a r  v a r i a t i o n  i n  t h e  type  o r  q u a l i t y  of ground i c e  o c c u r s ,  
o t h e r  t h a n  t h a t  t h e  v a r i a t i o n  a p p e a r s ,  on t h e  whole, t o  be l i t h o l o g -  

i c a l l y  c o n t r o l l e d :  i n  warmer zones ,  f o r  i n s t a n c e ,  t h e  sands  tend t o  be 
well-bonded, whi le  t h e  s i l ts  and c l a y s  a r e  poorly-bonded o r  unfrozen.  

Seve ra l  occu r r ences  of hype r - s a l i ne  pore  water below bonded 
i n t e r v a l s  have been documented, p o s s i b l y  due t o  d i s a s s o c i a t i o n  of salt  
du r ing  s low f r e e z i n g .  I n s t a n c e s  of f r e s h w a t e r  and b r a c k i s h  wate r  
s e g r e g a t e d ,  i c e ,  exce s s  and massive i c e  are a l s o  documented, some being 

found a t  c o n s i d e r a b l e  depth.  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of au tho r s .  



Areas of  Concern o f  E x ~ l o r a t i o n  D r i l l i n g  

E x p l o r a t i o n  d r i l l i n g  f o r  hydrocarbons  w i l l  be examined t o  e s t a b l i s h  
t h e  need f o r  a d e q u a t e  sampl ing of pe rmaf ros t .  Note t h a t  hydrocarbon 
p r o d u c t i o n  and r e l a t e d  c o n s t r u c t i o n  a c t i v i t i e s  a l s o  p r e s e n t  s i m i l a r  
problems. 

- t h e  pe rmaf ros t  is warm i n  comparison w i t h  t e r r e s t r i a l  p e r m a f r o s t ,  
of t e n  no c o l d e r  t h a n  -2.5OC f o r  hundreds  of metres. Also,  because  
t h e  pore  wa te r  is s a l i n e ,  t h e  ground is  i n  a d e l i c a t e  s t a t e  of 
ha lance  between f r o z e n  and n o n f r o z e n ,  producing a  wide v a r i a t i o n  i n  
t h e  degree  of ice-bonding.  

- t h e  l i t h o l o g y  v a r i e s  wide ly ,  even i n  small v e r t i c a l  s e c t i o n s .  The 
g e o l o g i c  h i s t o r y  of t h e  Canadian Beaufor t  Sea is one of minor and 
major d e l t a  a g g r a d a t i o n  and d e g r a d a t i o n ,  p r o v i d i n g  a complex s o i l  
p r o f i l e .  

- t h e  c o n s i s t e n c y  of t h e  bonded and unbonded zones v a r i e s  widely  i n  
response  t o  t h e  v a r i a b l e  degree  of ice-bonding and mixed l i t h o l o g y  
d e s c r i b e d  above. 

A l l  of t h e  above l e a d  t o  what may c o n s e r v a t i v e l y  be regarded  a s  
u n c e r t a i n  c o n d i t i o n s  when d r i l l i n g  l a r g e - d i a m e t e r  e x p l o r a t i o n  wells, 

Problems t h a t  may occur  a r e  numerous, but  more common m a n i f e s t a -  
t i o n s  of i n a d e q u a t e  p lann ing  f o r  pe rmaf r o s  t c o n d i t i o n s  are : 

- e x c e s s  e r o s i o n  and c a v i t y  fo rmat ion  when d r i l l i n g  ahead.  

- s l o u g h i n g ,  cav ing  and c o l l a p s e  of t h e  b o r e h o l e  around t h e  
d r i l l  b i t .  

- problems when s e t t i n g  and cement ing c a s i n g .  

- c a s i n g  s e t t l e m e n t ,  b u c k l i n g  and f a i l u r e .  

These problems a r e  o f t e n  r e p o r t e d  as mechanica l  abandonment5 when, 
i n  a l l  p r o b a b i l i t y ,  p e r m a f r o s t  i s  t h e  t r u e  r o o t  of t h e  problem. 

There  is a  need,  t h e r e f o r e ,  t o  e x t e n d  o u r  knowledge of p e r m a f r o s t  
i n  i t s  v e r t i c a l  d imension,  T h i s  may most e a s i l y  be u n d e r t a k e n  by site- 
s p e c i f i c  deep sampling p r o j e c t s ,  p a r t i c u l a r l y  i n  t h e  c a s e  when an  
o i l f  i e l d  development s c e n a r i o  is be ing  cons i d e r e d .  

Cur ren t  I n v e s t i g a t i o n  Techniaues  

I n v e s t i g a t i o n  t e c h n i q u e s  i n  t h e  A r c t i c  Ocean a r e  p r i m a r i l y  
c o n t r o l l e d  by t h e  season  of o p e r a t i o n  and t h e  w a t e r  d e p t h  at  t h e  in tended  
site. 

I n  sulnmer months, c o n v e n t i o n a l  g e o t e c h n i c a l  e x p l o r a t i o n  v e s s e l s  have 
been employed. Se l f -anchor ing  s h i p s  have been,  i n  g e n e r a l ,  used i n  wa te r  



d e p t h s  g r e a t e r  t h a n  15 m e t r e s ,  w h i l e  tug-suppor ted  ba rges  have been used 
i n  s h a l l o w e r  wa te r s .  Both t y p e s  of v e s s e l  a r e  wel l -equipped t o  comple te  
s h a l l o w  sampl ing  of p e r m a f r o s t ,  but  a r e  s u s c e p t i b l e  t o  wea the r  
i n t e r r u p t i o n s  of d r i l l i n g ,  which i n e v i t a b l y  l e a d s  t o  l o s s  of t h e  

boreho le :  r e e n t r y  t e c h n i q u e s  common i n  l a r g e r  o f f s h o r e  programs have n o t  

been adop ted  t o  d a t e  by t h e  g e o t e c h n i c a l  community, a s  t h e  major t h r u s t  

of i n v e s t i g a t i o n s  f o r  e x p l o r a t i o n  s c e n a r i o s  is  w i t h i n  50 m e t r e s  of t h e  
seabed  and t h u s  r e e n t r y  capabilities are of l i t t l e  concern .  

Winter  o f f - i c e  programs a r e  a l s o  commonplace, u s i n g  e i t h e r  

t e r r e s t r i a l  d r i l l i n g  l o g i s t i c s  o r  h e l i c o p t e r s .  Again, however, they  a r e  

s t ~ s c e p t i h l e  t o  i n t e r r u p t i o n  by movement of t h e  i c e  p l a t f o r m  and 

c.unsequent boreho le  l o s s .  

Although t h e s e  modes of i n v e s t i g a t i o n  a r e  u n s u i t a b l e  f o r  deep  
sampl ing  of p e r m a f r o s t ,  t h e y  have provided t h e  proving-ground f o r  

t e c h n i q u e s  t h a t  w i l l  be employed i n  such  a n  i n v e s t i g a t i o n .  

The f o l l o w i n g  sampl ing methodology h a s  been used on a r e g u l a r  b a s i s  

o v e r  t h e  las t  f i v e  y e a r s :  

- I n  poorly-bonded and mixed f r o z e n / u n f r o z e n  zones ,  c o n v e n t i o n a l  

wi re l ine -dep loyed ,  h y d r a u l i c a l l y - p u s h e d ,  t h i n - w a l l  sampl ing  t u b e s  

a r e  used.  

- I n  more competent  s o i l s ,  sampl ing  t u b e s  may be d r i v e n  by a  down- 
h o l e  hamme r . 

- I n  well-bonded and competent  p e r m a f r o s t ,  c o n v e n t i o n a l  t r i p l e - t u b e  
c o r e  b a r r e l s  a r e  used. 

I t  is c o r i n g  t h a t  h o l d s  t h e  g r e a t e s t  p r o b a b i l i t y  of s u c c e s s  f o r  d e e p  
p e r m a f r o s t  sampl ing.  T h i s  t e c h n i q u e  demands g r e a t  s k i l l  on  t h e  p a r t  of 

t h e  d r i l l e r  t o  c o n t r o l  down-hole p r e s s u r e ,  d r i l l i n g  f l u i d  f l o w  and 

t e m p e r a t u r e ,  and r a t e  of r o t a t i o n  of t h e  b i t .  Also ,  t h e  s e t t i n g  of t h e  

sampl ing  b a r r e l  w i t h i n  t h e  assembly and t h e  s e l e c t i o n  of t h e  c o r r e c t  b i t  
f o r  t h e  s o i l / i c e  combina t ions  e n c o u n t e r e d  i s  c r i t i c a l .  A l l  of t h e s e  
f a c t o r s  must be o p t i m i s e d  f o r  each  s t r a t a  i f  good q u a l i t y  c o r e  i s  t o  be  
recove red.  

Of a l l  t h e  f a c t o r s  n o t e d  above ,  d r i l l i n g  f l u i d  (mud) t e m p e r a t u r e  

c o n t r o l  is  v i t a l .  T h i s  a s p e c t  of t h e  d r i l l i n g  sys tem h a s  not  been 
s e r i o u s l y  developed f o r  p e r m a f r o s t  sampl ing p r o j e c t s .  Although c h i l l e d  
rnud u n i t s  have been deve loped  f o r  t h e  e x p l o r a t i o n  d r i l l i n g  r i g s ,  t h e  
t e m p e r a t u r e  c o n t r o l  is  d e s i g n e d  s o l e l y  t o  keep mud t e m p e r a t u r e s  lower 
t h a n  i n  s i t u .  For our  p u r p o s e s ,  w e  r e q u i r e  t h a t  a  h i g h  f l o w  of mud 

f o r  c o r i n g  be a v a i l a b l e  t o  w i t h i n  f 0 .  l ° C  t o l e r a n c e .  Heat exchangers  
p r e s e n t l y  used by i n d u s t r y  a r e  u n l i k e l y  t o  be a b l e  t o  s u p p l y  t h e s e  

a d e q u a t e l y - c o n d i t i o n e d  volumes of mud, and r e c o v e r i e s  w i l l  s u f f e r ,  
p a r t i c u l a r l y  i n  zones  where t h e  p e r m a f r o s t  is s u s c e p t i b l e  t o  thaw: 



t h e  major zones of i n t e r e s t  f o r  e n g i n e e r i n g  purposes .  

Also ,  o u r  a b i l i t y  t o  p r o v i d e  a  c h i l l e d  mud w i t h  good c u t t i n g s -  
l i f t i n g  and l u b r i c a t i o n  q u a l i t i e s  is i n  doubt .  We have found t h a t  our  
t r i e d  and t e s t e d  mud f o r m u l a t i o n s  do no t  mix w e l l  a t  c o l d e r  t e m p e r a t u r e s ,  
and t end  t o  d i s a s s o c i a t e  on c h i l l i n g .  We t h e r e f o r e  have had t o  pump 
p o o r - q u a l i t y  muds t o  t h e  b i t  and d e a l  w i t h  t h e  r e s u l t i n g  down-hole 
problems such a s  c u t t i n g s  bui ld-up by b reak ing  t h e  sampl ing c y c l e  whi le  
r e c o n d i t i o n i n g  t h e  h o l e .  Consequen t ly ,  s e v e r a l  m e t r e s  of b o r e h o l e  a r e  

l o s t  as t h e  f r o s t - f r o n t  a t  t h e  end of t h e  b o r e h o l e  r e t r e a t s  i n t o  t h e  
f o r m a t i o n  o v e r  t h e  r e c o n d i t i o n i n g  p e r i o d .  

Another problem w i t h  c h i l l e d  muds o c c u r s  i n  t h e  ex t reme  c a s e  when 
mtids c o l d e r  t h a n  i n  s i t u  f r e e z e  t h e  c o r e  barrel i n t o  t h e  h o l e  d u r i n g  
b r e a k s  i n  r o t a t i o n .  Th i s  is  a p a r t i c u l a r  problem at  d e p t h ,  where 
c u t t i n g s  removal is l e s s  e f f i c i e n t .  

There  is a  t r a d e - o f f  t o  be a c h i e v e d ,  t h e r e f  o r e ,  be tween t h e  c u t t i n g s  

l i f t i n g  c a p a c i t y  of t h e  mud and o u r  a b i l i t y  t o  c o n t r o l  t h e  t e m p e r a t u r e  a t  
t h e  b i t .  

Another i m p o r t a n t  a s p e c t  of t h e  t e c h n i q u e s  of c o l l e c t i n g  p e r m a f r o s t  
c o r e  has  a l s o  been over looked .  Core t h a t  h a s  been d i l i g e n t l y  c o l l e c t e d  
is o f t e n  condemned t o  i n a d e q u a t e  s t o r a g e  c o n t a i n e r s  such  as i n s u l a t e d  
c o r e  boxes which o n l y  d e l a y  i t s  i n e v i t a b l e  t h e r m a l  d e g r a d a t i o n .  I n  
b e t t e r  q u a l i t y  i n v e s t i g a t i o n s ,  s p e c i a l l y - m o d i f i e d  c h e s t  f r e e z e r s  are 
p r o v i d e d ,  b u t  t h e s e  a r e  o f t e n  set t o  a n  "average"  i n  s i t u  t e m p e r a t u r e  
which,  i n  t i m e ,  changes  a l l  c o r e  t o  t h i s  t e m p e r a t u r e .  

I n d i v i d u a l  and h i g h l y  s e n s i t i v e  t e m p e r a t u r e  of small groups  of  

c o r e s  must be implemented immedia te ly  t h e  c o r e  b a r r e l  is r e t r i e v e d  a t  
t h e  s u r f a c e ,  i f  t h e  e f f o r t  i n  p r o v i d i n g  a c c u r a t e  t e m p e r a t u r e  down-hole 
is  t o  be u s e f u l .  

An approach  t o  t h e  problems of p e r m a f r o s t  t e m p e r a t u r e  d e g r a d a t i o n  
i n  p a s t  p r o j e c t s  has  been t o  f u l l y  d e f i n e  t h e  s o i l  s t a t e  i n  s i t u  and 
t o  r e t u r n  t h e  s o i l s  t o  t h i s  s t a t e  p r i o r  t o  l a b o r a t o r y  t e s t i n g .  T h i s  
r e q u i r e s  a n  a c c u r a t e  measiirement of t h e  s o i l ' s  i n  s i t u  t e m p e r a t u r e ,  
unf rozen  mo is t u r e  c o n t e n t ,  minera logy ,  phase  compos i t ion  and p o r e  water 
s a l i n i t y .  A l l  of t h e s e  pa ramete r s  can  be measured a c c u r a t e l y ,  bu t  
compara t ive  s t u d i e s  w i t h  well-sampled c o r e  have y e t  t o  be c a r r i e d  o u t .  

Conc lus ions  

Cur ren t  i n v e s t i g a t i o n  p h i l o s o p h y  

The pr imary i n t e r e s t  of o p e r a t o r s  i n  t h e  Arctic is  t h e  c o l l e c t i o n  of  
e n g i n e e r i n g  d a t a  i n  t h e  u p p e r ,  u n f r o z e n  sediment .  P recedence  is  g i v e n  t o  
t h e  weak e n g i n e e r i n g  s o i l s  and t h e  s o i l  i n  any i c e / s o i l  mix. T h i s  
r e f l e c t s  t h e i r  concern  w i t h  t h e  e x p l o r a t i o n  s c e n a r i o .  



l tems requi red  f o r  de s ign  

The fo l lowing  d a t a  i s  r equ i r ed  by a  product ion  development 
s c e n a r i o  : 

- cont inuous sampling of t h e  e n t i r e  permafrost  zone t o  a l l o w  
d e f i n i t i o n  of s o i  1 cond i t i ons .  

- i n  s i t u  tempera ture  in format ion  a c c u r a t e  t o  w i t h i n  +O.Ol°C. 

- s t r e s s - s t r a i n  p r o p e r t i e s  of t h e  s o i l s  encountered .  

Items r e q u i r i n g  f u r t h e r  development 

To a i d  t h e  would-be o p e r a t o r  i n  t h i s  endeavour ,  we r e q u i r e  t h a t  t h e  
f o  1  lowing be developed : 

- sample handl ing  procedures  from the  a r r i v a l  of t h e  sample a t  t h e  
s u r f a c e  t o  t he  t i m e  t h a t  i t  is s a f e l y  j acke t ed  i n  t h e  t r i a x i a l  c e l l ,  
t h a t  w i l l  prevent  s i g n i f i c a n t  thermal  degrada t ion  of t he  sample. 

- a mud supply system t h a t  w i l l  provide a  f l u i d  t h a t  has s i m i l a r  
t empera ture  and d e n s i t y  a t t r i b u t e s  t o  t h a t  of t h e  s o i l  a t  t h e  base 
of t h e  ho l e ,  wi thout  fo rego ing  t h e  muds a b i l i t y  t o  ensu re  s t a b i l i t y  
of t he  ho le  and removal of c u t t i n g s .  

- b e t t e r  r e l a t i o n s h i p s  between eng inee r ing  s o i l s  p r o p e r t i e s  and t h e  
d a t a  r o u t i n e l y  c o l l e c t e d  i n  hydrocarbon e x p l o r a t i o n ,  t h a t  is down- 
ho le  geophysics  and measurements made while  d r i l l i n g .  

In  conc lus ion ,  technology is a v a i l a b l e  now which can be e a s i l y  and 
e f  E i c i e n t l y  used f o r  t h e  c o l l e c t i o n  of undis turbed  subsea permafros t  
s o i  ls i n  the  ma jo r i t y  of s o i l l i c e  cond i t i ons  envis ioned .  The development 
of the  very important  t o p i c s  noted above could b e s t  be undertaken dur ing  
a  deep permafrost  sampling p r o j e c t .  



A REVIEW OF SUBSEA PERMAFROST CONDITIONS ALONG ALASKA'S COASTS 

T.E. Osterkamp* 

The purpose  of t h i s  Workshop is  t o  deve lop  a s t a t e m e n t  of r e s e a r c h  
needs  and p r i o r i t i e s  f o r  r e s e a r c h  on s u b s e a  p e r m a f r o s t .  T h i s  ex tended  

a b s t r a c t  f o c u s e s  on s u b s e a  p e r m a f r o s t  a l o n g  A l a s k a ' s  c o a s t s  and w i l l  be 
d i v i d e d  i n t o  t h r e e  p a r t s :  g e n e r a l  comments on a r e s e a r c h  p l a n ,  s e l e c t e d  
comments on t h e  o r i g i n  and e v o l u t i o n  of s u b s e a  p e r m a f r o s t ,  and a  s h o r t  

r ev iew of s u b s e a  p e r m a f r o s t  c o n d i t i o n s  a l o n g  A l a s k a ' s  c o a s t s .  

A r e s e a r c h  p l a n  f o r  d e v e l o p i n g  a n  u n d e r s t a n d i n g  of s u b s e a  p e r m a f r o s t  
and i t s  a s s o c i a t e d  e n g i n e e r i n g  and e n v i r o n m e n t a l  problems s h o u l d  have a t  
l e a s t  t h r e e  components: 

1. A r e s e a r c h  s t r a t e g y  c o n s i s t i n g  of a  set of o b j e c t i v e s  and a p l a n  

f o r  a t t a i n i n g  them, 

2. A d a t a  base  c o n s i s t i n g  of i n f o r m a t i o n  on t h e  o c c u r r e n c e ,  
d i s t r i b u t i o n  and c h a r a c t e r i s t i c s  of s u b s e a  p e r m a f r o s t ,  and 

3 .  A means f o r  d a t a  s y n t h e s i s  and e x t r a p o l a t i o n  of r e s u l t s  t o  o t h e r  
a r e a s  ( i . e . ,  models) .  

A r e s e a r c h  s t r a t e g y  is  n e c e s s a r y  t o  p r o v i d e  a phi losophy  and 
g u i d a n c e  f o r  t h e  r e s e a r c h .  V a r i o u s  t y p e s  of d a t a  b a s e s  e x i s t .  An 
example of a  d a t a  base  p e r t i n e n t  t o  t h e  u n d e r s t a n d i n g  of h e a t  and mass 
t r a n s p o r t  p r o c e s s e s  is shown i n  T a b l e  1. T h i s  d a t a  b a s e  was g e n e r a t e d  by 
c o n s i d e r i n g  t h e  h e a t  and mass t r a n s p o r t  model shown s c h e m a t i c a l l y  i n  
F i g u r e  1. A more comple te  d a t a  b a s e  f o r  s u b s e a  p e r m a f r o s t  r e q u i r e s  
c o n s i d e r a t i o n  of o t h e r  models (e .g .  m e c h a n i c a l ,  g e o l o g i c a l ) .  

Subsea p e r m a f r o s t  i s  a  p roduc t  of changing sea l e v e l s  and p a s t  c o l d  
c l i m a t e s .  It grows,  by f r e e z i n g  from t h e  ground s u r f a c e  downwards, i n  
t h e  c o n t i n e n t a l  s h e l v e s  d u r i n g  p e r i o d s  of emergence and thaws from b o t h  
t h e  base  and t a b l e  d u r i n g  p e r i o d s  of submergence. Sea l e v e l s  a r e  
c u r r e n t l y  h i g h  and f a i r l y  s t a b l e  imply ing  t h a t  most s u b s e a  p e r m a f r o s t  i s  
r e l i c ,  a l t h o u g h  some a r e a s  may e x i s t  where I t  is a g g r a d i n g  under  s h a l l o w  
w a t e r s .  F i g u r e  2 is one of a number of sea l e v e l  c u r v e s  a v a i l a b l e  today.  
Sea l e v e l  c u r v e s  are i m p o r t a n t  s i n c e  they  a r e  h e l p f u l  i n  d e c i d i n g  on t h e  
i n i t i a l  c o n d i t i o n s  of t e m p e r a t u r e s ,  p o r e  f l u i d  c o n c e n t r a t i o n s ,  m o i s t u r e  
c o n t e n t ,  i n i t i a l  t i m e ,  and f o r  d e t e r m i n i n g  t h e  t imes  of emergence and 
submergence which c o n t r o l  t h e  amount of p e r m a f r o s t  t h a t  can be formed by 
f r e e z i n g  and d e s t r o y e d  by thawing. U n f o r t u n a t e l y ,  t h e r e  is c o n s i d e r a b l e  
d i v e r g e n c e  i n  t h e  s e a  l e v e l  c u r v e s  i n  t h e  l i t e r a t u r e .  A more r e l i a b l e  
c u r v e  is bad ly  needed. 

P a s t  c l i m a t e  is a n o t h e r  i m p o r t a n t  f a c t o r  f o r  which l i t t l e  
i n f o r m a t i o n  e x i s t s .  It is  i m p o r t a n t  s i n c e  i t  d e f i n e s  t h e  t h e r m a l  s u r f a c e  
boundary c o n d i t i o n  d u r i n g  p e r i o d s  of emergence.  By combining s e a  l e v e l  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a €  f i l i a t i o n  of a u t h o r s .  



c u r v e s  w i t h  p a s t  c l i m a t e  c u r v e s  and i n f o r m a t i o n  on c u r r e n t  seabed  
t e m p e r a t u r e s  , crude  r e p r e s e n t  a t  i o n s  of t h e  s u r f a c e  t e m p e r a t u r e  c o n d i t i o n s  
o v e r  g e o l o g i c a l  t i m e  can be c o n s t r u c t e d .  

An u n d e r s t a n d i n g  of t h e  response  of pe rmaf ros t  t o  emergence o r  
submergence and i t s  subsequen t  e v o l u t i o n  i n  t i m e  r e q u i r e s  a n  
u n d e r s t a n d i n g  of t h e  p h y s i c a l  p r o c e s s e s  t h a t  c o n t r o l  i t s  f r e e z i n g  and 
thawing. The f r e e z i n g  c a s e ,  i n  t h e  f i r s t  approx imat ion ,  is u s u a l l y  
t r e a t e d  as a S t e f a n  problem. It is  made complex by t h e  need t o  a c c o u n t  
f o r  geo thermal  h e a t  f low,  t h e  p resence  of s a l i n e  p o r e  f l u i d s  and 
p o t e n t i a l  l a y e r i n g  produced by r a p i d  changes i n  sea l e v e l .  A f t e r  
submergence , t h e  r e l a t i v e l y  w a r m  and s a l t y  seabed boundary condi  t i o n  
l e a d s  t o  warming of t h e  p e r m a f r o s t  at  a l l  d e p t h s  and thawing from above 
and below. When h e a t  t r a n s f e r  d u r i n g  warming i n v o l v e s  c o n d u c t i o n  wi th  
o n l y  i c e  i n  t h e  pore  s p a c e s ,  s i m p l e  models show t h a t  i s o t h e r m a l  

c o n d i t i o n s ,  f o r  t h e  p e r m a f r o s t  s l a b ,  c a n  be reached i n  one t o  two 
thousand y e a r s  f o r  pe rmaf ros t  a l o n g  t h e  Chukchi and Reaufor t  Sea c o a s t s .  
When t h e  sediment  pores  c o n t a i n  b r i n e s  and i c e ,  t h e n  a d r a s t i . ~  i n c r e a s e  

In  t h e  t ime t o  reach  i s o t h e r m a l  c o n d i t i o n s  can be expec ted .  P h y s i c a l l y ,  
t h i s  is a r e s u l t  of t h e  n e c e s s i t y  f o r  thawing ice,  w i t h  i t s  l a r g e  l a t e n t  
I lea t ,  t o  r a i s e  t h e  p e r m a f r o s t  t empera tu re .  I n  t h i s  c a s e ,  r e l a t i v e l y  c o l d  
p e r m a f r o s t  can be found a t  g r e a t  d i s t a n c e s  ( o r  t i m e s )  o f f s h o r e .  

Thawing from above s t a r t s  immediate ly  a f t e r  submergence but  thawing 
from below, which is d r i v e n  by geo thermal  h e a t ,  canno t  beg in  u n t i l  t h e  
t e m p e r a t u r e  p r o f i l e  a t  t h e  base  of t h e  i ce -bear ing  p e r m a f r o s t ,  changes.  

Thawing a t  t h e  seabed p roceeds  i n  t h e  p r e s e n c e  of n e g a t i v e  mean 
seabed  t empera tu res .  T h i s  thawing i s  a r e s u l t  of t h e  p r e s e n c e  and 
t r a n s p o r t  of sal ts  from t h e  seabed  t o  t h e  i c e - b e a r i n g  permaf ros t  t a b l e .  
The p r e s e n c e  of salts i n  t h e  p e r m a f r o s t ,  i n i t i a l l y ,  may a l s o  be a 
c o n t r i b u t i n g  f a c t o r .  However, thawing r e q u i r e s  both  h e a t  and sa l ts  t o  
proceed.  S a l t s  a r e  r e q u i r e d  t o  d e p r e s s  t h e  f r e e z i n g  p o i n t  of t h e  pore  
f l u i d s  below t h e  mean seabed t e m p e r a t u r e  and h e a t  i s  r e q u i r e d  t o  m e l t  

the Ice .  S ince  both  h e a t  and sa l t  a r e  needed,  t h e n  t h e  thawing r a t e  
must be con t ro l l ec l  by t h e  s lower  of t h e  p r o c e s s e s  governing h e a t  and 

s a l t  t r a n s p o r t .  T h i s  is  i l l u s t r a t e d  i n  a p r o f i l e  of i ce -bear ing  s u b s e a  
p e r m a f r o s t  n e a r  Prudhoe Bay ( F i g u r e  3) .  I n  t h e  c o a r s e  sed iments  between 
t h e  c o a s t  and Re indeer  I s l a n d ,  t h e  sa l t  t r a n s p o r t  is thought  t o  be 
c o n v e c t i v e  and t h e  h e a t  t r a n s p o r t  d i f f u s i v e .  Theref  o r e ,  thawing a t  t h e  
i c e - b e a r i n g  p e r m a f r o s t  t a b l e  is  c o n t r o l l e d  by t h e  s l o w e r  h e a t  t r a n s p o r t  
which g i v e s  

where X is t h e  d e p t h  of thaw i n  met res  and t is t h e  t ime o f f s h o r e  i n  
y e a r s .  O f f s h o r e  from Reindeer  I s l a n d ,  where t h e  s e d i m e n t s  are over- 
c o n s o l i d a t e d  c l a y s ,  both  t h e  s a l t  and h e a t  t r a n s p o r t  are d i f f u s i v e .  
However, t h e  d i f f u s i v i t y  f o r  sa l t  i s  much s m a l l e r  t h a n  f o r  h e a t .  
T h e r e f o r e ,  thawing a t  t h e  i c e - b e a r i n g  p e r m a f r o s t  t a b l e  is  c o n t r o l l e d  



by t h e  s lower s a l t  t r a n s p o r t  which g i v e s  

Thawing from above and below con t inues  f o r  a s  long a s  t h e  permafros t  
i s  submerged u n t i l  a l l  t h e  pore i c e  is melted o r  u n t i l  new equ i l i b r ium 
cond i t i ons  a r e  reached. It should be noted t h a t  t h e  above s i m p l i f i e d  
model of subsea  permafrost  can  be changed s u b s t a n t i a l l y  by v a r i a b l e  

seabed tempera tures  and pore f l u i d  c o n c e n t r a t i o n s ,  by changes i n  t h e  
sediments  and by o t h e r  f a c t o r s .  

Subsea permafrost  c o n d i t i o n s  a long  Alaska 's  c o a s t s  a r e  h i g h l y  
v a r i a b l e ,  n e v e r t h e l e s s ,  a  few g e n e r a l i z a t i o n s  can be made. There i s  a  
low p o t e n t i a l  f o r  encounter ing  ice-bonded subsea permafrost  i n  Norton 
Sound and i n  t h e  no r the rn  Bering Sea except  i n  a r e a s  of r ecen t  c o a s t a l  
r e t r e a t .  In  t h e  Chukchi Sea, t h e r e  is a  p o t e n t i a l  f o r  ice-bonded subsea  
pennafros  t i n  nearshore  a r ea s .  However, t he  a v a i l a b l e  d a t a  from t h e  
Bering and Chukchi Seas is  s o  s p a r s e ,  t h a t  it is d i f f i c u l t  t o  reach  any 
f i rm conc lus ions .  

From Barrow t o  Cape H a l k e t t ,  t h e  sediments  a r e  f ine-gra ined  and 
p o t e n t i a l l y  ice- r ich .  Ice-bonded subsea permafros t  has  been found 
near  t he  seabed ,  twenty k i l ome t r e s  o f f sho re .  This  a r e a  has  a  very h igh  
p o t e n t i a l  f o r  c r e a t i n g  p o t e n t i a l l y  s e v e r e  engineer ing  and environmental  
problems. S imi la r  cond i t i ons  a r e  found i n  Harr i son  Bay. 

In  t h e  a r e a  from Ol ik tok  Poin t  t o  t h e  Sagavanirktok R ive r ,  
r e l a t i v e l y  coarse-grained sediments  a r e  found nea r  t h e  seabed. Deep 
thawing a t  t h e  seabed occu r s  i n  t h e s e  sediments  except  where they a r e  
covered by t h i c k e r  l a y e r s  of f i n e  and/or  overconsol ida ted  sediments.  
There i s  a  low p o t e n t i a l  f o r  encounter ing  ice-bonded subsea permafrost  
near  t he  seabed except  nearshore  and where t h e  f i n e  and/or  over- 

conso l ida t ed  sediments  e x i s t .  Condi t ions a r e  s i m i l a r  i n  t he  a r e a  from 
t h e  Sagavanirktok River  t o  t h e  Canning River  except  t h a t  t h e  occurrence 
of coarse-grained sediments  appears  t o  dec rease  with d i s t a n c e  o f f s h o r e  
and t o  t h e  e a s t .  Massive ground i c e  has  been found nea r  t h e  seabed i n  
t h i s  a rea .  

There is l i t t l e  d a t a  i n  t h e  a r e a  from t h e  Canning River t o  t h e  
U. S.-Canadian border  t h a t  no assessment of subsea permafrost  i n  t h i s  a r e a  
can be made. 

A synops is  of t h e  r e sea rch  needs f o r  subsea permafrost  a long  t h e  
c o a s t s  of Alaska is  given below: 

1. Improved pas t  c l i m a t e  and s e a  l e v e l  curves .  

2. Improved unders tanding  of s a l t  t r a n s p o r t  p rocesses  e s p e c i a l l y  
i n  f ine-grained sediments  and rocks.  



3 .  Improved phys ica l  and numerical models of heat and mass 
transport processes  i n  subsea permafrost. 

4 .  Selected regional  d r i l l i n g  and physical data. 

5 .  A few deep d r i l l  ho l e s  that penetrate the subsea permafrost. 

6 .  A l l  types of data i n  the region from the Canning River to  the 
U.S.-Canadian border. 



T a b l e  1: A d a t a  base  p e r t i n e n t  t o  t h e  u n d e r s t a n d i n g  of h e a t  and m a s s  
t r a n s p o r t  p r o c e s s e s  i n  s u b s e a  permaf ros t .  
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Figure 1. A schematic heat and mass transport roodel for subsea permafrost 
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r e p r e s e n t s  Pe luk ian  t r a n s g r e s s i o n ,  r eco rded  by s h o r e l i n e  f e a t u r e s  a t  an 
a l t i t u d e  of abou t  7  m a l o n  much of c o a s t s  of Ber ing ,  Chukchi,  and 
Bcaufo r t  Seas  (Hopkins,  19%7c).  P e l u k i a n  t r a n s g r e s s i o n  d a t e s  from t h e  
l a s t  i n t e r g l a c i a l  and no doubt co r r e sponds  t o  i s o t o p e  s t a g e  5c. ( T h i s  
f i g u r e  i s  reproduced from: Ho k i n s ,  D.M. 1982 "A5pects of t h e  - gee r a  hy of B e r i n g i a  d u r i n g  tRe L a t e  P l e i s t o c e n e  i n  PALEOECOL~::~~F C R ~ N C B A ,  Ed. by Hopkins, D . M . ,  e t  a l . ,  Academic P r e s s . )  
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DERIVATION OF ENG INEEKING PROPERTIES OF PERMAFROST 
FROM THE CONE PENETRATION TEST 

R. Ladanyi* 

I n t r o d u c t i o n  

I n  unf rozen  s o i l s  t h e  s t a t i c  cone p e n e t r a t i o n  tes t  (CPT) h a s  been 
used a s  a logg ing  t o o l  f o r  n e a r l y  f i f t y  y e a r s ,  g i v i n g  v a l u a b l e  
i n f o r m a t i o n  f o r  t h e  d e s i g n  of f o u n d a t i o n s .  Although developed i n i t i a l l y  

mainly  f o r  t h e  purpose  of p i l e  d e s i g n ,  i t  h a s  th rough  t h e  y e a r s  been used 
a l s o  f o r  e s t i m a t i n g  c e r t a i n  s h o r t - t e r m  p a r a m e t e r s  of s o i l s ,  i n  p a r t i c u l a r  
t h e  a n g l e  of f r i c t i o n  of s a n d s ,  t h e  undra ined  s h e a r  s t r e n g t h  of c l a y s  and 
s i l t s ,  a n d ,  more r e c e n t l y ,  t h e  pore  p r e s s u r e  response  of s o i l s  d u r i n g  and 
a f t e r  cone p e n e t r a t i o n .  

Due t o  t h e  p h y s i c a l  s i m i l a r i t y  w i t h  d r i v e n  p i l e s ,  t h e  CPT r e s u l t s  
c a n  u s u a l l y  be a p p l i e d  d i r e c t l y  t o  t h e  d e s i g n  of such p i l e s ,  provided 
p roper  c a r e  is t a k e n  of t h e  e f f e c t s  of s c a l e ,  s t r a i n  r a t e ,  and t h e  
p rox imi ty  of t h e  f r e e  s u r f a c e .  On t h e  o t h e r  hand,  i f  c e r t a i n  s o i l  
pa ramete rs  have t o  be e s t i m a t e d  from CPT d a t a ,  t h i s  is p o s s i b l e  o n l y  
on t h e  b a s i s  of a v a l i d  deep p e n e t r a t i o n  t h e o r y  o r  a w e l l  documented 
c o r r e l a t i o n  w i t h  d i r e c t l y  measured paramete rs .  

In f r o z e n  s o i l s ,  t h e  CPT h a s  a  promising p o t e n t i a l  a p p l i c a t i o n  i n  
hot11 of t h e s e  f i e l d s ,  i . e . ,  f o r  a d i r e c t  d e s i g n  of d r i v e n  p i l e s  and f o r  
t h e  d e t e r m i n a t i o n  of c e r t a i n ,  more g e n e r a l  f r o z e n  s o i l  pa ramete rs  t h a t  
can  be used f o r  s o l v i n g  v a r i o u s  types  of g e o t e c h n i c a l  problems i n  
pe rmaf ros t .  

For o f f s h o r e  u s e  i n  t h e  A r c t i c ,  t h e  CPT h a s  a n  a d d i t i o n a l  advan tage  
of be ing  a b l e  t o  d e t e r m i n e  whether  o r  not a  s o i l  i s  ice-bonded, 
r e g a r d l e s s  of i t s  t e m p e r a t u r e  and t h e  s a l i n i t y  of i t s  pore  water.  While 
i n  t h e  last  few y e a r s  t h e  test  has  been used f r e q u e n t l y  i n  t h e  A r c t i c  i n  

c o n n e c t i o n  w i t h  t h e  d e s i g n  of a r t i f i c i a l  i s l a n d s  and d r i l l i n g  p l a t f o r m s ,  
i t s  p o t e n t i a l  i n  c o n n e c t i o n  w i t h  p i l e  d e s i g n  i n  o f f s h o r e  p e r m a f r o s t  h a s  
no t  y e t  been f u l l y  i n v e s t i g a t e d .  It is  t h e  purpose  of t h i s  paper  t o  show 
how t h e  cone p e n e t r a t i o n  test can  be used i n  c o n n e c t i o n  w i t h  t h e  d e s i g n  
of d r i v e n  p i l e s  i n  p e r m a f r o s t ,  and f o r  e s t i m a t i n g  c e r t a i n  Erozen s o i l  
pa ramete rs  needed i n  pe tmafros  t e n g i n e e r i n g  p r a c t i c e .  

Behavior o f  Frozen S o i l s  i n  Cone P e n e t r a t i o n  T e s t s  

In  u n f r o z e n  s o i l s ,  which show r e l a t i v e l y  s m a l l  r a t e  s e n s i t i v i t y  o f  
s t r e t l g t h ,  t h e  cone p e n e t r a t i o n  t e s t  is  u s u a l l y  performed a t  a  s t a n d a r d  
p e n e t r a t i o n  r a t e  o f  2 crn p e r  second. Th is  s t a n d a r d  t e s t i n g  p rocedure  

cannot  be used i n  f r o z e n  s o i l s  which are much more r a t e  s e n s i t i v e ,  and 
where one is i n t e r e s t e d  not  o n l y  i n  t h e  s h o r t - t e r m  s t r e n g t h  but  a l s o  i n  
tile whole dependence of s t r e n g t h  on t h e  r a t e  of s t r a i n .  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 

f o r  a f f i l i a t i o n  of a u t h o r s .  



I n  p r i n c i p l e ,  t h e  r a t e  dependence  of s t r e n g t h  of  a g i v e n  p e r m a f r o s t  
s ~ i l  c a n  be e v a l u a t e d  by p e r f o r m i n g  a  series of s e v e r a l  c l o s e l y - s p a c e d  
q u a s i - s t a t i c  p e n e t r a t i o n  tests ,  e a c h  a t  a d i f f e r e n t  r a t e .  I n  p r a c t i c e ,  

I~owever ,  s u c h  a p r o c e d u r e  is  d i f f i c u l t  t o  r e a l i z e ,  b e c a u s e ,  a t  v e r y  low 

r a t e s  of p e n e t r a t i o n ,  i t  would t a k e  a  ve ry  l o n g  t i m e  t o  p e n e t r a t e  t h e  

r e q u i r e d  d e p t h  i n t e r v a l .  A l t e r n a t i v e l y ,  f o r  o b t a i n i n g  t h e  c r e e p  

i n f o r m a t i o n  at v e r y  low r a t e s  of  s t r a i n ,  one  c a n  pe r fo rm s t a t i c ,  o r  

i -nc remen ta l - load ing ,  cone  p e n e t r a t i o n  tes ts ,  i n  which t h e  l o a d  i s  
i n c r e a s e d  i n  s t e p s  and k e p t  c o n s t a n t  a t  e a c h  s t e p  f o r  a d e s i r e d  p e r i o d  

o f  t i m e .  

The s t a t i c  p e n e t r a t i o n  test i s  s imi la r  t o  a n  o r d i n a r y  deep  p l a t e  

l o a d i n g  test  c a r r i e d  o u t  a t  t h e  bot tom of a b o r e h o l e .  However, w h i l e  i n  
a n  u n f r o z e n  s o i l  one is m a i n l y  i n t e r e s t e d  i n  d e t e r m i n i n g  from s u c h  a  test 

t h e  comple te  l o a d - s e t t l e m e n t  c u r v e ,  i n  a f r o z e n  soi l  t h e  r e l a t i o n s h i p  
between t h e  l o a d  and t h e  rate of p e n e t r a t i o n  w i l l  be of more i n t e r e s t .  

The r e s u l t s  of f i e l d  p e n e t r a t i o n  t e s t s  i n  a f r o z e n  v a r v e d  s i l t  

( L a d a n y i ,  1976)  and of l a b o r a t o r y  p e n e t r a t i o n  tests i n  a f r o z e n  sand  
(Ladany i  and  P a q u i n ,  1 9 7 8 ) ,  b o t h  pe r fo rmed  w i t h  a n  e l e c t r i c  Fugro  
p e n e t r o m e t e r ,  have  shown t h a t  t h e  dependence  of t h e  p e n e t r a t i o n  
r e s i s t a n c e  q  o n  t h e  p e n e t r a t i o n  rate c a n  be e x p r e s s e d  most 

C 
c o n v e n i e n t l y  by a power law r e l a t i o n s h i p  ( F i g .  1 )  

where n  i s  t h e  c r e e p  e x p o n e n t ,  o b t a i n e d  from t h e  s l o p e  of t h e  s t r a i g h t  

l i n e  of  qc vs k i n  a l og - log  p l o t ,  and qo and >, a r e  c o - o r d i n a t e s  of 
any s e l e c t e d  r e f e r e n c e  p o i n t  on t h a t  l i n e .  

Use o f  CPT i n  P i l e  Des ign  

When compar ing  t h e  p o i n t  r e s i s t a n c e  q  of a p i l e ,  p e n e t r a t i n g  
P 

deep i n t o  a f r o z e n  s o i l  a t  a rate 's w i t h  t h e  p o i n t  r e s i s t a n c e  qc of a  
P  ' 

p e n e t r o m e t e r  pushed i n t o  t h e  same s o i l  at  a  r a t e  k c ,  i t  is found 
( L a d a n y i ,  1976 ,  1982)  t h a t ,  i n  o r d e r  t o  r e s p e c t  t h e  e q u i v a l e n c e  o f  
r e s u l t i n g  s t r a i n  rates, t h e  f o l l o w i n g  scale e f f e c t  r e l a t i o n s h i p  s h o u l d  
be u s e d :  

where R and Rc d e n o t e  t h e  d i a m e t e r s  of t h e  p i l e  and t h e  p e n e t r o m e t e r  

r c s p e c t ? v e l y .  

111 p r i n c i p l e ,  E q .  ( 2 )  c a n  he used  f o r  f i n d i n g  an  e q u i v a l e n t  p o f u t  

r e s i s t a n c e  f o r  a  p i l e  f o r  which t h e  a l l o w a b l e  p e n e t r a t i o n  r a t e  is > 
P ' 



T h i s  is,  however, only v a l i d  i n  t he  i n t e r v a l  of r a t e s  where the  exponent 
n  remains cons tan t .  Unfor tuna te ly ,  t h e r e  is an  ample evidence i n  f rozen  
s a i l  creep L i t e r a t u r e  t h a t  the value of n ,  which is  of the order  of 
r l  = 10 t o  20 a t  high rates of s t r a i n ,  shows a  sharp  decrease  at r a t e s  

rates lower than  about E l  = lo-' s-l .  Below t h a t  r a t e  i t s  value f a l l s  t o  

11 = 3 t o  6 ,  with n = 3 v a l i d  f o r  i ce - r i ch  s o i l s  and i c e  of f a r  warmer 
tempera tures ,  and n = 5 t o  6 corresponding t o  lower tempera tures ,  (e.g. ,  
Perk ins  and Ruedrich, 1973; McRoberts, 1975; Ladanyi and Paquin, 1975; 
Parameswaran, 1980; Bragg and Andersland, 1980). There is some evidence,  
however, t h a t  f o r  f ine-grained s o i l s  with h igh  unfrozen water con ten t ,  
t h e  oppos i t e  may be t r u e ,  i.e. i n  t h e  domain of very low s t r a i n  r a t e s ,  n  
tends t o  i n c r e a s e  forwards the  va lue  found f o r  unfrozen s o i l s ,  which i s  
o f  the  o rde r  of 25 (Bourbonnais,  1984). 

For a  s t anda rd  cone penetrometer ,  t h e  p e n e t r a t i o n  r a t e  a t  which a  
change i n  n can be expected t o  occur i n  i ce - r i ch  s o i l s  was found t o  be 
about 4  x lo4 cm/s ( F i g .  2 ) .  In  o rde r  t o  f i n d  t h e  p e n e t r a t i o n  
r e s i s t a n c e  f o r  a  p i l e ,  i t  is recommended t h e r e f o r e  t o  c a l c u l a t e  f i r s t  - 
from t h e  measured qc a t  .sc t he  value of qC a t ,  say ,  kc = 4 x 10 cmls, 

where n2 = 10 t o  20, and then t o  determine t h e  p i l e  po in t  r e s i s t a n c e  from 

Eq. (2)  

where nl = 3 t o  6. 

The temperature c o r r e c t i o n  can be made a s  fo l lows:  

where 0.4 < k C 1.0, and 8, = 1°C, 

A complete method f o r  CPT-based p i l e  des ign  i n  permafros t ,  i nc lud ing  
t h e  eva lua t ion  of ad f r eeze  bond, can be found i n  Ladanyi,  1982 and 1985. 

Determination of Creep Parameters  from CPT Data 

It i s  normally assumed i n  f rozen  s o i l  mechanics t h a t  t o t a l  s t r a i n  
r e s u l t i n g  from a d e v i a t o r i c  s t r e s s  increment is composed of an 
ins tan taneous  s t r a i n  Eins  and a  delayed s t r a i n  E ~ ~ ~ ~ ~ ,  



E = E  + E 
i n s t  c r e e p  

It  h a s  been found (Ladanyi  and P a q u i n ,  1978)  t h a t  i n  cone p e n e t r a t i o n  

t e s t s  i n  a  s a t u r a t e d  f r o z e n  s o i l ,  t h e  i n s t a n t a n e o u s  s t r a i n  p l a y s  o n l y  a 

minor r o l e  compared w i t h  t h e  c r e e p  s t r a i n ,  s o  o n l y  t h e  l a t t e r  is u s ~ ~ a l l y  
cons  Fdered. 

In g e n e r a l  t h e  c r e e p  s t r a i n  a t  a c o n s t a n t  stress depends  on s t r e s s  

0 ,  t i m e  t ,  an! t e m p e r a t u r e  T,  and s o  d o e s  a l s o  t h e  c o r r e s p o n d i n g  c r e e p  
s t r a i n  ra te ,  E = d e l d t .  

A c o n v e n i e n t  form of a c r e e p  law,  p roposed  by t h e  a u t h o r  i n  1972 and 

e x t e n d e d  t o  i n c l u d e  t h e  p r i m a r y  c r e e p  by Ladanyi  and J o h n s t o n  ( 1 9 7 3 ) ,  is 

g i v e n  by 

where s u b s c r i p t  e d e n o t e s  t h e  von Mises e q u i v a l e n t  stress and s t r a i n ,  n  

and b  a r e  c r e e p  e x p o n e n t s ,  and ace is t h e  r e f e r e n c e  stress f o r  a  g i v e n  

t e m p e r a t u r e  (where  0 is t h e  number of d e g r e e s  C  below z e r o )  at a n  
a r b i t r a r y  r e f e r e n c e  s t r a i n  r a t e  z .  

The eEEect of t e m p e r a t u r e  on c r e e p  of a f r o z e n  s o i l  can  be i n c l u d e d  

i n  t h e  v a l u e  of t h e  p a r a m e t e r  ace by means of a n  e m p i r i c a l  fo rmula  
(Ladnny i ,  1972)  

where O c  = 1 ° C ,  k is t h e  t e m p e r a t u r e  e x p o n e n t ,  u s u a l l y  s l i g h t l y  s m a l l e r  

t h a n  one  ( e x c e p t  f o r  ice where k - 0.4) and aco is  t h e  v a l u e  of 
r e f e r e n c e  s t r e s s  ace o b t a i n e d  i n  u n c o n f i n e d  compress ion  c r e e p  t e s t s ,  
e x t r a p o l a t e d  back t o  O°C, as shown i n  Ladany i  (1972).  

I n t r o d u c i n g  t h e  f a i l u r e  s t r a i n  i n  u n i a x i a l  compress ion  E e f ,  o r  t h e  
minimum c r e e p  rate c e f / t f  as a n  a d d i t i o n a l  p a r a m e t e r ,  t h e  c r e e p  
s t r e n g t h  i n  c o m p r e s s d n  c a n  be deduced from Eq. ( 6 )  and e x p r e s s e d  as 

which f o r  b  = 1 r e d u c e s  t o  t h e  r a t e - s e n s i t i v i t y - o f - s t r e n g t h  e q u a t i o n ,  

s i m i l a r  t o  Eq. ( I ) ,  

The e f f e c t  of normal p r e s s u r e  on c r e e p  and s t r e n g t h  c a n  be t a k e n  

i n t o  accoun t  i n  s e v e r a l  d i f f e r e n t  ways ( L a d a n y i ,  1972) ,  b t ~ t  t h e  e f f e c t  i s  



most o f t e n  n e g l e c t e d  i n  t h e  d e s i g n  of s t r a i g h t - s h a f t e d  p i l e s  i n  
p e r m a f r o s t .  

A s  shown I n  Ladanyi (1985) ,  t h e r e  are e s s e n t i a l l y  two d i f f e r e n t  
methods f o r  deducing from CPT d a t a  t h e  v a l u e s  of c r e e p  paramete rs  n  and 
i n  E q .  (9), one assuming t h e  f o r m a t i o n  of a  p l a s t i c  zone around t h e  cone ,  
and a n o t h e r  based o n l y  on t h e  h i g h l y  non- l inear  c r e e p  behav iour  of f r o z e n  
soil. 

I n  t h e  f i r s t  one,  which i s  a de layed  p l a s t i c i t y  method, i t  is 

assumed, a s  i n  u n f r o z e n  s o i l s ,  t h a t  t h e  cone r e s i s t a n c e  is g i v e n  by: 

where po is t h e  o v e r a l l  t o t a l  ground stress a t  t h e  cone l e v e l ,  and NO and 
N: a r e  b e a r i n g  c a p a c i t y  f a c t o r s  f o r  a deep c i r c u l a r  punch. 

q  

The cohes ion  c  i n  Eq. ( 1 0 )  is found t o  be p r o p o r t i o n a l  t o  t h e  s t r a i n  
r a t e  t o  t h e  power l / n ,  which, i n  t u r n ,  is p r o p o r t i o n a l  i n  t h e  p e n e t r a t i o n  
r a t e ,  i.e., 

T h i s  e n a b l e s  t o  w r i t e  from Eq. ( 1 0 )  

l e a d i n g  t o  t h e  c o n c l u s i o n  t h a t ,  f o r  e q u i v a l e n t  s t r a i n  rates (Ladanyi ,  
1982) ,  t h e  exponent n  i n  Eq. ( 9 )  c a n  be de te rmined  from two d i f f e r e n t  
cone r e s i s t a n c e s ,  qc l  and qc2. recorded i n  a homogeneous s o i l  a t  two 
d i f f e r e n t  p e n e t r a t i o n  r a t e s ,  sCl and 'Sc2. One g e t s  t h e n  

which is  t h e  s l o p e  of a l i n e  p a s s i n g  through t h e  e x p e r i m e n t a l  p o i n t s  
r e l a t i n g  l o g  's w i t h  l o g  (qc-p No) i n  a r a t e  c o n t r o l l e d  p e n e t r a t i o n  test. 

0 q 
A t  s h a l l o w  d e p t h  t h e  ef Eect of po i n  Eq. ( 1 3 )  may be n e g l e c t e d .  

I n  E q s .  ( 10) and  ( 1 3 ) ,  NO and N: c a n  be c a l c u l a t e d  from t h e  
q  

s p h e r i c a l  c a v i t y  expans ion  t h e o r y ,  developed by Ladanyi  and J o h n s t o n  
(1974) ,  which t a k e s  i n t o  account  t h e  n o n - l i n e a r i t y  of c r e e p  behavior .  
For = 0 ,  t h a t  t h e o r y  g i v e s  NO = 1,  and 

q 



w l l t + r e  t: l f  1.s t h e  f a l l r ~ r e  s t r a i n  111 co~npress ion .  For d > 0, 1,adanyi a n  

.Iollnston (1974) g i v e  t he  va lue s  of N: and N: i n  a  g r a p h i c a l  form. 

I n  Ladanyi (1985) ,  i t  is  a l s o  shown how the  va lue  of u C e  can be  
determined by t h e  f i r s t  method. The method r e q u i r e s ,  however, t h e  
knowledge of t h e  r e l a t i o n s h i p  between t h e  p e n e t r a t i o n  r a t e  and a  
r e p r e s e n t a t i v e  s t r a i n  r a t e ,  which is s t i l l  a  r a t h e r  c o n t r o v e r s i a l  
problem. 

Th i s  knowledge is no t  nece s sa ry  i f  o ce is  de te rmined  from t h e  deep  
p e n e t r a t i o n  t h e o r y ,  assuming non - f a i l u r e  c o n d i t i o n s .  Th is  l e a d s  t o  a n  
approximate  r e l a t i o n s h i p  f o r  t h e  p e n e t r a t i o n  r a t e  (Ladanyi  and Johns ton ,  
1974, Nixon, 1978): 

v a l i d  f o r  i c e - r i c h  s o i l s  (0=0), and n  > 3, from which t h e  value of a c e i s  

t hen  

A l t e r n a t i v e l y ,  i f  a series of s tep- loaded s t a t i c  cone t e s t s  has been 
c a r r i e d  o u t ,  t h e  r e s u l t i n g  s e t  of c r e e p  curves  can be t r e a t e d  i n  manner 
s i m i l a r  t o  t h a t  used f o r  t h e  i n t e r p r e t a t i o n  of p r e s su reme te r  c r eep  t e s t s  
(e.g. ,  Ladanyi and Johnson,  1973),  from which a l l  t h e  t h r e e  c r e e p  
paramete rs  i n  E q .  ( 6 )  (b, n ,  and a c e )  c a n  be determined.  

R e c a p i t u l a t i o n  and Recommendations 

( 1 )  I n  t h e  a r e a  of d e t e r m i n a t i o n  of e n g i n e e r i n g  p r o p e r t i e s  of perma- 
f r o s t  s o i l s ,  t h e  Cone P e n e t r a t i o n  T e s t  c an  be plac.ed somewhere 
between t h e  geophys i ca l  borehole  l ogg ing  and t h e  l a b o r a t o r y  t e s t i n g  
of samples t aken  from borcholes .  S i m i l a r l y  t o  t h e  former ,  t h e  CPT 
g i v e s  a cont inuous  i n fo rma t ion  on c e r t a i n  e n g i n e e r i n g  p r o p e r t i e s  

w i th  d e p t h ,  bu t  t h i s  i n fo rma t ion  is i n  t h e  domain normal ly  covered 
by l a b o r a t o r y  t e s t i n g .  

( 2 )  In  o f f s h o r e  use ,  a l t hough  t h e  CPT f u r n i s h e s  l e s s  d e t a i l e d  d a t a  on 
s o i l  behav iour  t han  a  p r e s su reme te r  t e s t ,  i t s  advantage is  t h a t  i t  

does  no t  r e q u i r e  a s p e c i a l l y  d r i l l e d  bo reho l e ,  and t h a t  i t  has  a  
good p o t e n t i a l  f o r  a u t o m a t i z a t i o n ,  i .e .  , a  con t i nuous  performarlce by 
remote c o n t r o l .  In  s a l i n e  f r o z e n  s o i l s  t h e  u se  of a piezocone may 
a l s o  be b e n e f i c i a l  f o r  s t u d y i n g  t h e i r  c o n s o l i d a t i o n  behaviour .  



(3) I n  f rozen  s o i l s ,  t h e  CPT can be performed i n  two d i f f e r e n t  ways: 
e i t h e r  a s  a  pene t r a t ion - ra t e -con t ro l l ed  t e s t ,  o r  a s  a  s tage-loaded,  
s t r e s s - c o n t r o l l e d  t e s t .  The purpose of the  two types of tests i s  
t o  f ind  t h e  r e l a t i o n s h i p  between t h e  p e n e t r a t i o n  r a t e  and the  cone 
r e s i s t a n c e ,  from which c e r t a i n  c r eep  and s t r e n g t h  parameters  of t h e  

s o i l  can be determined. For t h i s  t o  r e a l i z e ,  i t  is necessary t o  
have a  loading  system which enab le s  an accu ra t e  c o n t r o l  of e i t h e r  
t he  load app l i ed  t o  t h e  cone, o r  t h e  cone p e n e t r a t i o n  r a t e ,  of 
both. 

( 4 )  Since t h e  test  gives  informat ion  on t h e  s o i l  behaviour only f o r  
the  ground temperature p r o f i l e  occurr ing  during t h e  tes t ,  t h i s  
temperature should be known from s e p a r a t e  sou rces ,  t o  be a b l e  t o  
g e n e r a l i z e  t he  obtained information.  

( 5 )  The CPT is usua l ly  performed i n  the  range of s t r a i n  r a t e s  much 
higher  than  those  needed i n  t h e  design of foundat ions.  I n  o rde r  t o  
be a b l e  t o  e x t r a p o l a t e  the r e s u l t s  t o  very low r a t e s  of s t r a i n ,  more 
informat ion  is  needed on the  whole shape of t he  rheo log ica l  curves 
(a vs 5 - r e l a t i o n s h i p s )  of f rozen  s o i l s  f o r  a  wide range of s t r a i n  
r a t e s ,  which a r e  found t o  be a f f e c t e d  by t h e  type of f rozen  s o i l ,  
i t s  dens i ty  , s a l i n i t y ,  i c e  s a t u r a t i o n ,  and temperature.  The p re sen t  

da t a  base i n  t h i s  a r e a  is s t i l l  r a t h e r  poor,  and much more 
sys t ema t i c  l a b o r a t o r y  work is needed t o  f i l l  t h e  knowledge gaps. 
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F i g u r e  1. P r e s s u r e  v s  p e n e t r a t i o n  r a t e  r e l a t i o n s h i p ,  o b t a i n e d  i n  
deep bo reho l e  l o a d i n g  tests i n  f r o z e n  sand  ( A f t e r  Ladanyi 
and Paquin ,  1978) .  
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IMPACT OF OFFSHORE PERMAFROST ON OIL AND GAS PRODUCTION 

C.A. Graham* 

I n t r o d u c t i o n  

E x p l o r a t i o n  f o r  o i l  and g a s  h a s  been c a r r i e d  orit on t h e  Reaufor t  
C o n t i n e n t a l  She l f  d u r i n g  t h e  l a s t  14  y e a r s .  The d i s t r i b ~ l t i o n  and therrn;*l 

c o n d i t  lo11 of t h e  Heaufor t  subsea  per~naf  r o s t  have been descr ibed  by 

Mr. BLasco and D r .  Judge.  

T h i s  p r e s e n t a t i o n  w i l l  f o c u s  on t h e  impact  of subsea  permaf ros t  on 
p roduc t  i o n  development.  Due t o  t h e  l i m i t e d  t ime ,  s u b s e a  p i p e l i n e s  w i l l  

n o t  be inc luded .  

The f o l l o w i n g  t o p i c s  w i l l  be b r i e f l y  c o v e r e d :  

( 1 )  a n  e x p l a n a t i o n  of pe rmaf ros t  thaw s u b s i d e n c e ,  
( 2 )  a  d e s c r i p t i o n  of t h e  p o t e n t i a l  e f f e c t s ,  o r  impac t s ,  of 

pe rmaf ros t  thaw on p r o d u c t i o n  sys tem components, 
( 3 )  a n  overview of r e q u i r e m e n t s  i n  o r d e r  t o  c a r r y  o u t  d e s i g n  

e n g i n e e r i n g ,  
( 4 )  a n  e v a l u a t i o n  of t h e  p r e s e n t  s t a t e  of knowledge and r e a d i n e s s  

f o r  pe rmaf ros t  r e l a t e d  d e s i g n ,  
( 5 )  G u l f ' s  p r e s e n t  and p r o j e c t e d  pennaf r o s t  s t u d i e s ,  and 
( 6 )  a summary of recommended a r e a s  f o r  indus t ry /government  

r e s e a r c h .  

Permaf ros t  Thaw Subsidence 

Produc t ion  of warm o i l  and g a s  th rough  p e r m a f r o s t  w i l l  c a u s e  thawing 
around t h e  w e l l  c a s i n g s .  Volumetr ic  changes  a s  t h e  p e r m a f r o s t  thaws w i l l  
r e s u l t  i n  downward movement a t  t h e  t o p  of t h e  p e r m a f r o s t ,  u p l i f t  a t  t h e  
p e r m a f r o s t  base ,  and l a t e r a l  movement towards  t h e  wells ( F i g u r e  1).  A s  

t h e  thaw r a d i u s  i n c r e a s e s ,  t h e s e  s t r a i n s  p r o g r e s s  inward f  rom t h e  
p e n n a f r o s  t boundar ies .  A l a y e r e d  l i t h o l o g y ,  p a r t i c u l a r l y  sand and c l a y ,  
may r e s u l t  i n  a l t e r n a t i n g  compress ive  and t e n s i l e  s t r a i n s  a l o n g  t h e  w e l l  
a x i s  ( F i g u r e  2 ) .  

Impact on Development Components 

With t h i s  u n d e r s t a n d i n g ,  we can now c o n s i d e r  t h e  e f f e c t s  of  
p e r m a f r o s t  thaw subs idence  on t h e  development sys tem components 
( F i g u r e  3).  

A g e n e r a l  r equ i rement  f o r  o f f s h o r e  p r o d u c t i o n  is t h a t  numerous welLs 

a r e  d r i l l e d  a t  very  c l o s e  s p a c i n g s .  Thaw zones around t h e  i n d i v i d u a l  
w e l l s  w i l l ,  i n  t i m e ,  c o a l e s c e  t o  form one l a r g e  thaw zone benea th  t h e  
product  ton  s t r u c t u r e .  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of a u t h o r s .  



The deformat ions  of t h e  pe rmaf ros t  d e s c r i b e d  e a r l i e r  w i l l  induce  
a x i a l  s t r a i n s  i n  t h e  w e l l  c a s i n g s .  TAateral  movement of t h e  thawing 
s o i l  may cause  bending s t r a i n s  I n  t h e  ou te rmos t  w e l l s  of t h e  c l u s t e r ,  
p a r t i c u l a r l y  a t  t h e  b a s e  of pe rmaf ros t .  A t  p r e s e n t ,  d e s i g n s  assume t h a t  
w e l l s  w i l l  be d e v i a t e d  below t h e  base  of t h e  pe rmaf ros t .  R a i s i n g  t h i s  
d e v i a t i o n  p o i n t  up i n t o  t h e  p e r m a f r o s t  body would a l l o w  i n c r e a s e d  r e a c h  

from t h e  p r o d u c t i o n  s t r u c t u r e s ;  however, t h e  impac t s  of s o i l  movement on 
c a s i n g  s t r a i n s  may be more s e v e r e .  

Subsidenc-e w i t h i n  t h e  p e r m a f r o s t  a t  d e p t h  w i l l  r e s u l t  i n  s e t t l e m e n t s  

a t  t h e  seabed ,  t h e  amount being a  f u n c t i o n  of t h e  p e r m a f r o s t  s u b s i d e n c e  
and t h e  d e p t h  t o  t h e  pe rmaf ros t .  Design impac t s  w i l l  be p o s s i b l e  

weakening of t h e  f o u n d a t i o n ,  r e d u c t i o n  of f r e e b o a r d  i n  t h e  e v e n t  of 

o v e r a l l  s t r u c t u r e  s e t t l e m e n t ,  p a r t i a l  l o s s  of b e a r i n g  s u p p o r t  below r i g i d  
s t r u c t u r e s ,  d i s t o r t i o n  of p i p e l i n e  t i e - i n s ,  d i f f e r e n t i a l  movement between 
t h e  we l lheads  and t h e  s t r u c t u r e ,  and f o r  an  i s l a n d ,  t i l t i n g  of t h e  

s u r f  ace-mount ed p r o c e s s  equipment.  

Requirements P r i o r  t o  Design 

The p r o d u c t i o n  system components must be a b l e  t o  t o l e r a t e  t h e  

impac t s  of p e r m a f r o s t  thaw. M i t i g a t i v e  measures would be r e q u i r e d  i f  

t h e s e  impac t s  a r e  i n t o l e r a b l e  f o r  t h e  component d e s i g n e r s .  To p r e d i c t  
t h e  impac t s  we must f i r s t l y  know t h e  t h i c k n e s s  and p r o p e r t i e s  of t h e  
p e r m a f r o s t ,  and s e c o n d l y  have a c c u r a t e  a n a l y t i c a l  t o o l s .  

The f o l l o w i n g  a r e  d a t a j i n f o r m a t i o n ,  and t h e  b a s i c  a n a l y t i c a l  methods 

r e q u i r e d  t o  e v a l u a t e  t h e  e f f e c t s  of p e r m a f r o s t  thaw s u b s i d e n c e  on t h e  

p r o d u c t i o n  system components. 

Data/ I n f o r m a t i o n  

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

g e o l o g i c  model w i t h  s t r e s s  h i s  t o r y  

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

pore  w a t e r  s a l i n i t y  

i c ~ e  c o n t e n t  and phase change thaw s t r a i n  
mechanical  and c o n s o l i d a t i o n  p r o p e r t i e s  

t h e r m a l  p r o p e r t i e s  

pe rmaf ros t  c r e e p  c h a r a c t e r i s t i c s .  

A n a l v t i c a l  Methods 

(1 )  numeric.al the rmal  a n a l y s i s  model 
( 2 )  thaw subs idence  d e f o r m a t i o n  model 

( 3 )  s o i l / c a s i n g  i n t e r a c t i o n  model. 

A p p r a i s a l  of P r e s e n t  S t a t e  of Knowledge 

The f o l l o w i n g  b r i e f l y  c o n s i d e r s  why each of t h e  a fo rement ioned  i t e m s  
i s  i m p o r t a n t ,  t h e  adequacy of o u r  p r e s e n t  s t a t e  of knowledge,  and what 

can be done t o  f i l l  any gaps  p r i o r  t o  development.  



D i s t r i b u t i o n  and t h i c k n e s s  o f  p e r m a f r o s t  

Mr. Hlasco has  d e s c r i b e d  t h e  r e g i o n a l  d i s t r i b u t i o n  of p e r m a f r o s t .  
For s i t e  s p e c i f i c  c o n c e p t u a l  d e s i g n  we r e l y  on i n t e r p r e t a t i o n  of s e i s m i c  

s i t e  s u r v e y s ,  g e o t e c h n i c a l  b o r e h o l e s ,  and t h e  l o g g i n g  program from t h e  

e x p l o r a t i o n  w e l l .  A deep g e o t e c h n i c a l  c o r e h o l e  would be ve ry  b e n e f i c i a l ,  
i f  n o t  e s s e n t i a l ,  f o r  p r e l i m i n a r y  des ign .  

Geologic  model w i t h  s t r e s s  h i s t o r y  

It is  e s s e n t i a l  t o  u n d e r s t a n d  whether  t h e  p e r m a f r o s t  s o i l s  were  
normal ly  c o n s o l i d a t e d  b e f o r e  f r e e z i n g ,  o r  whether  t h e  s o i l s  were 
d e p o s i t e d  and s u b s e q u e n t l y  f r o z e n  i n  s u c c e s s i v e  l a y e r s .  If t h e  l a t t e r  
were t r u e ,  t h e  thawed s o i l s  would be u n d e r c o n s o l i d a t e d  a t  t h e  p r e s e n t  
s t a t e  of s t r e s s  and would e x p e r i e n c e  g r e a t e r  thaw s t r a i n s  and 
c o n s o l i d a t i o n  s t r a i n s .  Development of t h e  g e o l o g i c  model, under  t h e  
d i r e c t i o n  of M r .  Blasco ,  r e q u i r e s  i n  p a r t  l a b o r a t o r y  t e s t i n g  of 
u n d i s t u r b e d  c o r e  samples  and i n t e r p r e t a t i o n  of e x p l o r a t i o n  w e l l  logs .  
Based upon f i n d i n g s  t o  d a t e ,  w e  b e l i e v e  t h a t  t h e  s o i l s  were normal ly  
r o n s o l i d a t e d  b e f o r e  t h e  o n s e t  of p e r m a f r o s t ;  however, t h i s  must be 
conf i rmed by s i te  s p e c i i i c  g e o t e c h n i c a l  t e s t i n g  a t  t h e  development 
l o c a t i o n .  

3. Ground t e m p e r a t u r e  p r o f i l e  and h i s t o r y  

D r .  Judge d e s c r i b e d  the rmal  c o n d i t i o n s  i n  o f f s h o r e  p e r m a f r o s t .  
Ground t e m p e r a t u r e s  are r e q u i r e d  t o  e v a l u a t e  t h e  f r a c t i o n  of p o r e  w a t e r  
t h a t  is f r o z e n ,  a s  t h i s  a f f e c t s  t h e  the rmal  p r o p e r t i e s ,  thaw s t r a i n s ,  
and mechanical  p r o p e r t i e s  of t h e  p e r m a f r o s t  and thawed s o i l .  Ground 
t e m p e r a t u r e s  a r e  a l s o  r e q u i r e d  a s  boundary c o n d i t i o n s  f o r  the rmal  
a n a l y s i s .  To d a t e ,  we have very  good t e m p e r a t u r e  d a t a  t o  160 m e t r e s  
a t  T a r s i u t  N-44 and t o  s h a l l o w e r  d e p t h s  a t  g e o t e c h n i c a l  b o r e h o l e s ,  and 
have l i m i t e d  d a t a  from e x p l o r a t i o n  w e l l s .  

4. L i t h o l o g y  and i n d e x  p r o p e r t i e s  

Regional  l i t h o l o g y  can be approximated from g e o p h y s i c a l  s i t e  

surveys .  D e t a i l  l i t h o l o g y  a t  p o t e n t i a l  p roduc t  i o n  s i t e s  is de te rmined  
from d r i l l  c u t t i n g s  i n  t h e  mud r e t u r n s  and t h e  s u i t e  of l o g s  run  i n  t h e  
e x p l o r a t i o n  w e l l .  Sometimes s m a l l  s i d e w a l l  samples  a r e  t a k e n  ~ I I  t h e  

we1 1. G e o t e c h n i c a l  b o r e h o l e s  from t h e  e x p l o r a t i o n  s i t e  i n v e s t i g a t i o n  
p rov ide  i r ~ f o r ~ n a t  i o n  a t  s h a l l o w  dep ths .  

It i s  d i f f i c u l t  t o  a c c u r a t e l y  de te rmine  t h e  index  p r o p e r t i e s  of t h e  
s o i l s  w i t h o u t  semi-cont inuous ,  r e p r e s e n t a t i v e  sampl ing.  T h i s  sampl ing 
program is very  expens ive .  I n  g e n e r a l  i t  is j u s t i f i e d  o n l y  a f  ter 
encourag ing  e x p l o r a t i o n  r e s u l t s  and a  d e c i s i o n  t o  proceed w i t h  p r o d u c t i o n  
development.  

Pore  w a t e r  s a l i n i t y  

The warm s u b s e a  permaf ros t  i s  p a r t i a l l y  o r  m a r g i n a l l y  f rozen .  Pore  
w a t e r  s a l i n i t y  not o n l y  d e p r e s s e s  t h e  f r e e z i n g l t h a w i n g  t e m p e r a t u r e ,  but 



c a t ~ s c s  a n  u n f r o z e n  wate r  c o n t e n t  v e r s u s  t e m p e r a t u r e  d i s t r i b u t i o n  f o r  
s a n d s  s i m i l a r  t o  t h a t  of c l a y s .  R e c a l l  t h a t  u n f r o z e n  w a t e r  c o n t e n t  
a f f e c t s  the rmal  p r o p e r t i e s ,  thaw s t r a i n  and mechanical  p r o p e r t i e s .  Pore  
w a t e r  s a l i n i t y  p robab ly  has  a  g r e a t e r  i n f l u e n c e  on t h e s e  p r o p e r t i e s  t h a n  
ground t e m p e r a t u r e .  A t  p r e s e n t ,  we have e n c o u n t e r e d  h i g h  p o r e  w a t e r  
s a l i n i t y  t o  t h e  e n t i r e  d e p t h  of t h e  160 m e t r e  deep T a r s i u t  N-44 c o r e h o l e .  
We a r e  a t t e m p t i n g  t o  i n f e r  s a l i n i t y  a t  o t h e r  l o c a t i o n s  from t h e  
g e o p h y s i c a l  w e l l  l o g s .  S i t e  s p e c i f i c  i n f o r m a t  ion  from a  deep c o r e h o l e  
w i l l  be r e q u i r e d  p r i o r  t o  p r e l i m i n a r y  e n g i n e e r i n g  s t u d i e s .  

I c e  c o n t e n t  and phase  change thaw s t r a i n  

The R e a u f o r t  Sea o p e r a t o r s  have ,  t o  d a t e ,  found no i n d i c a t i o n s  of  
s i g n i f i c a n t  e x c e s s  i c e  w i t h i n  t h e  deep p e r m a f r o s t .  Gulf has i n i t i a t e d  
a  l a b o r a t o r y  s t u d y  t o  e v a l u a t e  whether  e x c e s s  i c e  c o u l d  have formed a t  
d e p t h  i n  s a l i n e  s o i l s .  I f  e x c e s s  i c e  is not e n c o u n t e r e d ,  thaw s t r a i n  
would be a  f u n c t i o n  of t h e  phase volume change of t h e  p o r t i o n  of pore  
w a t e r  t h a t  is f r o z e n ,  and d i s s i p a t i o n  of any e x c e s s  p o r e  p r e s s u r e .  

7. Mechanical  and c o n s o l i d a t i o n  ~ r o ~ e r t i e s  

Mechanical  p r o p e r t i e s ,  such  a s  t h e  modulus of e l a s t i c i t y  and 
P o i s s o n ' s  r a t i o ,  d e t e r m i n e  t h e  d e f o r m a t i o n  of s o i l  l a y e r s  I n  response  
t o  volume and s t r e s s  changes .  The p r e v i o u s  s p e a k e r ,  D r .  Roggensack, 
h a s  d e s c r i b e d  t h e  r e l e v a n t  f a c t o r s  af f e c t  i n g  mechanical  p r o p e r t i e s .  
E v a l u a t i o n  by l a b o r a t o r y  t e s t i n g  h a s  been l i m i t e d ,  hav ing  been conducted 
on T a r s i u t  N-44 c o r e  and r e c o n s t i t u t e d  samples.  G u l f ' s  c o n c e p t u a l  
s t u d i e s  f o r  Amauligak have used mechanical  p r o p e r t i e s  de te rmined  by 
t h e  methods d e s c r i b e d  by D r .  Roggensack. 

C o n s o l i d a t i o n  p r o p e r t i e s  a f f e c t  t h e  amount and r a t e  of t i m e  
dependant  d e f o r m a t i o n  r e s u l t i n g  from r e d i s t r i b u t i o n  of pore  wa te r .  I n  

g e n e r a l ,  t h i s  is i n  r e s p o n s e  t o  n e g a t i v e  e x c e s s  pore  p r e s s u r e s  i n  s a n d s  
and p o s i t i v e  e x c e s s  pore  p r e s s u r e s  i n  c l a y  l a y e r s .  

Thermal p r o p e r t i e s  

Thermal p r o p e r t i e s  a r e  a  f u n c t i o n  of l i t h o l o g y ,  pore  wa te r  and p o r e  
i c e  c o n t e n t s .  A s  p r e v i o u s l y  no ted ,  t h e  pore  i c e  c o n t e n t  is i t s e l f  a  
f u n c t i o n  oE t e m p e r a t u r e ,  s a l i n i t y  and l i t h o l o g y .  Frozen wate r  c o n t e n t  

d i s t r i b u t i o n s  have been de te rmined  i n  t h e  l a b o r a t o r y  o r  c a l c u l a t e d  from 
p u b l i s h e d  e q u a t i o n s .  

9. Creep c h a r a c t e r i s t i c s  

We have n o t  y e t  e v a l u a t e d  t h e  p o t e n t i a l  e f f e c t s  of pe rmaf ros t  c r e e p  
i n  response  t o  t h e  s t r e s s  changes.  Creep may reduce t h e  a r c h i n g  e f f e c t  
a t  t h e  thawed s o i l - p e r l n a f r o s t  boundary,  and r e s u l t  i n  t h e  h i g h  s t r a i n s  a t  
t h e  top  of t h e  p e r m a f r o s t  being e x p e r i e n c e d  t o  g r e a t e r  dep ths .  



10. Thermal model 

An a c c u r a t e  the rmal  model i s  n e c e s s a r y  t o  c a l c u l a t e  thawing w i t h  
ti.me iiround t h e  product  i o n  w e l l s .  The model must be capab le  of 

s t i m u l a t i n g  t e m p e r a t u r e  dependant  the rmal  p r o p e r t i e s  and complex bounda ry 
cundi  t i o n s .  Gulf and o t h e r s  have conducted thermal  a n a l y s e s  f o r  s i n g l e  
n~ul  m u l t i p l e  w e l l  s c e n a r i o s  and a r e  s a t i s f i e d  w i t h  t h e  acctlracy.  

11. Deformation model 

Most of t h e  s o  c a l l e d  "thaw s u b s i d e n c e  models" a r e  numerical  models 
which compute d e f o r m a t i o n  i n  r e s p o n s e  t o  volume, s t r e s s  and s o i l  
s t i f f n e s s  changes .  The model developed by c o n s u l t a n t s  f o r  Gulf t a k e s  
both  immediate phase change s t r a i n s  and t i m e  dependant  c o n s o l i d a t i o n  
s t r a i n s  i n t o  account .  Because of l i m i t e d  d e f o r m a t i o n ,  t h e  s o i l s  have 
been modelled a s  non- l inear  e l a s  t i c  e lements .  

F i g u r e  4 shows p r e d i c t e d  s o i l  d e f o r m a t i o n  i n  r e s p o n s e  t o  thaw 
( s c a l e s  have been removed f o r  c o n f i d e n t i a l i t y ) .  F i g u r e  5 p r e s e n t s  
p r e d i c t i o n s  of pe rmaf ros t  s u r f a c e  and seabed s e t t l e m e n t s .  F i g u r e  6 shows 
p r e d i c t i o n s  of v e r t i c a l  s o i l  s t r a i n s  a t  t h e  c e n t r e  of t h e  thawed column, 
f o r  s e v e r a l  time i n t e r v a l s  a f t e r  p r o d u c t i o n  s t a r t - u p .  

The major mode l l ing  l i m i t a t i o n  is  t h e  d e t e r m i n a t i o n  of 
r e p r e s e n t a t i v e  thaw s t r a i n  and mechan ica l  p r o p e r t i e s  f o r  t h e  s o i l .  For 
t h i s  r e a s o n ,  most s t u d i e s  i n c l u d e  p a r a m e t r i c  a n a l y s e s  t o  bound t h e  range 

o f  p r e d i c t  ions .  

A set-ond p o t e n t i a l  l i m i t a t i o n  i s  t h e  requ i rement  f o r  v e r t f t c a t i o n  
ant1 a c c e p t a n c e  of t h e  thaw s u b s i d e n c e  model. 

12. S o i l / c a s i n g  i n t e r a c t i o n  model 

S o i l / c a s i n g  i n t e r a c t i o n  a n a l y s e s  a r e  c a r r i e d  o u t  t o  e v a l u a t e  s l i p  
between t h e  c a s i n g  and s u b s i d i n g  s o i l ,  t o  e v a l u a t e  l a t e r a l  s o i l  r e s t r a i n t  
t o  b u c k l i n g ,  and t o  p r e d i c t  c a s i n g  s t r a i n s .  Our r e s u l t s  i n d i c a t e  t h a t  
s l i p  may g e n e r a l l y  be l i m i t e d  t o  t h e  upper  100 m e t r e s ,  below which c a s l n g  
s t r a i n s  w i l l  e q u a l  t h e  p r e d i c t e d  s o i l  s t r a i n s .  

G u l f ' s  P r e s e n t  and P r o j e c t e d  P e r m a f r o s t  Study Program 

Ongoing and f u t u r e  Gulf s t u d i e s  a r e  focussed  on improving o u r  
knowledge of t h e  s o i l  and p e r m a f r o s t  p r o p e r t i e s  a t  our  Amauligak 
p r o s p e c t ,  and improving and v e r i f y i n g  t h e  thaw s u b s i d e n c e  a n a l y t i c a l  
~ a o d e l .  The p r o j e c t s  i n c l u d e :  

( 1 )  a  s t u d y  of c o r i n g ,  sampl ing  and i n - s i t u  t e s t i n g  methods t o  
s u p p o r t  a  deep g e o t e c h n i c a l  c o r e  th rough  t h e  p e r m a f r o s t  , 

( 2 )  a s t u d y  of l a b o r a t o r y  t e s t i n g  methods r e q u i r e d  t o  o b t a i n  
r e p r e s e n t a t i v e  thaw s t r a i n  and mechan ica l  prope r t  ies from 
deep c o r e  samples ,  



(3 )  l a b o r a t o r y  t e s t i n g  u s ing  r e c o n s t i t u t e d  samples t o  e v a l u a t e  
mechanical  and thaw s t r a i n  p r o p e r t i e s  f o r  i n p u t  t o  t h e  thaw 
subs idence  model, 

( 4 )  conduc t ing  a  g e o t e c h n i c a l  co r i ng  program through t h e  e n t i r e  
permaf ros t  sequence,  from Gulf 's Molikpaq s t r u c t u r e ,  a t  t h e  
Amauligak 1-65 s i t e  i n  mid-1986. The execu t i on  of t h i s  c o s t l y  
program is  con t i ngen t  on s u c c e s s f u l  d e l i n e a t i o n  r e s u l t s  t h i s  
w i n t e r ,  

( 5 )  l a b o r a t o r y  t e s t i n g  t o  de te rmine  iildex, t he rma l ,  mechanical  and 
c o n s o l i d a t i o n  p r o p e r t i e s ,  pore  wa t e r  s a l i n i t i e s ,  p o r o s i t y ,  
d e n s i t y ,  e t c .  u s i n g  t h e  c o r e ,  

( 6 )  l a b o r a t o r y  e v a l u a t i o n  of t h e  p o t e n t i a l  f o r  exce s s  i c e  t o  have 

formed i n  s a l i n e  sed iments  du r ing  t h e  fo rma t ion  of permaf ros t  , 

( 7 )  l a b o r a t o r y  s c a l e  model tests f o r  v e r i f i c a t i o n  of t h e  thaw 
subs  idence  deformat ion  model, 

(8) e v a l u a t i o n  of r a i s i n g  t h e  w e l l  d e v i a t i o n  p o i n t  up i n t o  t h e  
pe rmaf ro s t ,  

( 9 )  development of permaf ros t  thaw impact d e s i g n  c r i t e r i a  f o r  a l l  
development sy s  tem components, 

( 1 0 )  assessment  of s t a t e - o f - t h e - a r t  hardware and so f twa re  f o r  f u t u r e  
w e l l  c a s i n g  i n s t r u m e n t a t i o n ,  and 

( 1  1) s t u d y  of t h e  e f f e c t s  of p o s s i b l e  i n - s i t u  g a s  h y d r a t e  
d e g r a d a t i o n ,  p a r t i c u l a r l y  w i t h i n  t h e  permaf ros t .  

These p r o j e c t s  may be modi f ied ,  supplemented o r  d e l e t e d  i n  r e sponse  
t o  perce ived  s t u d y  needs o r  t h e  e x p l o r a t i o n  r e s u l t s  a t  Amauligak. 

Recommendations f o r  ~ o v e r n m e n t / ~ n d u s t r y  Research 

G u l f ' s  s t u d i e s  a r e  focussed  on t h e  Amauligak development,  a l t h o u g h  
i t  is recognized t h a t  government r e s e a r c h  should  be of a  more g e n e r i c  
na tu r e .  Seve ra l  a r e a s  of researc-h a r e  sugges ted  which would meet bo th  
i n d u s t r y  and government requ i rements  f o r  o r d e r l y  development. These 
i n c l u d e :  

( 1 )  cont inued  development of t h e  s o i l  and permaf ros t  g e o l o g i c  
model. Th is  w i l l  a s s i s t  i n  t h e  unders tand ing  of p r o p e r t i e s  
c o n t r i b u t i n g  t o  permaf ros t  thaw subs idence ,  

( 2 )  e v a l u a t i o n  of p rocedures  f o r  c o r i n g ,  sampling,  sample sh ipment ,  
sample s t o r a g e  and t e s t i n g  f o r  deep pe rmaf ro s t  , 



(3) eva lua t ion  of i n - s i t u  t e s t i n g  methods, p a r t i c u l a r l y  the  
pressuremeter ,  f o r  measuring modulus p r o p e r t i e s  of pennaf ros  t  
a t  depths up t o  600 metres ,  

( 4 )  p a r t i c i p a t i o n  i n  l abora to ry  o r  f i e l d  t e s t i n g  programs f o r  
v e r i f i c a t i o n  of t he  thaw subsidence model. V e r i f i c a t i o n  w i l l  
be e s s e n t i a l  f o r  i n d u s t r y  con£ idence and government review and 
approval ,  i f  development is t o  proceed i n  an o r d e r l y  manner, 
and 

( 5 )  recognizing t h a t  s t r a i n s  i n  t h e  w e l l  cas ings  w i l l  exceed t h e  
e l a s t i c  s t r a i n  a t  y i e l d ,  p a r t i c i p a t i o n  i n  development of a  
r a t i o n a l  s t r a i n  l i m i t  cas ing  design c r i t e r i a  s i m i l a r  t o  Alaskan 
North Slope p rac t  ice. 

There a r e  o t h e r  a r e a s ,  such a s  the deep the rmis to r  s t r i n g  proposed 
by D r .  Judge. Gulf w i l l  r equ i re  s i t e  s p e c i f i c  informat ion  a t  Amauligak, 
and would c e r t a i n l y  support  i n  p r i n c i p l e  a  the rmis to r  s t r i n g  i f  i t  could 
h e  combined wi th  our proposed deep corehole. 
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SUBSEA PERMAFROST 

SUMMARY OF DISCUSSION AND RESEARCH NEEDS 

Most a u t h o r s  i n  t h e i r  p r e s e n t a t i o n s  a t  t h i s  Workshop a d d r e s s e d  t h e  
s t a t u s  of i n f o r m a t i o n  and knowledge a v a i l a b l e  a t  t h e  p r e s e n t  t i m e  ( w i t h  
emphasis  on t h e  Beaufor t  Sea a r e a )  and a l s o  f u t u r e  r e s e a r c h  needs.  Some 
a u t h o r s  r e f e r r e d  t o  them i n  a  more g e n e r a l  way, o t h e r s  were q u i t e  
s p e c i f i c ,  depending on t h e  a s p e c t s  they  were c o v e r i n g .  T h e i r  remarks a r e  
inc luded  i n  t h e  p reced ing  papers .  F u r t h e r  p o i n t s  were b rought  o u t  i n  t h e  
open d i s c u s s i o n .  

In  g e n e r a l ,  i t  was p o s s i b l e  t o  c l e a r l y  i d e n t i f y  i m p o r t a n t  f a c t o r s  and 
f o c u s  on f u t u r e  r e s e a r c h  needs  and p r i o r i t i e s .  Some p r i n c i p a l  h i g h l i g h t s  
a r e  n o t e d  i n  t h e  f o l l o w i n g  paragraphs .  

P r e s e n t  a c o u s t i c / s e i s m i c  g e o p h y s i c a l  methods of d e l i n e a t i n g  
p e r m a f r o s t  are r e a s o n a b l y  s a t i s f a c t o r y  and permit  rough i n f o r m a t i o n  t o  
be o b t a i n e d  w i t h  a minimum number of b o r e h o l e s .  I n t e r p r e t a t i o n  may be 
v e r y  d i f  E i c u l t  , however, p a r t i c u l a r l y  when o v e r c o n s o l i d a t e d  s e d i m e n t s  
a r e  encounte red  and t h e  methods a r e  i n s e n s i t i v e  when ground t e m p e r a t u r e s  
a r e  C -2OC. Based on a l l  a v a i l a b l e  i n f o r m a t i o n  t h e r e  i s  poor c o r r e l a t i o n  
between s e i s m i c  and e l e c t r o m a g n e t a i c  d e l i n e a t i o n  methods. More work 
needs  t o  be done on c o r r e l a t i n g  g e o p h y s i c a l  methods w i t h  e n g i n e e r i n g  
p r o p e r t i e s  of t h e  m a t e r i a l s  encounte red .  

Thermal modeling on t h e  g e o l o g i c a l  t i m e  s c a l e  i n d i c a t e s  t h a t  
i n s u f f i c i e n t  i n £  o r m a t i o n  i s  p r e s e n t l y  a v a i l a b l e  on p a s t  sea l e v e l s  and 
c l i m a t e s  and on m a t e r i a l  p r o p e r t i e s  a f f e c t i n g  t h e r m a l  c o e f f i c i e n t s .  The 
p r o c e s s e s  invo lved  i n  t h e  t r a n s p o r t  of h e a t  and sal t  i n  s a l i n e  s o i l s  a r e  
n o t  w e l l  unders tood .  

E v a l u a t i o n  of e x i s t i n g  t echnology  and f u r t h e r  improvements i n  
boreho le  i n s t r u m e n t a t i o n  f o r  i n  s i t u  measurement of m o i s t u r e ,  d e n s i t y  
and mechanical  p r o p e r t i e s  a r e  r e q u i r e d .  More e f f o r t  shou ld  be devo ted  
t o  methods of e v a l u a t i n g  i c e  c o n t e n t s  i n  s i t u .  The e f f e c t s  of sample 
h a n d l i n g  and s t o r a g e  on l a b o r a t o r y  - determined material p r o p e r t i e s  need  
t o  be i n v e s t i g a t e d .  Improvements i n  t h e  t r e a t m e n t  of pore  w a t e r  s a l i n i t y  
a r e  r e q u i r e d  f o r  modeling thaw s u b s i d e n c e  problems around w e l l  bores .  

More i n f o r m a t i o n  i s  needed on the rmal  p r o p e r t i e s  of b o t h  f r o z e n  and 
thawed subsea  m a t e r i a l s  ( p a r t i c u l a r l y  s a l i n e  s o i l s )  as w e l l  as l a b o r a t o r y  
and f i e l d  work, t o  p r o p e r l y  e v a l u a t e  thaw s u b s i d e n c e  models. 

D r .  J.F. Nixon a c t e d  a s  r e p o r t e r  f o r  t h e  day and h i s  remarks on 
Subsea P e r m a f r o s t  R&D Needs and P r i o r i t i e s ,  g i v e n  a t  t h e  las t  s e s s i o n ,  

are summarized below under  t h r e e  main head ings .  For many of t h e  
f o l l o w i n g ,  i t  is  n e c e s s a r y  t o  d i s t i n g u i s h  between ( a )  pennaf r o s  t , 
( b )  i c e - b e a r i n g  p e r m a f r o s t ,  ( c )  ice-bonded p e r m a f r o s t ,  and ( d )  t h o s e  
s a l i n e  s o i l s  t h a t  might y i e l d  e x c e s s  w a t e r  upon thawing under  t h e i r  
present-day overburden  p r e s s u r e s .  



- b e t t e r  understanding of d e p o s i t i o n a l  environments i n  t h e  Reaufort  Sea 
a r e a ,  

- c o r r e l a t i o n  between engineer ing  p r o p e r t i e s  and r e s u l t s  from 
geophys ica l  techniques ,  

- instrumented borehole on Beaufort  S h e l f ,  

- r e l i a b l e  s e a  l e v e l  curves f o r  i npu t  t o  o f f sho re  thermal models. 

Geo t echn ica l  

- a p p l i c a t i o n  of TDR (and o t h e r  methods) t o  d e l i n e a t i n g  i c e  content  i n  
warm s a l i n e  permafrost ,  

*- sample s t o r a g e ,  temperature c o n t r o l  and t r a n s p o r t a t i o n :  
(e.g. ,  thermal shock and i c e  r e d i s t r i b u t i o n ) ,  

- opt  i inizat ion of d r i l l i n g  f l u i d s .  , (e.g., temperature c o n t r o l  and 

borehole s t a b i l i t y ) ,  

*- s t a b i l i t y  of fresh-water i c e  i n  s a l i n e  s o i l ,  

- sys t ema t i c  t e s t i n g  of t y p i c a l  s o i l s ;  (e.g., c r eep ,  s t r e n g t h  and thaw 
se t t l emen t  , r e l a t i o n s h i p  t o  p o r o s i t y )  , 

- i c e  formation i n  s a l i n e  s o i l s  under a p p r o p r i a t e  overburden s t r e s s e s ,  

- creep  t e s t i n g  of s a l i n e  f ine-grained s o i l s ,  

- evaluation/improvement of downhole geophys ica l  package, 

- e v a l u a t i o n  and development of i n  s i t u  t e s t i n g  methods 
( i . e . ,  CPT and pressuremeter )  

Ana lv t i ca l  

- b e t t e r  thermal modelling f o r  s a l i n e  s o i l s  t o  ( a )  e x p l a i n  p a s t  
c l i m a t e ,  ( b )  p a s t  d e p o s i t i o n a l  environments,  ( c )  present-day 
p r o f i l e s  and ( d )  f u t u r e  e f f e c t s  of eng inee r ing  s t r u c t u r e s  on 
permaf ros  t , 

* were f e l t  by some t o  have a  h igher  p r i o r i t y  
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NORMAN WELLS EXPANSION PROJECT - OVERVIEW 

R.M. T i b b a t t s *  

Abs t r ac t  

Esso Resources Canada Limited has completed t h e  expans ion  of t h e  
Nonnan Wells o i l  f i e l d  i n  t h e  Northwest T e r r i t o r i e s  of Canada. Norman 

Wells i s  l o c a t e d  on t h e  Mackenzie R ive r ,  about  100 km s o u t h  of t h e  A r c t i c  

CCrcle. The expans ion  p r o j e c t  invo lved  b u i l d i n g  a r t i f i c i a l  i s l i inds  i n  

t h e  Mackenzie R ive r ,  t h e  d r i l l i n g  of h i g h l y  d e v i a t e d  d i r e c t i o n a l  w e l l s ,  

t h e  implementat ion of a  f ield-wide p a t t e r n  water-f lood scheme and t h e  

c o n s t r u c t i o n  of a bu r i ed  p i p e l i n e  866 km long  and 323.9 mm i n  d i ame te r  
t o  n o r t h e r n  A l b e r t a .  The waterf  lood  w i l l  r e s u l t  i n  recovery  of more 

than  40% of t h e  100 m i l l i o n  m3 of o i l - i n -p l ace  from t h e  h i g h l y  f r a c t u r e d ,  
t i g h t  l imes tone  r e s e r v o i r .  Crude o i l  p roduc t i on  w i l l  be i n c r ea sed  from 
600 m3 pe r  day t o  a peak rate of 4000 m3 pe r  day. 

Th i s  paper  d i s c u s s e s  some of t h e  unique e n g i n e e r i n g  and e x e c u t i o n  

c h a l l e n g e s  t h a t  had t o  be overcome i n  t h e  development of t h i s  f i e l d .  

1nc.luded i s  a r t i f i c i a l  i s l a n d  d e s i g n  t o  w i th s t and  i c e  f o r c e s ,  p i p e l i n e  
c o n s t r u c t  i o n  i n  bo th  con t inuous  and d i s c o n t i n u o u s  pe rmaf ro s t  and modular 

c o n s t r u c t i o n  techn iques .  

I n t r o d u c t i o n  

Esso Resources Canada Limited has  completed a n  o i l  f i e l d  expans ion  

p ro Jec t  t h a t  i nc r ea sed  p r oduc t i on  from t h e  Norman Wells o i l  f i e l d  i n  

Canada 's  Northwest T e r r i t o r i e s ,  abou t  100 km sou th  of t h e  A r c t i c  C i r c l e .  

Although emphasis was placed  on u s i n g  e x i s t i n g  o i l  f i e l d  technology t o  
minimize r i s k ,  t h e  p r o j e c t  p r e s e n t e d  some unique c h a l l e n g e s ,  because most 
of t h e  o i l - b e a r i n g  r e s e r v o i r  i s  l o c a t e d  d i r e c t l y  under  t h e  Mackenzie 

River ,  and because t h e  p r o j e c t  s i t e  is i n  a  remote l o c a t i o n  t h a t  ha s  a  
h a r s h  c l i m a t e .  

Th i s  paper  p rov ide s  a b r i e f  overview of t h e  Norman Wells Expansion 
P r o j e c t  and d i s c u s s e s  some of t h e  e n g i n e e r i n g  s o l u t i o n s  and p r o j e c t  

execu t i on  approaches  t h a t  were developed t o  c o s t  e f f e c t i v e l y  overcome 

t h e s e  t y p i c a l l y  Arctic cond i t i ons .  Inc luded  a r e  d e s i g n  c o n s i d e r a t  i ons  

f o r  man-made p roduc t i on  i s l a n d s  and p i p e l i n e  c o n s t r u c t i o n  i n  permaf ros t  
and t h e  use  of modular c o n s t r u c t  i o n  techn iques .  

Development Background 

Norman Wells is a  s e t t l e m e n t  of about  400 people  l o c a t e d  on 
t h e  banks of t h e  Mackenzie R ive r  i n  Canada 's  Northwest  T e r r i t o r i e s  
( F i g u r e  I ) .  The c l i m a t e  is  c h a r a c t e r i z e d  by l ong ,  c o l d ,  d a r k  w i n t e r s  
and s h o r t  summers. The r i v e r  p rov ide s  t h e  major t r a n s p o r t a t i o n  c o r r i d o r  

f o r  moving heavy f r e i g h t  i n t o  Norman Wells, s i n c e  t h e r e  is no w i n t e r  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of au tho r s .  



road. However, an  a l l  wea ther  modern a i r p o r t  is main ta ined  by t h e  
Canadian Government . 

S e t t l e m e n t s  i n  t h i s  s p a r s e l y  popula ted  r e g i o n  were t r a d i t i o n a l  
n a t i v e  hun t i ng ,  t r a p p i n g  and f i s h i n g  communities,  of t e n  l o c a t e d  a t  
t r i b u t a r i e s  f lowing  i n t o  t h e  Mackenzie River .  The s e t t l e m e n t  of Norman 
Wells d id  not e x i s t  b e f o r e  I m p e r i a l  O i l  Limited (Esso Resources  Canada 
L i m i t e d ' s  pa r en t  company) d i s cove red  o i l  t h e r e  i n  1920. 

About 4 0 h f  t h e  o i l  r e s e r v e s  a t  Norman Wells a r e  a c c e s s i b l e  from 
two n a t u r a l  i s l a n d s  i n  t h e  Mackenzie River  (Bear  and Goose I s l a n d s )  and 
from t h e  mainland sho re .  P r i o r  t o  expans ion ,  abou t  475 m3 of o i l  a  day 
was produced t o  p rov ide  feed  s t o c k  f o r  t h e  s m a l l ,  d i s t i l l a t i o n - t y p e  
r e f i n e r y .  Refined produc t  is d i s t r i b u t e d  t o  r e g i o n a l  communities by 
barge  between June  and September when t h e  Mackenzie R ive r  i s  i c e  f r e e .  

Esso e v a l u a t e d  t h e  f e a s i b i l i t y  of expanding t h e  Norman Wells o i l  
f i e l d  i n  t h e  l a t e  1970s. The s t u d y  determined t h a t  i t  w a s  t e c h n i c a l l y  
f e a s i b l e  and economica l ly  a t t r a c t i v e  t o  expand t h e  o i l  f i e l d ' s  p roduc t i on  
by implementing a f i e l d -w ide ,  f ive -spo t  p a t t e r n  wa t e r f l ood  scheme, and 
by deve lop ing  t h e  p r e v i o u s l y  i n a c c e s s i b l e  p o r t i o n  of t h e  r e s e r v o i r  which 
l ies  under  t h e  Mackenzie River .  

Expansion F a c i l i t i e s  

The f a c i l i t i e s  r e q u i r e d  i n c l u d e  s i x  man-made p roduc t i on  i s l a n d s  
and 150 new w e l l s  f o r  o i l  p roduc t i on  and wa t e r  i n j e c t i o n  ( F i g u r e  2) .  
Eighty-s ix  of t h e  w e l l s ,  most of which w i l l  be d e v i a t e d  t o  some d e g r e e ,  
w i l l  be d r i l l e d  from t h e  p roduc t i on  i s l a n d s .  To ach i eve  adequa t e  
r e s e r v o i r  d r a i n a g e ,  h o r i z o n t a l  d i sp l acemen t s  t h a t  exceed 550 m and 
maximum w e l l b o r e  a n g l e s  of 70" w i l l  be r e q u i r e d  on many w e l l s .  Two 
d r i l l i n g  r i g s  a r e  planned t o  complete  t h e  development d r i l l i n g  programme. 
While r e s e r v o i r  p r e s s u r e  w i l l  be main ta ined  u s ing  w a t e r  i n j e c t  i o n ,  about  
85% of t h e  wells w i l l  have a r t i f i c i a l  gas  l i f t  t o  op t im ize  p roduc t i on .  

Su r f ace  f a c i l i t i e s  f o r  g a t h e r i n g  and p r o c e s s i n g  t h e  p roduc t i on  w i l l  
c o n s i s t  of f low l i n e s ,  main g a t h e r i n g  l i n e s ,  s a t e l l i t e  t e s t i n g  and 
c o n t r o l  s t a t i o n s  and a c e n t r a l  p r o c e s s i n g  f a c i l i t y  on t h e  mainland 
c o n s i s t i n g  of equipment f o r  c rude  o i l  t r e a tmen t  and s t o r a g e ,  produced 
water  t r e a tmen t  and d i s p o s a l ,  gas  p roce s s ing  and compress ion,  f r e s h  wate r  
t r e a t m e n t  and i n j e c t i o n  and e l e c t r i c a l  power gene ra t i on .  

These f i e l d  development f a c i l i t i e s  c o s t  $530 m i l l i o n  and i n c r e a s e d  
p roduc t i on  t o  4000 m3 a day. 

P i p e l i n e  P r o j e c t  

In  a  s e p a r a t e  but  dependent p r o j e c t ,  I n t e r p r o v i n c i a l  P i p e  L ine  (NW) 
Limi ted  c o n s t r u c t e d  and o p e r a t e  a 324 mm o u t s i d e  d i ame te r  bur ied  p i p e l i n e  
t o  s h i p  c rude  o i l  868 km from Norman Wells t o  j o i n  an  e x i s t i n g  p i p e l i n e  
sys tem a t  Zama, A lbe r t a .  The $360 m i l l i o n  p i p e l i n e  w i l l  have a  c a p a c i t y  
of 5000 m3 pe r  day. 



Schedule  

The p r o j e c t  was completed i n  1985. A p p l i c a t i o n s  t o  proceed w i t h  
t h e  p r o j e c t  were f i l e d  w i t h  r e g u l a t o r y  a g e n c i e s  i n  March, 1980. During 
p u b l i c  h e a r i n g s ,  conducted i n  August and  October ,  1980, c o n s i d e r a b l e  
p u b l i c  i n p u t  was provided on such a s p e c t s  as t i m i n g ,  approva l  c o n d i t i o n s  

t o  maximize l o c a l  b e n e f i t ,  and approaches  t o  m i t i g a t e  a d v e r s e  s o c i a l  and 
e nvi rorunent a 1  impact.  

The Government of Canada approved t h e  p r o j e c t  i n  J u l y ,  1981. 
However, t o  a l l o w  t ime f o r  s o c i a l  p l a n n i n g ,  s u b s t a n t i v e  c o n s t r u c t i o n  was 
no t  a l lowed t o  s t a r t  u n t i l  1983. Consequent ly ,  f i e l d  a c t i v i t y  i n  1982 
was c o n c e n t r a t e d  on i n s t a l l i n g  t h e  i n f r a s t r u c t u r e ,  such a s  docks ,  roads  
and camps, t h a t  were r e q u i r e d  t o  s u p p o r t  t h e  main c o n s t r u c t i o n  work f o r c e  
which peaked a t  900 i n  mid 1983 t o  1984. A  two r i g  development d r i l l i n g  
program a l s o  s t a r t e d  i n  1982. 

P r o d u c t i o n  I s l a n d s  

About 60% of t h e  r e s e r v o i r  l ies  400 t o  700 m below t h e  Mackenzie 
River .  Although t h e  r e s e r v o i r  cou ld  be a c c e s s e d  by d i r e c t i o n a l  d r i l l i n g  
from n a t u r a l  l andforms ,  man-made p r o d u c t i o n  i s l a n d s  were s e l e c t e d  because  
of t h e  a b i l i t y  t o  w a t e r f l o o d  t h e  r e s e r v o i r  more e f f e c t i v e l y  u s i n g  t h i s  
approach.  

The i s l a n d s  ( F i g u r e  3 )  are d e s i g n e d  t o  p r o v i d e  s a f e ,  year-round 
o p e r a t i o n  o v e r  t h e  r e s e r v o i r ' s  30 y e a r  l i f t .  Four i s l a n d s ,  founded on 
s t i f f  c l a y  l a y e r s ,  were b u i l t  a l o n g  t h e  s o u t h  s i d e  of t h e  main n a v i g a t i o n  
channe l  and two i s l a n d s ,  founded a l m o s t  d i r e c t l y  on s h a l e ,  w i l l  be b u i l t  
a l o n g  t h e  n o r t h  s i d e .  Although a l l  s i x  s i t e s  a r e  d i f f e r e n t ,  a l l  t h e  
i s l a n d s  were d e s i g n e d  t o  w i t h s t a n d  t h e  most c r i t i c a l  env i ronmenta l  
c o n d i t i o n s  encounte red  at t h e  site. 

The working s u r f a c e  of e a c h  i s l a n d ,  one metre above t h e  d e s i g n  f l o o d  
l e v e l  and 2.6 m above t h e  h i g h e s t  r ecorded  w a t e r  l e v e l ,  p r o v i d e s  3600 m2 
of space  t o  a l l o w  a  f u l l  s i z e  r i g  t o  d r i l l  up t o  20 w e l l s .  The remain ing  
space  is t a k e n  up by a  camp t o  accommodate 25 peop le  and s t o r a g e  a r e a s .  

The i s l a n d s  were c o n s t r u c t e d  of l o c a l l y  a v a i l a b l e  rock and sand  
f i l l .  A r i n g  of l i g h t  q u a r r y  rock w i l l  r e t a i n  t h e  sand f i l l  which w i l l  

form e a c h  i s l a n d ' s  c o r e  ( F i g u r e  4) .  The c o r e  and rock r i n g  were covered  
w i t h  t h r e e  l a y e r s  of v a r y i n g  s i z e d  a m o u r  r o c k  t o  p r o t e c t  t h e  s l o p e s  from 
waves, c u r r e n t s  and i c e .  Two o u t e r  l a y e r s  of  30 kg t o  150 kg and 150 kg 
t o  800  kg l i m e s t o n e  o v e r l i e  a  f i l t e r  f a b r i c  t h a t  s e p a r a t e s  t h e  sand c o r e  
from t h e  armour. The f i l t e r  f a b r i c  p r e v e n t s  sand from s e e p i n g  o u t  
th rough  t h e  a m o u r ,  whi le  a l l o w i n g  w a t e r  t o  p a s s  th rough  i t  f r e e l y ,  t h u s  
p r e v e n t i n g  e x c e s s  pore  p r e s s u r e s  from b u i l d i n g  up i n  t h e  f i l l .  

The major d e s i g n  c h a l l e n g e  f o r  t h e  i s l a n d s  w a s  d e t e r m i n i n g  t h e  
d e s i g n  c o n d i t i o n s  f o r  r i v e r  c u r r e n t  f l o w s ,  f l o o d i n g ,  wave e r o s i o n  and 
i c e  s c o u r .  



River  c u r r e n t s  a r e  t h e  key t o  t h e  d e s i g n  of t h e  i s l a n d ' s  s l o p e  
and t o e  p r o t e c t i o n .  The most extreme c u r r e n t s  occur  when t h e  i c e  
jams downstream from Norman Wells  a r e  r e l e a s e d .  Although t h e s e  ex t reme  
c u r r e n t s  on ly  occur  o v e r  a  few h o u r s ,  t h e y  can  be t w i c e  a s  h igh  a s  t h e  
normal c u r r e n t s .  S ince  mathemat ica l  and p h y s i c a l  models i n d i c a t e d  t h a t  
once e v e r y  250  y e a r s  t h e  r e l e a s e  of i c e  jams would y i e l d  maximum c u r r e n t s  

of  2.7 ms-l , t h i s  r a t e  was used f o r  t h e  d e s i g n .  

The r i v e r  breakup a l s o  p rov ided  t h e  b a s i s  f o r  t h e  d e s i g n  h i g h  w a t e r  
l e v e l .  When a n  i c e  jam forms downs t ream from Norman W e l l s ,  t h e  r i v e r  
backs up c a u s i n g  t h e  wa te r  l e v e l  t o  rise more t h a n  10 m above t h e  normal  
summer l e v e l  i n  j u s t  a  few days.  

I c e  w i l l  a c t  on t h e  i s l a n d s  i n  s e v e r a l  ways. It w i l l  push a g a i n s t  
t h e  i s l a n d ' s  mass, r i d e  up on t h e  s l o p e s ,  and r u b b l e  around t h e  
s t r u c t u r e .  During a e r i a l  s u r v e y s  of t h e  breakup p r o c e s s  on t h e  u p p e r  
Mackenzie,  i c e  was observed r u b b l i n g  on s h o a l s  and being pushing up o n t o  
t h e  r i v e r  bank. These same p r o c e s s e s  w i l l  o c c u r  around t h e  i s l a n d s .  

The r a p i d  d rop  i n  w a t e r  l e v e l  which f o l l o w s  t h e  r e l e a s e  of a  

downstream i c e  jam was a  key d e s i g n  f a c t o r .  The concern  was t h a t  wa te r  
i n  t h e  i s l a n d  f i l l  might n o t  d r a i n  away a s  q u i c k l y  as t h e  s u r r o u n d i n g  
r i v e r  dropped,  and t h e  p r e s s u r e  of t h i s  w a t e r  cou ld  reduce f i l l  
s t a b i l i t y .  The i s l a n d s  were d e s i g n e d  t o  be s t a b l e ,  even w i t h  no d r a i n a g e  
of t h e  f i l l ,  u n t i l  t h e  w a t e r  l e v e l  dropped t o  i t s  normal summer l e v e l .  

P i p e l i n e  Systems 

One of t h e  g r e a t e s t  c h a l l e n g e s  i n  d e s i g n i n g  t h e  p i p e l i n e  sys tems  
w a s  t o  overcome t h e  problems a s s o c i a t e d  w i t h  pe rmaf ros t .  Buried 
p i p e l i n e s  were p r e f e r r e d ,  as t h e y  a r e  more economical  t h a n  p i p e l i n e s  
p l a c e d  i n  above ground u t i l i d o r s ,  and a r e  b e t t e r  p r o t e c t e d  from n a t u r a l  
or human induced h a z a r d s .  T h i s  w a s  of prime impor tance  a t  t h e  lower 
l a n d  e l e v a t i o n s  where some o v e r t o p p i n g  of i c e  o c c u r s  d u r i n g  t h e  Mackenzie 
R i v e r ' s  s p r i n g  breakup. 

Nornan Wells is l o c a t e d  i n  a zone of d i s c o n t i n u o u s  p e r m a f r o s t ,  where 
pe  rmafros t e x i s  ts t o g e t h e r  w i t h  a r e a s  of u n f r o z e n  ground ( F i g u r e  5).  
Permaf ros t  o c c u r s  below a l l  n a t u r a l  f o r e s t e d  upland t e r r a i n ,  but is  
a b s e n t  on t h e  r i v e r  banks and below t h e  r i v e r .  A l l  p e r m a f r o s t  a l l u v i a l  
silts and c l a y s  encounte red  i n  t h e  r e g i o n  have abundant  ground i c e  and 
a t y p i c a l  thaw s t r a i n  p o t e n t i a l  of 20-40%. The s e a s o n a l  a c t i v e  l a y e r  of 
p e r m a f r o s t  v a r i e s  from less t h a n  0.5 m i n  u n d i s t u r b e d  p e a t  t o  more t h a n  
2 m i n  p a r t i a l l y  d i s t u r b e d  o r  g r a v e l  covered a r e a s .  

The two main concerns  t h a t  p e r m a f r o s t  imposed on t h e  p i p e l i n e  sys tem 
were t h e  f r e e z i n g  of t r a n s p o r t e d  f l u i d s  and s e t t l e m e n t  of t h e  p i p e l i n e s .  

F reeze  p r o t e c t i o n  is  prov ided  f o r  t h e  i n d i v i d u a l  w a t e r  i n j e c t i o n  and 
mult  i p h a s e  p roduc t  i o n  l i n e s  by e l e c t r i c a l  h e a t  t r a c i n g ,  i n s u l a t i o n ,  and 
b u r i a l  1 m deep. The i n s u l a t i o n  w i l l  p l a y  a  d u a l  r o l e .  It w i l l  p r o t e c t  
t h e  p i p e l i n e s  from f r e e z i n g  ground t e m p e r a t u r e s ,  whi le  reduc ing  t h e  h e a t  
t r a n s f e r r e d  from t h e  p i p e l i n e  t o  t h e  p e r m a f r o s t .  



Thaw s e t t l e m e n t  of p e r m a f r o s t  s o i l s  is  a major concern ,  The pr imary 
f a c t o r  i n f l u e n c i n g  t h e  amount of s e t t l e m e n t  is t h e  amount of e x c e s s  i c e  

present  i n  t h e  so-L1. Although t h e  t o t a l  s e t t l e m e n t  of t h e  s o i l  i s  of 

~ . o l l c e r n ,  t h e  main concern  wi th  bur ied  p i p e l i n e s  is t h e  s t r a i n  due t o  
d i t f e r e n t i a l  s e t t l e m e n t  o c c u r r i n g  a t  t r a n s i t i o n  zones between f r o z e n  and 
u n f r o z e n  ground. 

Modular C o n s t r u c t i o n  

The Norman Wel l s  P r o j e c t  used modular c o n s t r u c t i o n  t e c h n i q u e s  
e x t e n s i v e l y ,  p r i m a r i l y  as a c o s t  s a v i n g  measure. P r e v i o u s  p r o j e c t s  
i n  Western Canada have ach ieved  between 25 and 30% s a v i n g s  of t o t a l  
l a b o u r  man-hours i n  p r e f a b r i c a t i o n .  S ince  v i r t u a l l y  a 1  1 Norman We1 1s 
f a c i l i t i e s ,  e x c e p t  t ankage  and o f f s i t e  pipeways,  were modular ized o r  

p r e f a b r i c a t e d ,  abou t  65% o f  t h e  f i e l d  work can  be done a t  t h e  
m o d u l a r i z a t i o n  s i t e .  Modularized c o n s t r u c t i o n  saved more t h a n  10% of 
t h e  c o s t  of non-modularized c o n s t r u c t  ion .  These s i g n i f i c a n t  s a v i n g s  
e n s u r e  t h a t  t h e  m o d u l a r i z a t i o n  concep t  w i l l  be a p p l i e d  t o  many o t h e r  
p r o j e c t s  i n  remote l o c a t i o n s .  

The 1600 km o v e r l a n d  r o u t e  from Edmonton ( m o d u l a r i z a t i o n  s i t e )  t o  
Nonnan Wells, invo lved  s h i p p i n g  modules hal fway t o  t h e  s i t e  by road t o  
Hay River ,  Northwest T e r r i t o r i e s ,  t h e n  by barge  on t h e  Mackenzie River  
t h e  r e s t  of t h e  way. 

L i m i t a t i o n s  on l o a d  dimensions  de te rmined  t h e  s i z e  of modules t h a t  

c o u l d  be t r a n s p o r t e d  by road t o  Hay River  ( F i g u r e  6 ) .  Loads a  maximum of 
6 m wide and 5 m h i g h  can  be sh ipped  on t h e  highway t o  a l l o w  c l e a r a n c e s  
th rough  b r i d g e s  on t h e  r o u t e .  Some modules weigh a s  much a s  160 t but  
s h i p p i n g  weigh t s  o n l y  pose  a  problem f o r  a b o u t  s i x  weeks e a c h  s p r i n g  when 
t h e  highway subgrade  is  weakened by thawing f r o s t .  

Modular c o n s t r u c t i o n  al ters  t h e  sequence of d e t a i l e d  d e s i g n .  
S t r u c t u r a l  s t e e l  and p i p i n g  d e s i g n  a r e  completed s i m u l t a n e o u s l y ,  because  
a l l  equipment and l i n e  l o c a t i o n s  must be f i n a l i z e d  b e f o r e  f i n a l i z i n g  t h e  
s t r u c t u r a l  member l o c a t i o n s .  The d e s i g n  of i n d i v i d u a l  modules is 
v i r t u a l l y  complete  b e f o r e  f a b r i c a t i o n  s t a r t s ,  which h e l p s  t o  minimize  
changes  and rework i n  t h e  f i e l d .  

The modules have an open a i r  s p a c e  undernea th  them t o  p r e v e n t  h e a t  
from being t r a n s f e r r e d  from t h e  module t o  t h e  p e r m a f r o s t  and t o  a l l o w  
s p a c e  f o r  t r a n s p o r t a t i o n  equipment t o  manoeuvre u n d e r n e a t h  t h e  modules 
t o  l i f t  them. The modules are s u p p o r t e d  on p e r i p h e r a l  rows of l e g s ,  
1 m long ,  a t t a c h e d  t o  t h e  t o p s  of f o u n d a t i o n  p i l e s .  

The remaining work of p l a c i n g  and i n t e r c o n n e c t i n g  t h e  modules a t  
Norman Wells can  be done w i t h  a much s m a l l e r  l a b o u r  f o r c e  t h a n  would have 
been r e q u i r e d  a t  t h e  s i t e  w i t h  non-modular c o n s t r u c t i o n ,  T h i s  s m a l l  work 
f o r c e  reduces  f i e l d  l a b o u r  overhead c o s t s ,  p r o v i d e s  b e t t e r  p r o d u c t i v i t y  
th rough  lower  manpower d e n s i t i e s ,  is  more manageable,  and minimizes  t h e  
socio-economic impact on t h e  town of Norman Wells.  



Conclusion 

Norman Wells is  t h e  f i r s t  major o i l  f i e l d  development t o  proceed i n  
t h e  Canadian North s i n c e  t h e  1940s. The cha l l enges  t h a t  Esso faced i n  
des ign ing  and execu t ing  t h i s  p r o j e c t  d e a l t  w i th  such i s s u e s  a s :  

( 1 )  o b t a i n i n g  a  b e t t e r  unders tanding  of t h e  p r o j e c t  s i t e ' s  p h y s i c a l  
environment t o  a l l ow  f o r  t h e  des ign  of f a c i l i t i e s  and t o  apply  
and adapt  known technology t o  t h e  s p e c i f i c  environment 
c o n d i t i o n s  a t  t h e  s i t e .  This  problem is common t o  most remote 
a r e a s ,  s i n c e  t h e i r  i s o l a t i o n  o f t e n  l e a d s  t o  a  l a c k  of t h e  
d e t a i l e d  s i t e - s p e c i f i c  knowledge r equ i r ed  f o r  f a c i l i t y  des ign .  
A t  Norman Wells, a  good t e c h n i c a l  knowledge of t h e  Mackenzie 
River  and its breakup phenomenon r ep re sen t ed  t h e  major d a t a  
gap, f o r  which programmes were i n i t i a t e d  t o  provide  t h e  
neces sa ry  iu format ion .  

( 2 )  minimizing t h e  c o s t  impact of t h e  remote l o c a t i o n ,  s e v e r e  
Arct i c  environment and pennafros  t by maximizing modu la r i za t i on  
t o  a l l ow  many of t h e  f a c i l i t i e s  t o  be completely pre-assembled 

i n  populated a r e a s .  P i p e l i n e  systems were a l s o  designed f o r  
t h e  s p e c i f i c  cond i t i ons  encountered a t  t h e  s i t e  t o  minimize t h e  
use  of more expensive above ground u t i l i d o r  systems. 

The Norman Wells o i l  f i e l d  expansion is impor tan t  t o  t h e  development 
of t h e  Canadian North. It w i l l  demons t ra te  t h a t  petroleum development 
can proceed i n  a n  envi ronmenta l ly  ha r sh  and c u l t u r a l l y  s e n s i t i v e  a r e a  of  
t h e  count ry ,  i n  a  manner t h a t  is  t e c h n i c a l l y  and economical ly  v i a b l e ,  and 
is  b e n e f i c i a l  t o  a l l  t h e  people of Canada. 



Figure 1. Norman Wells m a t i o n  
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Figure 2. Norman Wells F a c i l i t i e s  



Figure 3. Production Island 

Figure 4.  Production Island Cross-section 



Figure 5. Pipeline and Permafrost &cations 

Figure 6. W u l e  in Transit 
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NORMAN WELLS PIPELINE PROJECT 

A.R. Pick* 

PART I - OVEKVIEW 

I n t r o d u c t i o n  

The Norman Wel l s  P i p e l i n e  e x t e n d s  from Norman Wells i n  t h e  Northwest 
T e r r i t o r i e s  t o  Zama i n  n o r t h e r n  A lbe r t a .  Owned and ope ra t ed  by 
I n t e r p r o v i n c i a l  P i p e  Line (NW) Ltd. ( IPL) ,  t h i s  small d i ame te r  (30 cm) 
bur ied  p i p e l i n e  c a r r i e s  crude o i l  870 km s o u t h  where i t  connec t s  t o  
a n o t h e r  p i p e l i n e  system. The p i p e l i n e  right-of-way e x t e n d s  up t h e  
Mackenzie Val ley  on t h e  east s i d e  of t h e  Mackenzie R ive r ,  c r o s s e s  t h e  
r i v e r  n e a r  F o r t  Simpson and then  c o n t i n u e s  s o u t h e a s t  t o  Zama, A lbe r t a .  

IPL had t o  b u i l d  and o p e r a t e  t h e  Norman Wel l s  P i p e l i n e  w i t h o u t  
s e r i o u s  n e g a t i v e  e f f e c t s  on t h e  environment o r  t h e  people  i n  communities 
a l on g  t h e  p i p e l i n e  r o u t e .  

I n  1979, based on p l a n s  by Esso  Resources  t o  i n c r e a s e  p roduc t i on  of  
t h e  Norman Wells o i l f i e l d ,  an  impact assessment  examined a  proposed 
p i p e l i n e  from Norman Wells t o  Zama. I n  1980 a n  a p p l i c a t i o n  w a s  submi t t ed  
t o  t h e  Na t i o n a l  Energy Board f o r  a u t h o r i t y  t o  c o n s t r u c t  and o p e r a t e  t h e  
"Norman Wells t o  Zama P i p e l i n e u .  P u b l i c  h e a r i n g s  were held  by bo th  t h e  
Pede r a l  Environmental  Assessment and Review Pane l  and t h e  N a t i o n a l  Energy 
Hoard. I n  1981 t h e  NEB g r a n t e d  a C e r t i f i c a t e  o f  P u b l i c  Convenience and 
Necess i ty  a l l o win g  I P L  t o  c o n s t r u c t  and o p e r a t e  t h e  p i p e l i n e .  

SLncc 1980, I P L  h a s  under taken  numerous e n g i n e e r i n g ,  environments 1 
and socio-economic s t u d i e s  t o  f u l f i l l  t h e  terms and c o n d i t i o n s  of t h i s  
c e r t i f i c a t e .  

P r o j e c t  Or g a n i z a t i o n  

IPL managed a l l  phases  of p r o j e c t  c o n s t r u c t i o n  and o p e r a t i o n .  
A Co n s t r u c t i o n  S e r v i c e s  Manager (CSM) was appoin ted  f o r  m a t e r i a l  
procurement ,  f i e l d  management and i n s p e c t i o n  d u r i n g  c o n s t r u c t i o n .  
Design w a s  managed by IPL u s i n g  e n g i n e e r i n g  and p lann ing  f i rms .  

P r o j  ec.t Schedules  

Co n s t r u c t i o n  of t h e  Norman Wells P i p e l i n e  took p l a c e  o v e r  t h e  c o u r s e  
of t h r e e  y e a r s ,  t h e  m a j o r i t y  t ak ing  p l a c e  du r ing  t h e  w i n t e r  months of 
1983,  1984 and 1985. C o n s t r u c t i o n  commenced i n  J anua ry  of  1983 w i t h  
right-of-way c l e a r i n g .  Development of some f a c i l i t y  and borrow s i t e s  
a l s o  began a t  t h a t  t ime and con t i nued  th roughout  1983. Actual  p i p e l i n e  
c o n s t r u c t i o n  kick-of f  was i n  J anua ry  1984. The remaining s i t e  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of a u tho r s .  



development and right-of-way c l e a r i n g  was a l s o  s t a r t e d  at  t h i s  t i m e .  
Cons t ruc t i on  of t h e  p i p e l i n e  w a s  completed by A p r i l ,  1985. The p i p e l i n e  
w i l l  c a r r y  approx imate ly  4,000 cub i c  metres (25,000 b a r r e l s )  of o i l  p e r  
day. 

The C l i m a t e  

Although t h e  c l i m a t e  v a r i e s  c o n s i d e r a b l y  i n  t h e  p r o j e c t  a r e a ,  i t  i s  
c h a r a c t e r i z e d  by long ,  c o l d  w i n t e r s  and s h o r t ,  warm summers. 

The Land 

From Norman Wells  t o  F o r t  Simpson t h e  t e r r a i n  is  r o l l i n g  w i t h  
numerous v a l l e y s  and h i g h  f l a t  t e r r a c e s .  Well d r a ined  a r e a s  a r e  covered 
i n  t a l l  f o r e s t s  of p i n e ,  wh i t e  sp ruce ,  pop l a r  and aspen. Poo r ly  d r a i n e d  
a r e a s  a r e  covered i n  b l ack  sp ruce  and tamarac.  The t e r r a i n  a long  t h e  
p i p e l i n e  r o u t e  is g e n e r a l l y  f l a t  s o u t h  of F o r t  Simpson. Much of t h i s  
a r e a  is poo r ly  d r a ined  and dominated by open c o n i f e r o u s  f o r e s t s  of dwarf 

b l a c k  s p r u c e  and tamarack. Stream banks a r e  t y p i c a l l y  g r a d u a l  sha l l ow  
s l o p e s  covered i n  t h i c k  wil low and a l d e r .  I n  n o r t h e r n  A l b e r t a ,  muskeg 
Is e x t e n s i v e  i n  poo r ly  d r a i n e d  and low l y i n g  areas. 

Permafros t  o c c u r s  i n  o v e r  8 0  pe r cen t  of t h e  s o i l s  of t h e  r o u t e  i n  
t h e  Norman Wells a r e a  and g r a d u a l l y  d imin i she s  t o  about  30 p e r c e n t  of 
t h e  r o u t e  i n  t h e  A l b e r t a  segment. 

P lann ing  and Design 

Concerns t h a t  had t o  be add re s sed  i n  t h e  p l ann ing /de s ign  of t h e  

p i p e l i n e  inc luded  : 

- p u b l i c  concern r ega rd ing  s o c i a l  and env i ronmenta l  impac ts  
o f  c o n s t r u c t i o n  and o p e r a t i o n ,  

- s e t t l e m e n t  problems due t o  permaf ros t  m e l t ,  
- f r o s t  heave,  

- s l o p e  s t a b i l i t y ,  
- c r o s s i n g  of two major r i v e r s ,  
- c r o s s i n g  of  140 water  c o u r s e s  of va ry ing  s i z e s ,  
- f r o z e n ,  bou lde r  t i l ls ,  
- s h o r t a g e s  of bedding and padding materials, 
- ve ry  l a r g e  bogs and f e n s ,  
- s c a r c i t y  of wate r  f o r  h y d r o s t a t i c  t e s t i n g ,  and 
- problems r e l a t e d  t o  f r e e z i n g  ground tempera tures .  

A d e c i s i o n  w a s  made by IPL t o  approach c o n s t r u c t i o n  of t h e  p i p e l i n e  
i n  such a  manner t h a t  conven t i ona l  d e s i g n  and c o n s t r u c t i o n  procedures  
would be used t o  t h e  maximum e x t e n t  p o s s i b l e .  F e a t u r e s  r e s u l t i n g  from 
t h e  above d e c i s i o n  i n c l u d e  : 



l o c a t i o n  of t h e  r o u t e  on p r e v i o u s l y  c l e a r e d  r i g h t s  of way and 
c l e a r i n g  one  y e a r  i n  advance of c o n s t r u c t i o n ,  
c h i l l i n g  of o i l  t o  near-ground t e m p e r a t u r e ,  
p i p e l i n e  des igned  t o  c o n t r o l  maximum compress ive  and t e n s i l e  
s t r a i n s ,  
r e d u c t i o n  of c o v e r  t o  0.76 m f o r  o v e r l a n d  p o r t i o n s  of t h e  
p i p e l i n e ,  

low s u l p h u r ,  h igh  energy  steel a l lowed  f o r  ease of welding a t  low 

t e m p e r a t u r e  and a l lowed  f o r  f r a c t u r e  arrest, 
c e r t a i n  s e c t i o n s  of t h e  p i p e  were i n s u l a t e d  t o  c o n t r o l  f r o s t  
heave ,  
o v e r  150 s l o p e s  were des igned .  C e r t a i n  c r i t i c a l  s l o p e s  
s u s c e p t i b l e  t o  thawing were i n s u l a t e d  u s i n g  a l a y e r  of wood 
c h i p s ,  

NEB approved a i r  t e s t i n g  of t h e  l i n e ,  
r emote ly  o p e r a t e d  v a l v e s  are d e s i g n e d  w i t h  r a d i o  c o n t r o l l e d  
e l e c t r o - h y d r a u l i c  o p e r a t o r s ,  
above ground p i p e ,  v a l v e s  and f i t t i n g s  a r e  d e s i g n e d  t o  a  -60° 
c r i t e r i a ,  and 
a r e a l  t ime t r a n s i e n t  model i s  be ing  developed t o  a l l o w  l e a k s  t o  

be d e t e c t e d .  

Conclusion 

The Norman Wells P i p e l i n e  is viewed by many as a p i o n e e r i n g  p i l o t  
p r o j e c t  f o r  c o n t i n u e d  r e s o u r c e  development i n  t h e  Canadian North. Our 
m o n i t o r i n g  programs which f o c u s  on v e r i f i c a t i o n  of c r i t i c a l  a s p e c t s  of 
o u r  d e s i g n ,  p rov ide  feedback  f o r  f u t u r e  development. The Norman Wel l s  
P i p e l i n e  P r o j e c t  h a s  demons t ra ted  t h a t  a p i p e l i n e  can  be b u i l t  and 
o p e r a t e d  w i t h o u t  s e r i o u s  n e g a t i v e  e f f e c t  on t h e  environment  o r  t h e  
people .  

PART I1 - THAW SETTLEMENT, DRAINAGE AND EROSION CONTROL 

I n t  roduc ' t ion  

E r o s i o n  c o n t r o l  is an i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  d e s i g n  and 
maintenance of p i p e l i n e  right-of-way. Poor d r a i n a g e  c o n t r o l  and e r o s i o n  
can c o n t r i b u t e  t o  t e r r a i n  i n s t a b i l i t y  and impairment  of a q u a t i c  h a b i t a t .  
I n  t h e  n o r t h  thaw-unstable p e r m a f r o s t  s o i l s  make d r a i n a g e  c o n t r o l  a more 
i m p o r t a n t  i s s u e .  

The d e s i g n  of d r a i n a g e  and e r o s i o n  c o n t r o l  measures  had t h r e e  main 
o b j e c t i v e s :  - t o  m a i n t a i n  p i p e l i n e  i n t e g r i t y ,  t o  m a i n t a i n  right-of-way 
i n t e g r i t y ,  and t o  p r o t e c t  t h e  environment .  

The p r i n c i p a l  f a c t o r s  c o n s i d e r e d  i n  a s s e s s i n g  t h e  rate and 
s e v e r i t y  of e r o s i o n  due t o  w a t e r  act i o n  were - v e g e t a t i o n ,  t e x t u r e ,  



s t r u c t u r e  and c h e m i s t r y  of t o p  s o i l ,  up-slope topography,  r a i n f a l l  
i n t e n s i t y  and d u r a t i o n ,  i n f i l t r a t i o n  rate f o r  s o i l ,  and sediment  load.  

The d e s i g n  approach  used f o r  t h e  p i p e l i n e  was based on c o n s i d e r a t i o n  
of - t e r r a i n  t y p e ,  s l o p e ,  d r a i n a g e  p a t t e r n s ,  and d e s i g n  flows. 

T e r r a i n  a l o n g  t h e  p i p e l i n e  was c l a s s i f i e d  i n t o  g e n e t i c  u n i t s  and 
w i t h i n  each g e n e t i c  u n i t  t h e  t e r r a i n  was f u r t h e r  c l a s s i f i e d  on t h e  basis 

of s o i l  t y p e  and g e n e t i c  o r i g i n .  

T e r r a i n  e r o d i b i l i t y  i n d i c e s  were d e r i v e d  a s  a  compos i te  of s o i l  

e r o d i b i l i t y  i n d e x ,  the rmal  e r o s i o n  s u s c e p t i b i l i t y  and t o p o g r a p h i c  index.  
A f t e r  c l a s s i f y i n g  each  a r e a  t h e  e r o s i o n  c o n t r o l  r e q u i r e m e n t s  were 
c h a r a c t e r i z e d  and d e s i g n  c h a r t s  were p repared .  

M i t i g a t i v e  Measures 

Surf a c e  Drainage 

( a )  b r e a c h i n g  b a c k f i l l  mound 

D i t c h i n g  r e s u l t s  i n  a n  e x p a n s i o n  of s o i l  volumes. To accommodate 
subsequen t  c o n s o l i d a t i o n  and s e t t l e m e n t ,  t h e  b a c k f i l l  was mounded over  
t h e  d i t c h  l i n e  t o  h e i g h t s  of up t o  2 m above mean ground l e v e l .  

In  o r d e r  t o  m a i n t a i n  c r o s s  d r a i n a g e ,  t h e  b a c k f i l l  was l e v e l l e d  f o r  

s h o r t  d i s t a n c e s .  These s h o r t  b reaches  i n  t h e  b a c k f i l l  mound were 
e s t a b l i s h e d  wherever c r o s s  d r a i n a g e  was e v i d e n t .  Where c r o s s  d r a i n a g e  
was p o o r l y  d e f i n e d ,  d r a i n a g e  was t r a i n e d  a c r o s s  t h e  d i t c h  l i n e  at  
i n t e r v a l s  up t o  500 m a p a r t .  

( b )  d i v e r s i o n  berms 

D i v e r s i o n  berms a r e  des igned  t o  be a b a r r i e r  t o  w a t e r  movement a l o n g  
t h e  right-of-way, f o r c i n g  w a t e r  o f f  t h e  right-of-way a t  s e l e c t e d  
l o c a t i o n s .  B e r m s  were c o n s t r u c t e d  of sand bags. The bags were e x p e c t e d  

t o  d e t e r i o r a t e  and t h e  s u r f a c e  of t h e  berm would be s t a b i l i z e d  by 

v e g e t a t i o n .  B e r m s  were des igned  t o  have a 10' s l o p e  a l o n g  t h e  f a c e  and 
t h e  f requency  of berm placement  w a s  a f u n c t i o n  of s l o p e  a n g l e .  

A l l  berm d e s i g n s  worked w e l l  on s t e e p  o r  we l l -de f ined  s l o p e s  where 
d r a i n a g e  d i r e c t i o n  was easy  t o  read.  A t  l o c a t i o n s  where t h e  s l o p e  a n g l e  
was low, o r  g e n e r a l  d r a i n a g e  tended t o  f o l l o w  t h e  right-of-way, w a t e r  
d i r e c t e d  o f f  t h e  right-of-way by benns o f t e n  flowed r i g h t  back f u r t h e r  
down-slope. 

D i t c h  l i n e  s u b s i d e n c e  d u r i n g  t h e  f i r s t  thaw s e a s o n  a f t e r  
c o n s t r ~ ~ c t i o n  of t e n  r e s u l t e d  i n  a  c o l l a p s e  of t h e  benns. The r e s u l t  of 

t h i s  c o l l a p s e  of t h e  berms w a s  t h a t  a l l  w a t e r  c o l l e c t e d  by t h e  berms 
above t h e  d i t c h  l i n e  w a s  channeled o v e r  t h e  c o l l a p s e d  p o r t i o n  of t h e  berm 
and t h e n  d i r e c t l y  down t h e  d i t c h  l i n e .  



I n  t h o s e  l o c a t i o n s  where thaw-unstable  s l o p e s  were e n c o u n t e r e d ,  
berms were p laced  under  a n  i n s u l a t i n g  l a y e r  of wood c h i p s .  During t h e  

f i r s t  thaw s e a s o n ,  some w a t e r  p e r c o l a t e d  th rough  t h e  berms and under  t h e  
i n s u l a t i n g  cover .  Over time, t h e  f low of w a t e r  under  t h e  i n s u l a t i n g  
s u r f a c e  might have caused a n  u n d e s i r a b l e  amount of thaw. To overcome 

t h i s  problem a  "cut-of f "  berm d e s i g n  was developed t o  p r e v e n t  a l l  down 
s l o p e  wate r  movement. A d i t c h  p lug  was i n s t a l l e d  immediate ly  u p s l o p e  of 

~ l ~ e  i n s ~ i l a t e c i  s l o p e  and a berm was keyed t o  t h e  b r e a k e r  and i n t o  t h e  

m i n e r a l  s o t l .  The u p s l o p e  f a c e s  of t h e  berm and t h e  d i t c h  b r e a k e r  were 
s e a l e d  w i t h  b e n t o n i t e .  The 'cut -off"  berm d e s i g n  h a s  ve ry  low 
p e r m e a b i l i t y  and a p p e a r s  t o  have worked w e l l .  

( c )  d r a i n a g e  d i t c h e s  

Drainage d i t c h e s  were i n s t a l l e d  where m i n e r a l  s o i l s  were c u t  t o  
e s t a b l i s h  g rade  and p o t e n t i a l  f o r  i n t e r c e p t i o n  of d r a i n a g e  w a s  high.  
The d r a i n a g e  d i t c h e s  were des igned  t o  e n s u r e  t h a t  t h e  i n t e r c e p t e d  f low i s  
c o l l e c t e d  , t a k e n  down t h e  r igh t -o f  -way i n  a c o n t r o l l e d ,  non-eros i v e  
manner and t h e n  d i r e c t e d  o f f  t h e  right-of-way. 

r e v e g e t a t i o n  

The e s t a b l i s h m e n t  of s t a b l e  v e g e t a t i o n  a l o n g  t h e  right-of-way can  
p rov ide  long term c o n t r o l  of d r a i n a g e  by reduc ing  s u r f a c e  v e l o c i t i e s .  
Wherever m i n e r a l  s o i l s  were e n c o u n t e r e d ,  a seed mix c a p a b l e  of occupying 
a v a r i e t y  of h a b i t a t s  was b r o a d c a s t  a t  30 kg/ha  immedia te ly  a f t e r  

c o n s t r u c t i o n .  A n i t rogen-phosphorous-potass ium f e r t i l i z e r  b lend  was 
a p p l i e d  a t  250 kg /ha  wherever  s e e d i n g  was done. Seed was a p p l i e d  a t  
50 kg/ha on a l l  s l o p e s .  

( e )  w a t e r c o u r s e  d e s i g n s  

Drainage c o n t r o l  was i n t e n s i v e l y  a p p l i e d  a t  a l l  w a t e r c o u r s e s .  A l l  
d e s i g n s  d i s c u s s e d  above were u t i l i z e d .  Fur the rmore ,  i n  t h e  w a t e r c o u r s e ,  
t h e  d i t c h  l i n e  was b a c k f i l l e d  w i t h  s e l e c t  material t o  t h e  o r i g i n a l  g r a d e  
of t h e  stream bed. Rock armouring w a s  p l a c e d  on t h e  d i t c h  l i n e  a t  t h e  
s t r e a m  banks. 

I n  t h e  f i r s t  thaw s e a s o n  a f t e r  c o n s t r u c t i o n  t h e r e  were i n s t a n c e s  of  
d i t c h  l i n e  s u b s i d e n c e  i n  t h e  w a t e r c o u r s e  and on t h e  banks. 

( f )  s t o c k p i l i n g  o f  m a t e r i a l s  

During t h e  f i r s t  y e a r  of m a i n l i n e  c o n s t r u c t i o n ,  l a r g e  s t o c k p i l e s  of 
sand bags were placed  n e a r  major s l o p e s  f o r  f u t u r e  remedial  work. I n  t h e  
second y e a r ,  t h e  d e s i g n  c a l l e d  f o r  s m a l l e r  c a c h e s  of a p p r o x i m a t e l y  100 
bags a t  2 km i n t e r v a l s  w i t h  p r o v i s i o n  f o r  two major  s t o c k  p i l e s  i n  e x c e s s  
o f  20,000 bags f o r  l a t e r  d i s t r i b u t i o n .  



Subsur face  Drainage 

The unconso l i da t ed  n a t u r e  of b a c k f i l l  and t h e  s u r f a c e  of t h e  p i p e  
o f f e r  a  low f r i c t i o n  seam which can  f a c i l i t a t e  s u b s u r f a c e  flow. 
Uncont ro l led ,  s u b s u r f a c e  d r a i n a g e  c a n  wash ou t  t h e  b a c k f i l l  m a t e r i a l .  
The c o l l e c t i o n  and c o n c e n t r a t i o n  of water i n  t h e  d i t c h  could a l s o  l e ad  t o  
e x c e s s  pore  p r e s s u r e s  and s lumping,  and i n  t h e  c a s e  of i c e - r i c h  
pe rmaf ro s t  s o i l s ,  r a p i d  thaw deg rada t i on .  

( a )  d i t c h  p lugs  

To preven t  e x c e s s i v e  wate r  f low down t h e  d i t c h  l i n e ,  d i t c h  p l u g s  
were designed and i n s t a l l e d  t o  reduce  v e l o c i t y  and t o  f o r c e  s u b s u r f a c e  
f low up and ou t  of t h e  d i t c h .  Di tch  p lugs  a r e  e s s e n t i a l l y  a w a l l  of low 
p e r m e a b i l i t y  t h a t  f i l l s  t h e  d i t c h  and su r rounds  t h e  pipe.  Di tch  p lugs  
were c o n s t r u c t e d  of sand bags ,  b e n t o n i t e  and g e o t e x t i l e  o r  po lyu re thane  
and ben ton i t e .  

( b )  i n s u l a t e d  s l o p e s  

Where thaw u n s t a b l e  s o i l s  were encounte red  on s t e e p e r  s l o p e s ,  t h e  
de s ign  r equ i r ed  t h a t  t h e s e  s l o p e s  be i n s u l a t e d  t o  r e t a r d  o r  p r even t  thaw. 
No s u r f a c e  wate r  must be a l lowed t o  p e r c o l a t e  down s l o p e  under  t h e  
i n s u l a t i n g  l a y e r .  Cut-off berms as d e s c r i b e d  above were used f o r  t h i s  
purpose.  

Remedial Measures 

I n  t h e  p o s t - c o n s t r u c t i o n  phase ,  d r a i n a g e  c o n t r o l  problems have  
r e s u l t e d  from: e x c e s s i v e  subs idence  of d i t c h ,  e x c e s s i v e  s u r f  a c e  f lows  
r e l a t e d  t o  impermeable permaf ros t  s o i l s ,  unusua l  p r e c i p i t a t i o n  e v e n t s ,  o r  
t h e  p resence  of h i g h l y  e r o d i b l e  s o i l s .  IPL has  developed and implemented 
a remedia l  measures program des igned  t o  e i t h e r  r e p a i r  o r  a r r e s t  problems 

as they  develop. Remedial measures a r e  implemented on a s i t e  b a s i s  and 
t h e  degree  of r e sponse  is c o n t r o l l e d  by t h e  s e v e r i t y  of t h e  problem and 
t h e  means of a c c e s s  a v a i l a b l e .  

Conclusion 

Cons ide r ab l e  e x p e r i e n c e  has  been ga ined  i n  t h e  f i e l d  of d r a i n a g e  
c o n t r o l  i n  n o r t h e r n  env i ronments  s i n c e  t h e  f i r s t  c o n s t r u c t i o n  season.  
The e v o l u t i o n  of d e s i g n s  based on t heo ry  t o  t h o s e  d e s i g n s  proven 
e f f e c t i v e  and p r a c t i c a b l e  i n  v a r i o u s  f i e l d  s i t u a t i o n s  r e f l e c t s  an on- 
going p roce s s  of improvement i n  n o r t h e r n  env i ronmenta l  management. 

On t h e  Norman Wells p i p e l i n e ,  d r a i n a g e  c o n t r o l  problems w i l l  
d i m i n i s h  over  t ime a s  d i s t u r b e d  s o i l s  c o n s o l i d a t e  and t h e  v e g e t a t i o n  
a long  t h e  right-of-way becomes b e t t e r  e s t a b l i s h e d .  N e v e r t h e l e s s ,  I P L  

w i l l  c o n t i n u e  moni to r ing  t h e  right-of-way th roughout  t h e  o p e r a t i o n a l  
l i f e  of t h e  p i p e l i n e  and is committed t o  e n s u r i n g  r a p i d  implementa t ion  
of remedial  measures. 
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A b s t r a c t  

I n t e r p r o v i n c i a l  P i p e  Line (NW) Ltd. ha s  c o n s t r u c t e d  a  323 mm 
( 12.7 i n c h )  d i a m e t e r  bu r i ed  o i l  p i p e l i n e  from Norman Wells, Northwest 
T e r r i t o r i e s  t o  Zama Lake, A lbe r t a .  The 868 km long  p i p e l i n e  c r o s s e s  
a r e a s  of d i s con t i nuous  and i n t e r m i t t e n t  pe rmaf ro s t  r e s u l t i n g  i n  
d i f f i c u l t  d e s i g n  problems p a r t i c u l a r  t o  A r c t i c  eng inee r i ng .  

Novel concep t s  were developed and implemented f o r  t h e  d e s i g n  of 

t h e  f i r s t  f u l l y  bur ied  o i l  p i p e l i n e  i n  pe rmaf ro s t  t e r r a i n .  The b a s i c  

de s ign  concep ts  i n c l u d e  s e l e c t i o n  of t h e  p i p e  d i ame te r  t o  l i m i t  energy  

i n p u t  t o  t h e  environment ,  and t o  p rov ide  f o r  i n c r e a s e d  s t r u c t u r a l  
s t r e n g t h  of t h e  p ipe  t o  a s s u r e  i t s  i n t e g r i t y  under c o n d i t i o n s  of 

l oad ings  and d i sp lacement  caused by thaw s e t t l e m e n t  and f r o s t  heave. 

Loadings a c t i n g  on t h e  p ipe  were i d e n t i f i e d  and c l a s s i f i e d  by 
t h e i r  o r i g i n  ( p r e s s u r e ,  t empera ture  d i f f e r e n t i a l  , thaw s e t t l e m e n t ,  
f r o s t  heave)  and t h e i r  type  (p r imary ;  non- re l i eved  by d i sp lacement  
and secondary;  r e l i e v e d  by d i sp lacement ) .  Both a n a l y s e s  and f i e l d  
o b s e r v a t i o n s  were made t o  enhance t h e  unde r s t and ing  of t h e  l o a d i n g s  

a c t i n g  on t h e  p ipe  as a  r e s u l t  of thaw s e t t l e m e n t  o r  f r o s t  heave. 
Relevant  models f o r  a n a l y t i c a l  t r e a tmen t  of t h e s e  phenomena were 
developed. 

Design c r i t e r i a  f o r  t h e  p i p e l i n e  were e s t a b l i s h e d .  Thermal 
ana l -y s i s  and borehole  d a t a  were used t o  d e f i n e  va lue s  of thaw 

s e t t l e m e n t  and f r o s t  heave. Acceptable  l e v e l s  of l o c a l  p i p e  

deformat ion  caused by a  concen t r a t ed  load  (e.g. p ipe  p r e s s i n g  a g a i n s t  
a boulder  were e s t a b l i s h e d .  

A n a l y t i c a l  approaches  suppor ted  by f i e l d  d a t a  and l a b o r a t o r y  

exper iments  were used t o  d e f i n e  load  d i sp lacement  r e l a t i o n s  h i p s  f o r  

s o i l  I n t e r a c t i n g  w i th  a  bu r i ed  pipe.  Both g r a v i t y  and s h e a r  l o a d s  

were eva lua t ed  and de f i ned  f o r  d i f f e r e n t  thaw s e t t l e m e n t  and f r o s t  
heave va lues .  Maximum f o r c e s  e x e r t e d  on a bu r i ed  p ipe  by a  bou lder  
have been eva lua t ed  and de f i ned .  

A t h r e e  d imens iona l  f i n i t e  e lement  i n e l a s t i c  computer model h a s  

been used t o  c a r r y  ou t  t h e  c a l c u l a t i o n s  f o r  d e f i n i n g  t h e  w a l l  
t h i c k n e s s  of t h e  p ipe  r e q u i r e d  t o  a s s u r e  conformance t o  t h e  d e s i g n  
c r i t e r i a  f o r  t h e  most c r i t i c a l  l oad ing  combinat ions .  Cases s t u d i e d  
i nc luded  thaw s e t t l e m e n t ,  f r o s t  heave and bend a n a l y s e s  w i th  t h e  
i n c l u s i o n  of s e i s m i c  induced l oad ings .  S i g n i f i c a n t  r e s u l t s  of t h e  
a n a l y s e s  a r e  d i s c u s s e d  i n  t h e  paper.  

* See L i s t  of R e g i s t r a n t s  (Appendix A )  

f o r  a f f i l i a t i o n  of au tho r s .  



The a n a l y s e s  conf i rmed t h e  v a l i d i t y  of t h e  de s ign  concep t s  
s e l e c t e d  f o r  t h e  p r o j e c t .  The r e s u l t i n g  de s ign  proved t o  be 

economical ly  v i a b l e .  A moni tor ing  program has  been sugges ted  which 
w i l l  a l l o w  f o r  i d e n t i f i c a t i o n  of thaw s e t t l e m e n t ,  as t h e  magnitude of 
t h e  s e t t l e m e n t  approaches  t h e  de s ign  va lue s .  

I n t r o d u c t i o n  

The I n t e r p r o v i n c i a l  P i p e  Line (NW) o i l  p i p e l i n e  from Norman 
Wells ,  N.W.T. t o  Z a m a ,  A l b e r t a  d i f f e r s  from t h e  p r ev ious  p r o j e c t s  i n  
i t s  de s ign  concep t s ,  s i z e  and comple t ion  phase.  The p r o j e c t  c o n s i s t s  
of 868 k m  of 323 mm p i p e l i n e  and has  t h r e e  pump s t a t i o n s  and a d e s i g n  
c a p a c i t y  of app rox ima te ly  4800 m3 /day (30,000 bpd) of c rude  o i l .  
C o n s t r u c t i o n  a c t i v i t i e s  on t h e  p r o j e c t  were commenced du r ing  t h e  
w in t e r  of 1982-1983, and f i n i s h e d  i n  t h e  s p r i n g ,  1985. The l o c a t i o n  
of t h e  p i p e l i n e  r o u t e  w i t h i n  t h e  Northwest T e r r i t o r i e s  and Northern 
A lbe r t a  is given  on F i g u r e  1. Crude o i l  c o o l i n g  w i l l  only  occu r  a t  
S t a t i o n  1 a t  Norman Wel-ls, where t h e  i n p u t  t empe ra tu r e  of t h e  o i l  i s  
approx imate ly  -2OC. 

The p i p e l i n e  was c o n s t r u c t e d  d u r i n g  t h e  w i n t e r  s ea son ,  and i n  
g e n e r a l  no permanent work pad was employed. The minimum d e p t h  of cover  
was 0.76 m ,  w i th  a n  a d d i t i o n a l  c o n s t r u c t i o n  t o l e r a n c e .  

Design approaches  and s u p p o r t i n g  a n a l y t i c a l  c a l c u l a t i o n s  t h a t  formed 
t h e  b a s i s  of t h e  de s ign  of t h i s  p i p e l i n e  are d i s cus sed  i n  t h i s  paper .  

Design Concepts 

Design concep ts  developed f o r  t h e  I P L  (NW) o i l  p i p e l i n e  d i f f e r  
s i g n i f i c a n t l y  from d e s i g n  concep t s  used f o r  o t h e r  A r c t i c  p i p e l i n e s .  
These d i f f e r e n c e s  can be summarized a s  f o l l ows :  

- l o c a t i o n  of a  bu r i ed  p i p e l i n e  i n  permaf ros t  w i l l  r e s u l t  i n  some 
d e g r a d a t i o n  of pe rmaf ro s t  and w i l l  c a u s e  d i f f e r e n t i a l  s e t t l e m e n t  of 
t h e  t e r r a i n .  The magnitude of t h e  d i f f e r e n t i a l  s e t t l e m e n t  can be 
c o n t r o l l e d  and l i m i t e d  t o  a n  a c c e p t a b l e  l e v e l  by de s ign ing  t h e  
p i p e l i n e  i n  such  a way t h a t  i t  w i l l  have a low energy  i n p u t  t o  t h e  
environment .  

- t h e  p i p e  i s  t r e a t e d  as a s t r u c t u r a l  member t h a t  i s  des igned  t o  
w i th s t and  de fo rma t ion  caused by d i f f e r e n t i a l  s e t t l e m e n t  r e s u l t i n g  
from c o n s t r u c t i o n  and o p e r a t i o n .  

- t o  t h e  e x t e n t  p o s s i b l e ,  t h e  p i p e l i n e  is  l o c a t e d  on p r e v i o u s l y  
d i s t u r b e d  and c l e a r e d  r igh t s -of  -way ( s e i s m i c  c u t  l i n e s ,  and t e l ephone  
l i n e ) .  

Loading Mechanisms Act ing on a Buried P ipe  

For a g e n e r a l  c a s e  of a  bu r i ed  p i p e l i n e ,  i t  is  convenien t  t o  g roup  
l o a d i n g s  a c t i n g  on t h e  p ipe  i n  two broad c a t e g o r i e s :  



- primary l o a d i n g s  

- secondary  l o a d i n g s .  

By d e f i n i t i o n ,  pr imary l o a d i n g s  a r e  l o a d i n g s  which a r e  no t  r e l i e v e d  
by d e f o r m a t i o n  a n d / o r  which a r e  not d i s p l a c e m e n t  l i m i t e d .  Converse1 y, 
secondary  l o a d i n g s  a r e  t h o s e  which are r e l i e v e d  by d e f o r m a t i o n  o r  which 

;Ire caused by f o r c e s  a s s o c i a t e d  w i t h  l i m i t e d  d i s p l a c e m e n t .  For t h e  

purpose of i l l u s t r a t i o n ,  i n t e r n a l  p r e s s u r e  may be c o n s i d e r e d  a s  a n  
example of pr imary l o a d i n g s ,  whi le  t e m p e r a t u r e  d i f f e r e n t i a l  might  be 

c o n s i d e r e d  t o  c a u s e  secondary  l o a d i n g s .  

From t h e  above d e f i n i t i o n ,  i t  c a n  be s e e n  t h a t  a b u r i e d  p i p e l i n e  
w i l l  be s u b j e c t e d  t o  similar pr imary  l o a d i n g s  independen t  of i ts  l o c a t i o n  
( i n  unf rozen  t e r r a i n  o r  d e g r a d i n g  p e r m a f r o s t ) .  A b u r i e d  p i p e l i n e  i n  
d e g r a d i n g  p e r m a f r o s t  and s u b j e c t e d  t o  d i f f e r e n t i a l  s e t t l e m e n t  a n d / o r  
f r o s t  heave w i l l  e x p e r i e n c e  secondary  l o a d i n g s  s i g n i f i c a n t l y  d i f f e r e n t  
from t h o s e  a c t i n g  on a  p i p e l i n e  l o c a t e d  i n  s t a b l e  t e r r a i n .  

The most i m p o r t a n t  secondary  l o a d i n g s  a f f e c t i n g  t h e  d e s i g n  of a  
p i p e l i n e  l o c a t e d  i n  pennaf ros  t a r e  t h e  l o a d i n g s  caused by d i f f e r e n t i a l  
s e t t l e m e n t ,  f r o s t  heave and seismic a c t i v i t y .  These l o a d i n g  mechanisms 
are d i s c u s s e d  i n  more d e t a i l  below. 

I n t e r n a l  p r e s s u r e  and t e m p e r a t u r e  d i f f e r e n t i a l  

O p e r a t i o n a l  l o a d i n g s  s u c h  as i n t e r n a l  p r e s s u r e  and t e m p e r a t u r e  
d i f f e r e n t i a l  a r e  de te rmined  by t h e  p i p e l i n e  sys tem,  t h e  ambient  
t e m p e r a t u r e  d u r i n g  i n s t a l l a t i o n  of t h e  p i p e l i n e  i n  t h e  d i t c h ,  and t h e  
a p p l i c a b l e  codes  and r e g u l a t i o n s .  These l o a d s  i n c l u d e  t h e  s p e c i f i e d  
i n t e r n a l  p r e s s u r e ,  t h e  t e m p e r a t u r e  d i f f e r e n t i a l ,  t h e  p i p e  weight  and 
o t h e r  l i v e  and dead loads .  The maximum a l l o w a b l e  o p e r a t i n g  p r e s s u r e  

w i t h i n  t h e  p i p e l i n e  sys tem i s  9929 kPa (1440 p.s. i . ) .  T h e r e f o r e  f o r  a  
s e l e c t e d  nominal o u t s i d e  d i a m e t e r  and a  s p e c i f i c  minimum y i e l d  s t r e s s ,  
t h e  minimum nominal w a l l  t h i c k n e s s  may be de te rmined .  The h y d r o s t a t i c  
test  p r e s s u r e  r e q u i r e d  t o  prove s t r e n g t h  is s p e c i f i e d  by t h e  a p p l i c a b l e  
r e g u l a t i o n s .  For g e n e r a l  c r o s s  c o u n t r y  b u r i e d  s e r v i c e ,  t h e  minimum 
h y d r o s t a t i c  test p r e s s u r e  is  12,410 kPa ( 1800 p .s . i . ) .  

The t e m p e r a t u r e  d i f f e r e n t i a l  is  t h e  maximum d i f f e r e n c e  between t h e  
ex t remes  of t h e  o p e r a t i n g  t e m p e r a t u r e  of t h e  f lowing  o i l ,  and t h e  so- 
c a l l e d  r e f e r e n c e  t e m p e r a t u r e .  The r e f e r e n c e  t e m p e r a t u r e  is  d e f i n e d  a s  
t h e  t h e r m a l l y  s t r e s s - f r e e  t e m p e r a t u r e  of t h e  p i p e l i n e  when l a i d  i n  t h e  
dLtch and b a c k f i l l e d .  The r e f e r e n c e  t e m p e r a t u r e  w i l l  t h e r e f o r e  be a t  o r  
n e a r  t h e  ambient a i r  and ground t e m p e r a t u r e  a t  t h e  t ime  of i n s t a l l a t i o n  
and t i e - i n .  The t e m p e r a t u r e  d i f f e r e n t i a l  u t i l i z e d  i n  t h i s  p r o j e c t  was 
a s s o c i a t e d  w i t h  t h e  maximum d i f f e r e n c e  between t h e  o p e r a t i o n a l  
t empera tu re .  The a c t u a l  t e m p e r a t u r e  d i f f e r e n t i a l  used  f o r  many of t h e  
d e s i g n  s t u d i e s  w a s  36OC (65OF). T h i s  c o r r e s p o n d s  t o  a  r e f e r e n c e  
t e m p e r a t u r e  of a p p r o x i m a t e l y  -30°C and t h e  maximum o p e r a t i n g  t e m p e r a t u r e  
of +6"C. The r e f e r e n c e  t e m p e r a t u r e  a r i s e s  from t h e  planned w i n t e r  
c o n s t r u c t i o n  season .  



The p i p e l i n e  o p e r a t i n g  p r e s s u r e  would of cou r se  d e c r e a s e  from one 
s t a t i o n  t o  t h e  nex t ,  and c e r t a i n  s e n s i t i v i t y  a n a l y s i s  were c a r r i e d  ou t  
t o  en su re  t h a t  t h e  h igh  p r e s s u r e  c a se  (9929 kPa) ,  was indeed t h e  more 
c r i t i c a l  c a s e  f o r  thaw s e t t l e m e n t  o r  f r o s t  heave a n a l y s i s .  

Thaw s e t t l e m e n t  

A s  mentioned p r e v i o u s l y ,  t h e  low energy i n p u t  from t h e  p i p e l i n e  
i n t o  t h e  permaf ros t  means t h a t  t h e  p i p e l i n e  w i l l  not  d i r e c t l y  cause  
s i g n i f i c a n t  thawing of t h e  unde r ly ing  permaf ros t .  C o n s t r u c t i o n  
d i s t u r b a n c e  and c l e a r i n g  a c t i v i t i e s  w i l l  cause  t h e  pe rmaf ro s t  t o  thaw 
ou t  s lowly  w i th  t ime i n  many l o c a t i o n s ,  because of t h e  changed s u r f a c e  
thermal  c o n d i t i o n s .  I f  s e t t l e m e n t  were t o  deve lop  un i formly ,  l i t t l e  
o r  no e f f e c t s  would be f e l t  by t h e  p i p e l i n e  r e s u l t i n g  from t h i s  thawing. 
However, a t  changes i n  t e r r a i n  c o n d i t i o n s  such a s  from bedrock t o  s o i l ,  
from i n i t i a l l y  thawed t o  f r o z e n  ground, o r  a t  sudden changes i n  
subsu r f ace  ice c o n t e n t ,  d i f f e r e n t i a l  thaw s e t t l e m e n t  may occur over  
s h o r t  d i s t a n c e s .  Because of t h e  p o s s i b i l i t y  of comple te ly  thawed s t a b l e  
s o i l  e x i s t i n g  c l o s e  t o  a permafros t  s o i l  d e p o s i t  t h a t  cou ld  s e t t l e  t o  
t h e  maximum amount, t h e  d i f f e r e n t i a l  s e t t l e m e n t  a c r o s s  t h e  t r a n s i t i o n  
was c o n s e r v a t i v e l y  assumed equa l  t o  t h e  t o t a l  s e t t l e m e n t  t h a t  cou ld  
occur  w i t h i n  a t e r r a i n  u n i t .  Th is  l oad ing  mechanism i s  i l l u s t r a t e d  on  
F igure  2. An " i n f i n i t e u  s p a n  l e n g t h  w a s  g e n e r a l l y  cons ide r ed ,  as t h i s  
u s u a l l y  provided t h e  worst  c a s e  f o r  t h e  p i p e  c o n d i t i o n s  cons ide r ed .  

Based on a  very  e x t e n s i v e  borehole  d a t a  ba se ,  thaw s e t t l e m e n t  
a n a l y s e s  were c a r r i e d  o u t  between Norman Wells and t h e  Zama Lake t e r m i n a l  
(kmp 868). Computer programs were used t o  a s s e s s  t h e  thaw s t r a i n  of 
d i f f e r e n t  s o i l  l a y e r s ,  and i n t e g r a t e  t h e s e  t o  o b t a i n  t h e  thaw s e t t l e m e n t  
o c c u r r i n g  between t h e  p ipe  base  and t h e  maximum a n t i c i p a t e d  dep th  of 
thaw. A s  t h e  p i p e  base  was t o  be l o c a t e d  somewhere between 1.06 m and 
1.3 m, and t h e  maximum a n t i c i p a t e d  thaw dep th  i n  a 25  yea r  pe r i od  based 
on  long term f i e l d  o b s e r v a t i o n s  was approx imate ly  6 m below ground 
s u r f a c e ,  t h e  dep th  of s o i l  which would thaw was de f i ned .  The d i f f e r e n t  
t e r r a i n  u n i t s  encounte red  a l ong  t h e  r o u t e  inc luded  l a c u s t r i n e  s o i l s  w i th  
o r  wi thout  a n  o r g a n i c  cover ,  and g l a c i a l  till d e p o s i t s  t h a t  cou ld  e x h i b i t  
a v a r i a b l e  dep th  of o r g a n i c  cover .  I n  one a r e a  of t h e  r o u t e  t o  t h e  sou th  
of F o r t  Simpson, t h i c k  p e a t  d e p o s i t s  were a l s o  p r e s e n t ,  and t h e s e  
r e q u i r e d  a s p e c i a l  t r e a tmen t  i n  t h e  d e s i g n  process .  

Seve ra l  n a t u r a l  thaw s e t t l e m e n t  t e s t  s i tes  were l o c a t e d  a long  t h e  
r o u t e  t o  observe  thaw s e t t l e m e n t  based on changes i n  s u r f a c e  r e l i e f .  
These test s e c t i o n s  were e s t a b l i s h e d  where a c u t l i n e  o r  right-of-way 
was known t o  have caused thawing of t h e  pe rmaf ro s t ,  and t h e  d i f f e r e n t i a l  
e l e v a t i o n  i n  ground s u r f a c e  could be observed a c r o s s  t h e  edge of t h e  
c u t l i n e  between d i s t u r b e d  and und i s t u rbed  ground. Tn a d d i t i o n ,  s e v e r a l  
p r ev ious  s t u d i e s ,  i n c l u d i n g  s i t e s  i n  t h e  F o r t  Simpson a r e a  v i s i t e d  by 
McRoberts e t .  al .  ( 1 9 7 8 ) ,  were examined t o  expand t h e  d a t a  base f o r  t h e  
p i p e l i n e  r o u t e  i n  t h i s  area. 

Based on t h e s e  thaw s e t t l e m e n t  s t u d i e s ,  a d e s i g n  d i f f e r e n t i a l  thaw 
s e t t l e m e n t  of up t o  0.8 m i n  minera l  s u b s o i l  d e p o s i t s  was e s t a b l i s h e d ,  
depending on t h e  l o c a t i o n  a long  t h e  r o u t e .  I n  g e n e r a l ,  thaw s e t t l e m e n t  



was a n t i c i p a t e d  t o  dec r ea se  from n o r t h  t o  sou th  a long  t h e  rou t e .  This  i s  
i n  response t o  a  g e n e r a l  d e c r e a s e  i n  i c e  c o n t e n t  coupled w i t h  t h e  g e n e r a l  
warning t r e n d  i n  mean ground tempera tures .  I n  a d d i t i o n ,  i n  t h e  t h i c k  
o rgan i c  s o i l  d e p o s i t s  between t h e  Mackenzie R ive r  and Zama Lake a  de s ign  
d i f f e r e n t i a l  thaw s e t t l e m e n t  o f  1.2 m was adopted.  

The l oad ing  mechanism a t  a thaw s e t t l e m e n t  t r a n s i t i o n  i n v o l v e s  
downward load ing  by t h e  s o i l  w i t h i n  t h e  thaw s e t t l i n g  zone,  and r e s t r a i n t  
t o  p ipe  movement w i t h i n  t h e  thaw s t a b l e  zone. I n  t h e  thaw s e t t l i n g  zone,  
t h e  b lock  of s o i l  ove r  t h e  p i p e ,  c ause s  downward l oad ing  a r i s i n g  from two 
sou rce s ,  namely ( a )  t h e  e f f e c t i v e  weight of t h e  s o i l  b lock  above t h e  
p ipe ;  and ( b )  s i d e  s h e a r  a long  t h e  s i d e s  of t h e  block due t o  d i f f e r e n t i a l  
movement between t h e  p i p e  and t h e  su r round ing  s e t t l i n g  s o i l .  The s i d e  
s h e a r  term was e s t ima t ed  based on t h e  e f f e c t i v e  s t r e n g t h  p r o p e r t i e s  of 
t he  b a c k f i l l  s o i l .  Within  t h e  thaw s t a b l e  zone, a r e l a t i v e l y  
c o n s e r v a t i v e  va lue  was adopted f o r  upward s o i l  r e s i s t a n c e  on t h e  thaw 
s t a b l e  s i d e  of t h e  t r a n s i t i o n .  Th is  cou ld  r e s u l t  from a n  unf rozen ,  
competent t i l l  d e p o s i t i o n  which would p rov ide  suppo r t  f o r  t h e  p ipe  a s  i t  

c ro s sed  t h e  t r a n s i t i o n .  I n  a d d i t i o n ,  downward s o i l  l o a d i n g s  would be 
e x e r t e d  on t h e  p ipe  on t h e  thaw s t a b l e  s i d e  of t h e  t r a n s i t i o n ,  due t o  t h e  
s o i l  above t h e  p i p e  a t  t h i s  l o c a t i o n .  The downward l o a d i n g  i n  t h e  thaw 
s e t t l i n g  zone was a n t i c i p a t e d  t o  i n c r e a s e  w i t h  i n c r e a s i n g  s o i l  d e n s i t y ,  
lower water  t a b l e ,  and s m a l l e r  t h i c k n e s s e s  of o r g a n i c  s o i l  cover.  
Keasonable combinat ions  of s o i l  d e n s i t y ,  t h i c k n e s s  of orgarlic cover  and 

p o s i t i o n  of water  t a b l e  were used t o  a r r i v e  a t  r e p r e s e n t a t i v e  de s ign  
downward overburden l o a d i n g s  i n  t h e  thaw s e t t l i n g  zone. Convent ional  
bea r i ng  c a p a c i t y  t heo ry  w a s  employed t o  e s t i m a t e  t h e  upward s o i l  
r e s i s t a n c e  i n  t h e  s t a b l e  zone. 

These downward l oad ings  due t o  thaw s e t t l e m e n t  subsequent  t o  
c o n s t r u c t i o n  a r e  unique and nove l  i n  p i p e l i n e  e n g i n e e r i n g ,  and a r e  not 
normal ly  encounte red  i n  conven t i ona l  p i p e l i n i n g  p r a c t i c e .  

F r o s t  heave and p r e s s u r e  dependency 

It is  no t  i n t ended  t o  o p e r a t e  t h e  o i l  p i p e l i n e  a t  t empe ra tu r e s  
s i g n i f i c a n t l y  below 0°C. However, a p o s s i b i l i t y  e x i s t s  t h a t  t h e  p ipe  may 
induce  small amounts of f r o s t  advance and heave benea th  i t .  I f  t h e  p i p e  
t r a v e r s e s  s e v e r a l  k i l o m e t r e s  of s t a b l e  pe rmaf ro s t  a t  t empe ra tu r e s  of 1 o r  
Z ° C  below f r e e z i n g  on av e rage ,  t h e  c o n t e n t s  of t h e  o i l  p i p e l i n e  w i l l  t end  
t o  adap t  t o  t h e  sur rounding  subze ro  t empera tures .  The ground tempera ture  
i n  a  permaf ros t  zone could f a l l  as low as -8 t o  -10°C i n  t h e  middle of 

w in t e r .  Should t h e  p ipe  p a s s  from t e r r a i n  u n d e r l a i n  p r i m a r i l y  by 
permaf ros t  t o  unf rozen  ground, i t  w i l l  t end  t o  form a  f r o s t  bu lb  o f  

l i m i t e d  e x t e n t  around t h e  p ipe  i n  t h e  un f rozen  s o i l  zone. S t u d i e s  were 
c a r r i e d  ou t  t o  show i n  g e n e r a l  t h a t  t h e  f r o s t  bulb  would form a p a r t  of 
a l a r g e r  l a y e r  of s ea sona l  f r o s t ,  and t h a t  t h e  o v e r a l l  s t i f f n e s s  of t h e  

s e a s o n a l  f r o s t  - permafros t  t r a n s i t i o n  would be s u f f i c i e n t  t o  p reven t  
e x c e s s i v e  c u r v a t u r e s  i n  t h e  ground a t  t h e  p i p e  l o c a t i o n .  Th i s  a n a l y s i s  
invo lved  s t u d y i n g  t h e  c u r v a t u r e  of t h e  ground a t  t h e  t r a n s i t i o n  between 
t h e  permaf ros t  and f r o s t  bu lb ,  and is similar t o  t h a t  d e s c r i b e d  by Nixon 
et a l ,  (1983).  



A s  s t r e am c r o s s i n g s ,  however, and f o r  some ove r l and  p ipe  l o c a t i o n s ,  
t h e  p ipe  wi l l .  be bu r i ed  deepe r  i n  un f rozen  s o i l  a t  sag  bends. The f r o s t  
bu lb  around t h e  p ipe  may n o t  form p a r t  of t h e  s e a s o n a l  f r o s t  zone i n  
t h e s e  c a s e s ,  and s e p a r a t e  p i p e l i n e  stress a n a l y s e s  were r e q u i r e d  t o  
i n c o r p o r a t e  t h e s e  e f f e c t s  i n t o  t h e  p i p e  de s ign .  Sag beads were 
i d e n t i f i e d  as being p a r t i c u l a r l y  a c u t e  a r e a s  f o r  f r o s t  heave a n a l y s i s ,  a s  
upward p r e s s u r e  a t  t h e  apex of a s a g  bend would i n c r e a s e  t h e  compress ive 
s t r a i n s  i n  t h e  pipe.  These a d d i t i o n a l  s t r a i n s  i n c r e a s e  t h e  compress ive 
s t r a i n s  a l r e a d y  p r e s e n t  i n  t h e  p ipe  due t o  t empe ra tu r e  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 su re .  Consequent ly ,  t h e  f r o s t  heave p o t e n t i a l  of t h e  s o i l  
beneath  t h e  p i p e l i n e  was e v a l u a t e d ,  and i n p u t  paramete rs  were p rov ided  
t o  t h e  stress a n a l y s i s  t o  i n d i c a t e  t h e  a d d i t i o n a l  s t r a i n s  imposed on t h e  
p ipe  by f r o s t  heav ing  a c r o s s  a f rozen-unfrozen t r a n s i t i o n .  

Seismic e f f e c t s  

A bu r i ed  p i p e l i n e  i s  p o t e n t i a l l y  s u b j e c t  t o  a range  of l o a d i n g  
c o n d i t i o n s  from s e v e r a l  s e i s m i c  hazards .  The s t r o n g  ground mot i o n s  
induced by a s e i s m i c  even t  a r e  c h a r a c t e r i z e d  by a s e r i e s  of ground waves 
which can impose s t r a i n s  on bu r i ed  p i p e l i n e s .  The a d d i t i o n a l  s t r a i n i n g  
imposed by s e i s m i c  motions  was cons ide r ed  i n  t h e  d e s i g n  of t h e  Norman 
Wells p i p e l i n e .  No known a c t i v e  f a u l t s  were i d e n t i f i e d  i n  t h e  Mackenzie 
Va l l ey ,  t h e r e f o r e  ground r u p t u r e  due t o  f a u l t i n g  was n o t  cons ide r ed  a s  a 
d e s i g n  i s s u e  f o r  t h i s  r ou t e .  Se i smic  a c c e l e r a t i o n s  were a l s o  i n t roduced  
i n t o  t h e  s t a b i l i t y  a n a l y s i s  f o r  s l o p i n g  t e r r a i n  u s i n g  Newmark's (1965)  
method f o r  i n c o r p o r a t i n g  s e i s m i c  a c c e l e r a t i o n  i n t o  s l o p e  s t a b i l i t y  
a n a l y s i s .  A review of a v a i l a b l e  i n f o r m a t i o n  i n d i c a t e d  t h a t  t h e  s o i l s  
encountered a long  t h i s  r o u t e  were not  s u s c e p t i b l e  t o  l i q u e f a c t i o n .  The 
s e i smic  de s ign  c r i t e r i a  f o r  t h e  Norman Wells  p i p e l i n e  were based on  t h o s e  
l a i d  ou t  by Newmark (1974) and H a l l  and Newmark (1977).  The concept  of 
t h e  d e s i g n  probab le  e a r t hquake  (DPE) and a  de s ign  maximum ea r thquake  
(DME) was c o n s i d e r e d ,  as t h e s e  encompass two l e v e l s  of ea r thquake  hazard.  
The lower l e v e l  of haza rd ,  t h e  DPE, is a s s o c i a t e d  w i th  a r e t u r n  p e r i o d  
f o r  t h e  d e s i g n  even t  of approx imate ly  50 y e a r s  and t h e  h i g h e r  even t  has 
a l onge r  r e t u r n  pe r i od  of  100 t o  200 yea r s .  

In  g e n e r a l ,  t h e  impact of s e i s m i c  a s p e c t s  on t h e  p i p e l i n e  d e s i g n  
was very  minor ,  due t o  t h e  r e l a t i v e l y  low l e v e l  of h i s t o r i c a l  s e i s m i c  
a c t i v i t y  i n  t h e  a r e a .  

Based on t h e  recommendations of Newmark (1974) ,  and subsequent  
upda t i ng  by Hardy Assoc i a t e s  ( 1978) Ltd.  , ground a c c e l e r a t i o n s  f o r  
t h e  DME o f  12 and 3% r e s p e c t i v e l y  were e s t a b l i s h e d  f o r  t h e  two zones  
i d e n t i f i e d  a long  t h e  r o u t e ,  w i th  a s s o c i a t e d  v e l o c i t i e s  of 15  and 
4 cmlsec.  Using Newmark's p rocedure  f o r  o b t a i n i n g  p i p e  s t r a i n s  based 
on t h e s e  va lue s ,  s t r a i n s  of 2.5 x  lo* and 0.66 x lo* were e s t a b l i s h e d  
f o r  unf rozen  s o i l s ,  and 1.25 x  lo* and 0.33 x lo* were e s t a b l i s h e d  
f o r  pe rmaf ro s t  s o i l  c o n d i t i o n s  w i t h i n  t h e  two zones i d e n t i f i e d .  These 
s t r a i n s  were reduced by 15% f o r  t h e  d e s i g n  probab le  e a r t hquake  even t .  
S t r a i n s  induced by s e i s m i c  e f f e c t s  were cons ide r ed  a d d i t i o n a l  t o  t h o s e  
a r i s i n g  from t h e  o t h e r  l o a d i n g  mechanisms o u t l i n e d  above. 



DESIGN CRITERIA 

S t r u c t u r a l  and g e o t e c h n i c a l  de s ign  c r i t e r i a  have been developed 
t o  p l ace  l i m i t a t i o n s  on a l l owab le  s t r e s s e s  and s t r a i n s  i n  t h e  p ipe  and 
a c c e p t a b l e  amounts of d i f f e r e n t i a l  s e t t l e m e n t  and f r o s t  heave. 

S t r e s s  and s t r a i n  c r i t e r i a  

Combined c i r c u ~ n f e r e n t i a l  and l o n g i t u d i n a l  stresses computed on a n  

c l a s  t i c  b a s i s  were l i m i t e d  t o  p reven t  e x c e s s i v e  d u c t i l e  y i e l d i n g  w i t h i n  
t h e  p ipe .  The maximum l o n g i t u d i n a l  compress ive s t r a i n s  were l i m i t e d  
t o  p reven t  l o c a l  buck l ing  of t h e  p ipe  wal l .  The maximum l o n g i t u d i n a l  
t e n s i l e  s t r a i n s  were l i m i t e d  t o  p r even t  e x c e s s i v e  t e n s i l e  y i e l d i n g  i n  

t h e  p ipe  wa l l .  These s t r a i n s  were computed u s ing  a n  i n e l a s t i c  a n a l y s i s .  

The s t r e s s  l i m i t s  used f o r  t h e  p r o j e c t  are t h o s e  d i c t a t e d  by t h e  O i l  

P i p e l i n e  Regu l a t i ons  i s s u e d  by t h e  N a t i o n a l  Energy Board of Canada and 

CSA Standard  2183-M1982. 

The maximum l o n g i t u d i n a l  t e n s i l e  s t r a i n  w a s  l i m i t e d  t o  0.5%. 

The maximum l o n g i t u d i n a l  compress ive s t r a i n  f o r  a p r e s s u r i z e d  p ipe  

was l i m i t e d  t o  -0.75%. For t h e  de s ign  c o n d i t i o n ,  0.667 t o  0.889 of t h e  
a l l owab le  s t r a i n s  were used f o r  s t a t i c  l oads ,  and f o r  s t a t i c  p lu s  s e i s m i c  
l o a d s  r e s p e c t i v e l y .  Local  de format ion  ( o u t  of roundness )  was l i m i t e d  

t o  5X o t  L l ~ e  o u t s i d e  d i ame te r  fo r  construction l o ad ings  R I I ~  15X o f  t l~e  

outs i t l e  d iamete r  f o r  o p e r a t i o n a l  l oad ings .  

Thaw s e t t l e m e n t  

As mentioned above,  d e t a i l e d  thaw s e t t l e m e n t  c a l c u l a t i o n s  and 
f i e l d  o b s e r v a t i o n s  were c a r r i e d  ou t  t o  e s t a b l i s h  t h e  l i k e l y  t o t a l  and 

d i f f e r e n t i a l  thaw s e t t l e m e n t  a l ong  t h e  p i p e l i n e  rou t e .  These v a l u e s  
were e s t a b l i s h e d  t o  be 0.8 m w i t h i n  t h e  f i r s t  78 km s o u t h  of Norman 
Wel l s ,  0.75 m i n  t h e  r eg ion  l y i n g  between 78  and 440 km s o u t h  of  Norman 
Wel.ls, and 0.7 m f o r  pe rmaf ro s t  a r e a s  a l ong  t h e  remainder  of t h e  rou t e .  
In a r e a s  of t h i c k  p e a t ,  t h e  d e s i g n  thaw s e t t l e m e n t  was t a k e n  t o  be 

1.2 m. These a r e  reasonable  maxima f o r  much of t h e  t e r r a i n  covered ,  but 

may no t  i n c l u d e  o c c a s i o n a l  extreme amounts of thaw s e t t l e m e n t  a t  i s o l a t e d  

l o c a t i o n s .  A s  o u t l i n e d  l a t e r ,  t h e s e  w i l l  be i d e n t i f i e d  by moni to r ing .  
S o i l  stress a n a l y s e s  a ccoun t i ng  f o r  s o i l  a r c h i n g  and c o n t i n u i t y  a c r o s s  
a  thaw s e t t l e m e n t  t r a n s i t i o n  i n d i c t e d  t h a t  t h e  de s ign  s e t t l e m e n t  cou ld  
occur  over  a  d i s t a n c e  i n  t h e  range of  5 m o r  l e s s .  I n  view of t h e  
general .  l a c k  of i n fo rma t ion  on t h e  development of d i f f e r e n t i a l  se t t l .ement  

wi th  d i s t a n c e ,  a  t r a n s i t i o n  l e n g t h  o f  1.5 m w a s  s e l e c t e d  as a  

c o n s e r v a t i v e  d i s t a n c e  over  which t h e  de s ign  s e t t l e m e n t  wou1.d develop.  

F ro s t  heave 

The ground t empe ra tu r e s  w i t h i n  a  s t a b l e  permaf ros t  d e p o s i t  were 
ana lyzed  t o  o b t a i n  t h e  a n t i c i p a t e d  o i l  t empe ra tu r e  f o r  f r o s t  heave 
a n a l y s i s .  The f lowing  o i l  t empe ra tu r e  was assumed t o  be e q u a l i z e d  w i t h  
t h e  ground tempera ture  a t  b u r i a l  dep th  i n  s t a b l e  permaf ros t .  When t h e  
p ipe  passed from f r o z e n  t o  unf rozen  ground, i t  was assumed t h a t  t h e s e  



temperatures  were imposed d i r e c t l y  on t h e  o u t e r  s u r f a c e  of t h e  p ipe  
causing t h e  growth of a  f r o s t  bulb beneath t h e  pipe. A two-dimensional 
geothermal s imu la t ion  was then c a r r i e d  out  t o  determine the  growth of t h e  
f r o s t  bulb around t h e  pipe us ing  t h e  Hardy Assoc ia tes  (HAL) geothermal 
s imu la to r ,  a s  descr ibed  by Nixon (1983).  Typica l  r e s u l t s  f o r  t h i s  
a n a l y s i s  a r e  shown on Figure  3. 

Knowing the  depth of f r o s t  advance beneath t h e  p ipe ,  and t h e  thermal  
g r a d i e n t  a t  t h e  f r o s t  l i n e ,  an a n a l y s i s  of t h e  amount of f r o s t  heave was 
c a r r i e d  out .  This  was completed us ing  t h e  f r o s t  heave theory of Konrad 
and Morgenstern (1982) and t h e  i n t e g r a t i o n  method descr ibed  by Nixon 
(1982).  The f r o s t  heave p r o p e r t i e s  of Calgary s i l t  were adopted t o  
provide a  reasonably conserva t ive  e s t i m a t e  of f r o s t  heaving i n  t h e  

f ine-grained s o i l s  a long the  rou te .  This  m a t e r i a l  is known t o  be h igh ly  
f r o s t  s u s c e p t i b l e ,  d i s p l a y s  a  high seg rega t ion  p o t e n t i a l ,  and has been 
s u b j e c t  t o  i n t e n s i v e  s tudy  by many r e sea rche r s  f o r  s e v e r a l  years .  In  
a d d i t i o n ,  f u r t h e r  c a l c u l a t i o n s  were c a r r i e d  out  t o  i n d i c a t e  t h e  p re s su re  
dependency of f r o s t  heaving. This  was r equ i r ed  l a t e r  when c a r r y i n g  out  
s t r e s s  a n a l y s i s  on t h e  p i p e l i n e ,  t o  provide the  r e l a t i o n s h i p  between pipe 
heave and inc reased  p re s su re  exe r t ed  by t h e  pipe. 

The p red ic t ed  f r o s t  heave experienced by t h e  p ipe  a t  normal 
overburden p re s su res  var ied  between 125 mm (4.5 i nches )  t o  97 mm 
(3.8 inc.hes) depending on the  l o c a t i o n  along t h e  p i p e l i n e  route .  This  
maximum f r o s t  heave was u s u a l l y  experienced dur ing  t h e  second o r  t h i r d  
year of ope ra t ion ,  a s  t h e  p ipe  u s u a l l y  experienced a  lesser amount of 
f r o s t  heave i n  t h e  f i r s t  year .  I n  l a t e r  yea r s ,  t he  equ i l i b r ium f r o s t  
depth achieved i n  t he  second o r  t h i r d  was n o t  exceeded. Fu r the r  ana lyses  
were c a r r i e d  out  t o  i n d i c a t e  t h e  b e n e f i c i a l  e f f e c t s  of 5  cm of ure thane  
i n s u l a t i o n  wrapped around t h e  pipe. This i n d i c a t e d  t h a t  i n  t h e  more 
n o r t h e r l y  r eg ions ,  t h e  f r o s t  heave beneath an  i n s u l a t e d  p ipe  could be 
reduced t o  79 mm (3.1 i nches )  and f u r t h e r  south  could be reduced t o  
63 mm (2.5 inches) .  

The shape of t h e  f r o s t  heave t r a n s i t i o n ,  o r  a l t e r n a t i v e l y  t h e  r a t e  
a t  which t h e  f r o s t  heave a c r o s s  t he  t r a n s i t i o n  develops is an important  
parameter i n  t h e  s t r e s s  a n a l y s i s .  C lea r ly ,  i f  t h e  f r o s t  heave is  assumed 
t o  develop suddenly a t  a  t r a n s i t i o n ,  thereby c r e a t i n g  a  sudden s t e p  
inc rease  i n  t h e  e l e v a t i o n  of t h e  p i p e l i n e  t r ench  base,  t h i s  w i l l  p rovide  
f o r  t he  most conse rva t ive  o r  extreme pipe cu rva tu re s  and s t r a i n s .  This 
is l i k e l y  too conse rva t ive ,  a s  f r o s t  heave i s  l i a b l e  t o  develop over  some 
s h o r t  t r a n s i t i o n  l eng th ,  even though t h e  s o i l  type change i s  sudden. For 
t hese  s t u d i e s ,  t he  f r o s t  heave was assumed t o  develop over  a  t r a n s i t i o n  
1.5 m i n  length.  This  was based on geothermal a n a l y s i s  showing t h a t  t he  
f r o s t  bulb would j o i n  g radua l ly  onto  the  v e r t i c a l  permafrost  i n t e r f a c e ,  
and would not a d j o i n  i t  suddenly a t  r i g h t  angles .  

Geotechnical  I n ~ u t  t o  S t r e s s  Analvsis  

Load displacement  r e l a t i o n s h i p s  

Load displacement  r e l a t i o n s h i p s  were r equ i r ed  by t h e  p i p e l i n e  s t r e s s  
a n a l y s i s  t o  model t h e  i n t e r a c t i o n  between t h e  pipe and t h e  surrounding 



s o i l .  The pre -y ie ld  de fo rma t ions  cou ld  be p r e sen t ed  by a  s p r i n g  

c o n s t a n t ,  K ,  and t h e  r e l a t i o n s h i p  between load  and deformat ion  was 
assumed t o  be 

P = K e y  f o r  less t h a n  y f ,  

P = 
' u l t ima t e  

f o r  y  g r e a t e r  t han  y f .  

P = load  p e r  u n i t  l e n g t h  of p i p e ,  
y  = p i p e  d i sp l acemen t ,  and 
yf = p ipe  d i sp lacement  a t  s o i l  y i e l d i n g .  

A s  t h e  edge of t h e  t r a n s i t i o n  was approached,  t h e  u l t i m a t e  y i e l d  

p o i n t  of t h e  s o i l  was assumed t o  d e c r e a s e  t o  approx imate ly  50% of  i t s  
nominal va lue  on f l a t  t e r r a i n .  Th is  is  due t o  t h e  r e d u c t i o n  i n  bea r i ng  

suppo r t  r e s u l t i n g  from t h e  l o s s  of h o r i z o n t a l  ground suppo r t  i n  t h e  
l o n g i t u d i n a l  d i r e c t i o n .  

Gr av i t v  l o a d i n g  i n  thaw s e t t l i n e  zone 

A s  mentioned e a r l i e r ,  t h e  downward ( g r a v i t y  l o a d i n g )  on t h e  p ipe  i n  
t h e  thaw s e t t l i n g  zone was computed based on t h e  e f f e c t i v e  weight of s o i l  
over  t h e  p ipe  coupled w i th  t h e  s i d e  s h e a r  e x e r t e d  between t h e  s o i l  pr ism 

and t h e  sur rounding  s e t t l i n g  R.O.W. T h i s  is  shown s c h e m a t i c a l l y  i n  
F igu re  4. Thi s  is  t h e  most impor t an t  pa ramete r  i n  t h e  thaw s e t t l e m e n t  

a n a l y s i s ,  as i t  is  t h e  b a s i c  l oad ing  mechanism on t h e  p ipe .  S t r a i n s  and 

c u r v a t u r e s  i n  t h e  s t r u c t u r e  w i l l  u l t i m a t e l y  be s t r o n g l y  dependent on t h i s  
va lue .  For a r e a sonab l e  combinat ion of p o s i t i o n  of t h e  wa t e r  t a b l e ,  
t h i c k n e s s  of o r g a n i c  cove r ,  and d e n s i t y  of t h e  mine ra l  s o i l ,  downward 
g r a v i t y  l o a d i n g s  f o r  d i f f e r e n t  segments of t h e  p i p e l i n e  r o u t e  were 

c a l c u l a t e d  and i n p u t  t o  t he  stress a n a l y s i s .  A d d i t i o n a l  l o a d i n g s  due t o  

t h e  weight of p i p e ,  c o n t e n t s  and p o s s i b l e  buoyancy weigh t ing  r equ i r emen t s  

were then  i nc luded .  

U p l i f t  r e s i s t a n c e  f o r  f r o s t  heave a n a l y s i s  

The r e s i s t a n c e  of t h e  f r o z e n  s o i l  i n  t h e  s t a b l e  pe rmaf ro s t  i s  a n  
im por t an t  i n p u t  to t h e  f r o s t  heave a n a l y s i s .  Th i s  was ana ly sed  u s i n g  
two d i f f e r e n t  p o s s i b l e  modes of y i e l d i n g  of t h e  p i p e  i n  t h e  f r o z e n  s o i l ,  
namely ( a )  v i s c o u s  c r e e p  of t h e  p ipe  upwards th rough  t h e  f r o z e n  s o i l ,  
and ( b )  a n  a n a l y s i s  assuming no t e n s i o n  i n  t h e  f r o z e n  s o i l  and upward 
f l e x u r e  of two f r o z e n  s o i l  ' c a n t i l e v e r s u  a d j a c e n t  t o  t h e  p ipe .  These a r e  

i l l - u s t r a t e d  on F i g u r e  5. The former method was similar t o  t h e  p rocedure  

o u t l i n e d  by Nixon (1978) f o r  t h e  de s ign  of s t r i p  f o o t i n g s  on permaf ros t .  
The second procedure  is  a new a n a l y s i s  which sums t h e  two components of 
t h e  u p l i f t  r e s i s t a n c e ,  i.e. t h e  weigh t  of t h e  s o i l  "blocks"  ove r  t h e  p ipe  
t o g e t h e r  wi th  t h e i r  f l e x u r a l  r e s i s t a n c e  t o  upward movement. There e x i s t s  
a  minimum, o r  optimum u p l i f t  r e s i s t a n c e  f o r  a  c e r t a i n  width of t he  

h o r i z o n t a l  c r a c k s  ex t end ing  o u t  from t h e  pipe.  

Both a n a l y s e s  converged on a similar answer ,  and t h e  u p l i f t  
r e s i s t a n c e  was c a l c u l a t e d  t o  be i n  t h e  range of 220 kN/m (15,000 l b s /  

f t ) ,  assumed t o  be mobi l i zed  a t  a y i e l d  d i sp lacement  of  5 nun (0.2 i n c h ) .  



This  e l a s t i c - p l a s t i c  i d e a l i z a t i o n  of a  r a t h e r  more complex v i s c o u s  

hehaviour  of f r o z e n  s o i l  was used t o  r e p r e s e n t  t h e  r e s i s t a n c e  of t h e  

f r o z e n  s o i l  t o  upward p i p e  motion. 

Loca l i zed  l o a d i n g s  on t h e  p i p e  

Should t h e  p i p e  t r e n c h  e n c o u n t e r  a  b o u l d e r  immediate ly  benea th  t h e  
t r e n c h  b a s e ,  and thaw s e t t l e m e n t  o c c u r s  s u b s e q u e n t l y  a d j a c e n t  t o  t h e  
bou lder  l o c a t i o n ,  a  c o n c e n t r a t i o n  of s t r e s s e s  might o c c u r  i n  t h e  p i p e  
suppor ted  on t h e  " p o i n t  load"  p rov ided  by t h e  bou lder .  S t r e s s  a n a l y s i s  
w i l l  show t h a t  a  c o n c e n t r a t e d  load  of a  l a r g e  enough magni tude would 
c a u s e  d e n t i n g  of t h e  pipe .  A g e o t e c h n i c a l  a n a l y s i s  was c a r r i e d  o u t  t o  
i n d i c a t e  t h e  magnitude of t h e  l o a d i n g  which c o u l d  be e x e r t e d  by a  l a r g e  

cobb le  o r  b o u l d e r  embedded i n  a  s o i l  m a t r i x .  D e t a i l s  of t h i s  a n a l y s i s  
a r e  beyond t h e  scope  of t h i s  paper ,  but  i t  is  s u f f i c i e n t  t o  say  t h a t  f o r  
b o u l d e r s  up t o  a s i z e  of 0.15 t o  0 .3  m ,  t h e  cobb le  o r  b o u l d e r  would t end  
t o  punch i n t o  t h e  s o i l  and n o t  c a u s e  s i g n i f i c a n t  i n c r e a s e s  i n  stress a t  
t h e  base  of t h e  p ipe .  

S t r e s s  A n a l y s i s  

The assessment  of t h e  g e o t e c h n i c a l  i n f o r m a t i o n  developed a s  a  b a s i s  
f o r  t h e  s t r e s s  a n a l y s i s  conf i rmed t h e  b a s i c  d e s i g n  concep t  t h a t  t h e  
pa ramete rs  of t h e  p i p e  ( g r a d e  and w a l l  t h i c k n e s s )  wi1.l be governed by t h e  
r e q u i r e d  s t r u c t u r a l  r esponse  of t h e  p i p e  t o  t h e  secondary- type l o a d i n g s  
caused by d i f f e r e n t i a l  s e t t l e m e n t  and f r o s t  heave.  The stress a n a l y s i s  
w a s  c a r r i e d  o u t  u s i n g  t h e  th ree -d imens iona l  f i n i t e  e lement  computer 
program "SAVFEM" ( S t r u c t u r a l  A n a l y s i s  Via F i n i t e  Element Method), a s  
d e s c r i b e d  by Workman (1977).  For example,  t h e  thaw s e t t l e m e n t  problem 
h a s  been i d e a l i z e d  a s  shown on F i g u r e  6. 

Cases  s t u d i e d  

The b a s i c  r e a s o n s  used f o r  s e l e c t i o n  of c a s e s  w i t h i n  t h e  scope  of  
t h e  s t r e s s  a n a l y s i s  were ( a )  t o  enhance t h e  u n d e r s t a n d i n g  of t h e  impact 
of t h e  d i f f e r e n t  i n p u t  pa ramete rs  on t h e  r e s u l t s  of t h e  a n a l y s i s ;  ( b )  t o  
deve lop  a  r e p r e s e n t a t i v e  model o r  models t o  be anal.yzed i n  d e t a i l ;  ( c )  t o  
complete  a  p a r a m e t r i c  s t u d y  of v a r i a b l e s ,  and;  ( d )  t o  comple te  a  s e r i e s  
of  des ign- type  a n a l y s e s .  The f o l l o w i n g  problem a r e a s  have been ana lyzed  
in d e t a i l :  ( i )  d i f f e r e n t i a l  p i p e  s e t t l e m e n t ;  ( i i )  f r o s t  heave ;  ( i i i )  
l o c a l i z e d  d e n t i n g  caused by l a r g e  bounders ,  and ( i v )  bends.  

The f o l l o w i n g  a r e  some c o n c l u s i o n s :  

- t h e  d e p t h  of c o v e r  o v e r  t h e  p i p e l i n e  s t r o n g l y  a f f e c t s  t h e  l o a d i n g  
on t h e  p i p e  s u b j e c t e d  t o  d i f f e r e n t i a l  s e t t l e m e n t .  C o n s i d e r i n g  t h e  
l o c a t i o n  of t h e  proposed p i p e l i n e  i n  a remote  a r e a ,  t h e  minimum 
d e p t h  of c o v e r  w a s  reduced t o  0.76 m from t h e  1.0 m r e q u i r e d  by 
t h e  o i l  p i p e l i n e  r e g u l a t i o n s  of t h e  N a t i o n a l  Energy Board of Canada 
( N E B ) .  



- the  magnitude of f r o s t  heave p r e d i c t e d  f o r  t h e  bare  p ipe  a t  s t r e a m  
c r o s s i n g s  cannot be accommodated by r ea sonab l e  i n c r e a s e s  i n  t h e  w a l l  
t h i c k n e s s  of t h e  pipe.  The amount of t h e  f r o s t  heave i n  such a r e a s  
ha s  t o  be c o n t r o l l e d  th rough  t h e  use  of the rmal  i n s u l a t i o n .  

- the  w a l l  t h i c k n e s s  of t h e  p ipe  r e q u i r e d  t o  w i th s t and  t h e  a n t i c i p a t e d  

amount of d i f f e r e n t i a l  s e t t l e m e n t  f o r  t h e  s p e c i f i e d  downward l o a d s  

is shorn  i n  T a b l e  1. These w a l l  t h i c k n e s s e s  should  be compared w i t h  
t h e  wall t h i c k n e s s  of 6.22 mm (0.245 i n c h ) ,  based on t h e  e l a s t i c  

c i r c u m f e r e n t i a l  stress l i m i t  i g n o r i n g  secondary l o a d i n g s  such a s  
f r o s t  heave o r  thaw s e t t l e m e n t .  

- l o c a l i z e d  d e n t i n g  caused by t h e  p r e sence  of l a r g e  bou lde r s  w i t h i n  
t h e  t r a n s i t i o n  zone of s e t t l i n g  p i p e  d i d  not  exceed 15% of  t h e  
d i ame te r  of t h e  pipe.  

- s t r a i n s  a t  t h e  p ipe  bends caused by p r e s s u r e  and t empe ra tu r e  
d i f f e r e n t i a l  were below t h e  c r i t e r i a  s e t  f o r  t h e  p r o j e c t .  

Moni tor ing During Opera t ion  

Ground t empe ra tu r e s  a r e  be ing  moni tored a t  s e v e r a l  l o c a t i o n s  a l o n g  
t h e  r o u t e  bo th  by I n t e r p r o v i n c i a l  P ipe  L ine  (NW) Ltd. and t h e  Department 
of  Energy, Mines and Resources  Canada. P ipe  t empe ra tu r e s  are a l s o  
measured,  t o g e t h e r  w i t h  p rob ing  t o  r e co rd  t h e  p ipe  e l e v a t i o n .  

The e f f e c t s  of thaw s e t t l e m e n t  w i l l  be moni tored by v i s u a l  
o b s e r v a t i o n s  a long  t h e  r o u t e  a t  s e v e r a l  times d u r i n g  t h e  i n i t i a l  y e a r s  

of ope ra t i on .  A s  t h e  de s ign  thaw s e t t l e m e n t  is i n  t h e  range o f  0.7 t o  

0.8 m ,  and t h e  p i p e l i n e  is  des igned  t o  s a f e l y  accommodate s e t t l e m e n t s  
of t h i s  magnitude,  it is appa ren t  t h a t  s e t t l e m e n t s  w i l l  become c l - e a r l y  

v i s i b l e  be fo r e  a  problem deve lops  w i t h  e x c e s s i v e  p ipe  s t r a i n .  
Se t t l emen t s  of t h i s  o r d e r  can be r e a d i l y  observed by an  e n g i n e e r  wal-king 
t h e  l i n e ,  o r  f l y i n g  t h e  r o u t e  a t  low a l t i t u d e .  Regular  o b s e r v a t i o n s  w i l l  

c o n s t i t u t e  t h e  most impor t an t  a s p e c t  of mon i to r i ng  t o  a n t i c i p a t e  thaw 
s e t t l e m e n t  problem a r e a s .  Areas d e l i n e a t e d  by t h e s e  v i s u a l  o b s e r v a t i o n s  
w i l l  be s u b j e c t  t o  f u r t h e r  s c r u t i n y ,  and w i l l  be f l agged  as a r e a s  f o r  
p o s s i b l e  maintenance.  
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QUILL CREEK TEST FACILITY 

D.E. F i e l d e r *  

I n t r o d u c t i o n  

The p o r t i o n  of t h e  Alaska Highway Gas P i p e l i n e  System ( P l a t e  No. 1 )  
t h a t  w i l l  run through Yukon w i l l  encounter  i c e - r i ch  permafrost .  S tud ies  
have i n d i c a t e d  t h a t  t h e  p i p e l i n e  would be cons t ruc t ed  and opera ted  i n  t h e  
most cos t e f f i c i e n t  manner i f  t h e  f l o o r i n g  gas  tempera ture  is kep t  below 
O°C west of  Kluane Lake and above O°C a c r o s s  and e a s t  of  Kluane Lake 
( P l a t e  No. 2 ) .  West of Kluane Lake t h e  co ld  p i p e l i n e  w i l l  encounter  
non-frozen a r e a s  where a  f rozen  annulus  w i l l  develop around t h e  p ipe  and 
where f r o s t  heave may t h e r e f o r e  occur .  Many s t u d i e s  have been undertaken 
by many people  t o  a t tempt  t o  determine t h e  amount of heave t h a t  may occur  
and t h e  e f f e c t  of t h a t  heave on t h e  p i p e l i n e s .  Severa l  f i e l d  test sites 
have been e s t a b l i s h e d  by va r ious  companies and c o n s o r t i a  t o  determine 
what w i l l  happen w i t h  r e s p e c t  t o  f r o s t  heave and t o  v e r i f y  p r e d i c t i o n s .  

Q u i l l  Creek is d i f f e r e n t .  Q u i l l  Creek may be cons idered  t o  be a  "Thaw 
Set t lement"  test  f a c i l i t y ,  bu t  even t h a t '  d e s c r i p t i o n  i s  not e n t i r e l y  
c o r r e c t  a s  we were t e s t i n g  warm f low des igns  t h a t  we b e l i e v e  would 
r e s u l t  i n  ze ro  o r  accep tab l e  thaw s e t t l e m e n t .  We were t h e r e f o r e ,  from 
a  geothermal p e r s p e c t i v e  i n t e r e s t e d  i n  f i e l d  t e s t i n g  des igns  which would 
be a p p l i c a b l e  e a s t  of Kluane Lake - t h e  warm f low s e c t i o n .  

Add i t i ona l ly ,  some c o n s t r u c t i o n  procedures  were t e s t e d  which a r e  
a p p l i c a b l e  t o  bo th  warm and co ld  f low a r e a s  and p a r t i c u l a r l y  t o  t h e  
i n s t a l l a t i o n  of l a r g e  (1219 mm) p ipe l$nes  i n  a r e a s  con ta in ing  i c e - r i c h  
permafrost .  

This  p r e s e n t a t i o n  d e s c r i b e s :  

- what w e  s e t  ou t  t o  do,  
- where we d id  i t ,  
- how we d i d  i t ,  and 
- some of t h e  r e s u l t s  of our  work. 

Ob jec t ives  of t h e  Q u i l l  Creek Tes t  F a c i l i t y :  

1. t o  test m i t i g a t i v e  des ign  concepts  f o r  warm p i p e l i n e s  i n  
permafros t  a r ea s .  

2. t o  test  and develop p i p e l i n e  c o n s t r u c t i o n  procedures  f o r  
permafros t a reas .  

3. t o  provide  a d d i t i o n a l  v e r i f i c a t i o n  t h a t  the  geothermal  model l ing 
t o o l s  being u t i l i z e d  a r e  s a t i s f a c t o r y .  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of au thors .  



I n  o r d e r  t o  meet t hose  o b j e c t i v e s  t h e  s i t e  s e l e c t e d  had t o  i n c l u d e :  

1. Thaw s t a b l e  s o i l s .  

2. Thaw u n s t a b l e  s o i l s .  

3. Areas r e q u i r i n g  buoyancy c o n t r o l .  

4. I c e - r i c h  s i d e  h i l l  a r e a s  ( s l o p e  s t a b i l i t y  conce rns ) .  

5. Areas r e q u i r i n g  d r i l l i n g  and b l a s t i n g  f o r  d i t c h  excava t i on .  

6. Areas t h a t  could be t renched  u s i n g  a r o t a r y  wheel d i t c h e r .  

7. Areas r e q u i r i n g  a  workpad a long  t h e  right-of-way t o  p r even t  
e x c e s s i v e  d e t e r i o r a t i o n  of t h e  ground s u r f  ace .  

These c o n d i t i o n s  were a l l  found a t  t h e  Q u i l l  Creek s i te .  

Work began i n  November, 1980, w i t h  t h e  p roce s s ing  of g r a v e l  (mining 
and s t o c k p i l i n g  of p i t r u n  and 20 mm c ru shed )  a t  two s i t e s  on t h e  Alaska 
Highway; one a t  Q u i l l  Creek and t h e  o t h e r  about  12  km from Q u i l l  Creek. 
F i e l d  c o n s t r u c t i o n  began w i t h  survey  and c l e a r i n g  i n  January ,  1981, w i th  
t h e  w i n t e r  work ( c o n s t r u c t i o n  tests and i n s t a l l a t i o n  of bur ied  and 
embankment s e c t  i o n s )  completed i n  Apr i l .  The c o n c r e t e  r e s t r a i n e d  
s e c t i o n s  were i n s t a l l e d  i n  September of  1981 when t h e  a c t i v e  l a y e r  had 
reached nea r  maximum depth.  Warm f low  o p e r a t i o n  began on October  2 ,  
1981, f o r  t h e  embankments and on December 15,  1981, f o r  t h e  c o n c r e t e  
r e s t r a i n e d  s e c t i o n s .  The f a c i l i t y  w a s  s h u t  down on J u n e  7 ,  1985 about  
4 y e a r s  a f t e r  s t a r t - u p .  Cos t s  were about  $9 m i l l i o n  t o  c o n s t r u c t  and 
about  $675,000 t o  o p e r a t e  f o r  4 y e a r s .  

It is no t  n e c e s s a r y  t o  d e s c r i b e  t h e  i n s t r u m e n t a t i o n  u t i l i z e d  t o  
c o l l e c t  d a t a  from t h e  s i t e  du r ing  t h e  t e s t i n g  p e r i o d  a s  i t  was r a t h e r  
s t a n d a r d  and most people  h e r e  today  w i l l  be f a m i l i a r  wi th  i t .  However, 
t h e  t y p e s  of d a t a  c o l l e c t e d  f a l l  i n t o  seven  g e n e r a l  c a t e g o r i e s :  

1. weather  

2. ground t empe ra tu r e  

3. p ipe  o p e r a t i n g  t empe ra tu r e  

4. h e a t  f l u x  

5. p ipe  and ground s e t t l e m e n t  

6. s l o p e  movement 

7. q u a l i t a t i v e :  

a. photography 
b. o b s e r v a t i o n s .  



I w i l l  n o t  be a b l e  i n  t h e  t i m e  a v a i l a b l e  t o d a y ,  t o  d i s c u s s  i n  d e t a i l  
e v e r y t h i n g  u n d e r t a k e n  a t  Q u i l l  Creek d u r i n g  t h e  last 4 y e a r s .  I n  
summary, however,  w e  d i d  t h e  f o l l o w i n g :  

1. c o n s t r u c t e d  125 m of b u r i e d  i n s u l a t e d  1219 mm p i p e l i n e .  

2. c o n s t r u c t e d  200 m of i n s u l a t e d  1219 mm p i p e l i n e  i n  a n  above- 
ground embankment. 

3. c o n s t r u c t e d  50  m o f  1219 mm p i p e l i n e  i n  above-ground c o n c r e t e -  
r e s t r a i n e d  mode. 

4. o p e r a t e d  w a r m  (15OC) 1219 mm p i p e l i n e  i n  s i x  d i f f e r e n t  
con£ i g u r a t  i o n s  f o r  a b o u t  3 i  y e a r s .  

5. t e s t e d  6 d i f f e r e n t  methods of p r o t e c t i n g  c u t  i c e - r i c h  s l o p e s .  

6. c o n s t r u c t e d  and t e s t e d  a v a r i e t y  of a c c e s s  road  and workpad 
c o n f i g u r a t i o n s  ( i n c l u d i n g  a n  i c e  r o a d ) .  

7.  made d i t c h  i n  p e r m a f r o s t  u t i l i z i n g  a r o t a r y  d i t c h e r ,  a  backhoe 
w i t h  s p e c i a l  t e e t h ,  and by d r i l l i n g  and b l a s t i n g .  

8. t e s t e d  s i x  d i f f e r e n t  b a c k f i l l  c o n f i g u r a t i o n s  t o  p r e v e n t  
buoyancy. 

9. t e s t e d  t h r e e  d i f f e r e n t  p i p e l i n e  i n s u l a t i o n  c o n f i g u r a t i o n s  and 
t e s t e d  i n s u l a t i o n  s t r e n g t h  by f i l l i n g  a n  i n s t a l  l e d  i n s u l a t e d  
1219 mm p i p e l i n e  w i t h  w a t e r  t o  s i m u l a t e  h y d r o s t a t i c  test 
c o n d i t i o n s .  

10. c a t h o d i c a l l y  p r o t e c t e d  a  s e c t i o n  of p i p e l i n e  i n s t a l l e d  i n  
p e r m a f r o s t  t o  d e t e r m i n e :  

- ground bed performance i n  p e r m a f r o s t  . 
- e f f e c t  of thaw b u l b  f o r m a t i o n  on p r o t e c t i o n  c u r r e n t  

d i s t r i b u t i o n ,  and 
- c h a r a c t e r i s t i c s  of t e l l u r i c  c u r r e n t s .  

P l a t e s  No. 3 and 4 show t h e  l a y o u t  of t h e  t e s t  f a c t l i t y .  

C o n s t r u c t i o n  

The f o l l o w i n g  l i s t s  t h e  p i p e l i n e  c o n s t r u c t i o n  p r a c t i c e s  t e s t e d  a t  
Q u i l l  Creek: 

1. c l e a r i n g  

2. a c c e s s  road c o n s t r u c t i o n  



3. grading  

4. d i t c h i n g  

5. i n s u l a t i o n  of p ipe  

6. i n s t a l l a t i o n  of pipe i n  above and below ground c o n f i g u r a t i o n s  

7. buoyancy c o n t r o l  measures 

8. s lope  s t a b i l i t y  measures 

9. lower-in and b a c k f i l l  

10. c l e a n  up and r e s t o r a t i o n .  

Cl e a r  i ng  

P l a t e  No. 5 shows a  burning s l e d  being u t i l i z e d  t o  keep hea t  and 
a s h  a s  much a s  p r a c t i c a b l e  away from t h e  ice- r ich  s o i l .  S l a sh  from 
c l e a r i n g  is being burned. 

Access Roads 

Cons t ruc t ion  of a  v a r i e t y  of types  of acces s  roads  was undertaken 
f o r  t h r e e  main reasons  : 

1. t o  e v a l u a t e  t r a f f i c a b i l i t y  by monitor ing t h e  roads  through 
c o n s t r u c t i o n  and t h e  f i r s t  thaw period.  

2. t o  determine the  mount of remedial work requi red  f o r  t h e  
d i f f e r e n t  types of roads. 

3. t o  determine t h e  b e s t  type of road based on e f f e c t i v e n e s s  and 
economics. 

P l a t e  No. 6  shows the  c o n s t r u c t i o n  of a  road comprising t imber  
r ip- rap  layed on t h e  ground s u r f  ace  and covered wi th  g r a n u l a r  m a t e r i a l .  
An ice-aggregate  road was cons t ruc t ed  by mining ice from Kluane Lake 
using an  i n d u s t r i a l  q u a l i t y  r o t o - t i l l e r  ( P l a t e  No. 7 )  w i t h  s p e c i a l l y  
designed t i n e s  t o  break t h e  ice. The i c e  w a s  hauled t o  Q u i l l  Creek and 
end dumped i n  p l ace  ( P l a t e  No. 8) and spread w i t h  a  dozer  ( P l a t e  No. 9) .  
The f i n i s h e d  ice road i n  use  is i l l u s t r a t e d  i n  P l a t e  No. 10. 

Ice-Rich S i d e h i l l  Grading T e s t s  

These tests had t h e  fo l lowing  o b j e c t i v e s :  

1. t o  a s s e s s  t h e  e f f e c t i v e n e s s  of t h e  va r ious  techniques .  

2. t o  monitor t he  changes i n  t h e  p ro t ec t ed  s lopes .  

3. t o  a s s e s s  t he  s t a b i l i t y  of c u t  s l o p e s  wi th  no m i t i g a t i o n  
procedures.  



P l a t e  No. 11 shows t h e  s i d e  s lope  being cu t  t o  c o n s t r u c t  a  r i g h t -  
of-way. Seven boreholes  d r i l l e d  i n  t h i s  s lope  show it t o  be c l ay  and 
clayed s i l t  o v e r l a i n  w i t h  1-4 m of organics .  V i s i b l e  i c e  ranges along 
t h e  s l o p e  and wi th  depth  from 15% t o  70%. P l a t e s  12-16 show c u t  s lopes  
p ro t ec t ed  a s  fo l lows:  

P l a t e  12 - near  v e r t i c a l  cu t  about  2 m high  with w i r e  mesh used t o  
hold the  pea t  l a y e r  i n  place. 

P l a t e  13 - 2h:lv c u t  s lope  about  8 m h igh  covered w i t h  1.0 m t h i c k  
pea t  l a y e r  and a  j u t e  blanket .  

P l a t e  14 - 2h:lv c u t  s lope  about  8 m high  covered by a  1.7 rn t h i c k  
g r a v e l  blanket .  

P l a t e  15 - f h : l v  c u t  s lope  about  4  m high  p ro t ec t ed  by a f i l t e r  
c l o t h  and g rave l  t oe  b u t t r e s s .  

P l a t e  16 - panoramic view of an unpro tec ted  v e r t i c a l  cu t  about 6 m 
high. The slumping shown i s  considered t o  be accep tab le  
a s  i t  could e a s i l y  be dres sed  up wi th  a  dozer.  A s  t he  
r a t e  of slumping decreased s i g n i f i c a n t l y  af t e r  t h e  f i r s t  
yea r  i t  appears  t h a t  an unpro tec ted  c u t ,  even i n  i ce - r i ch  
pennaf r o s  t , w i l l  h e a l  n a t u r a l l y .  

P l a t e  17 shows t h e  whole s i d e  s l o p e  wi th  (except  f o r  t h e  unpro tec ted  
v e r t i c a l  c u t )  r a t h e r  s o p h i s t i c a t e d  and very c o s t l y  p r o t e c t i v e  measures i n  
place .  

Ditchinn T e s t s  

Ob jec t ives  : 

1. t o  e v a l u a t e  va r ious  methods of excavat ion .  

2. t o  a s s e s s  t h e  s u i t a b i l i t y  of t h e  wheel d i t c h e r  t o  make d i t c h  

3. t o  a s s e s s  t he  e f f e c t i v e n e s s  of backhoe d i t c h i n g  with and 
without  b l a s t i n g .  

4. t o  compare d r i l l i n g  and b l a s t i n g  techniques.  

I n s u l a t i o n  Systems 

Objec t ives :  

1. t o  a s s e s s  a l t e r n a t i v e  i n s u l a t i o n  systems and a p p l i c a t i o n  
methods. 

2. t o  a s s e s s  i n s u l a t i o n  a p p l i c a t i o n  procedures  f o r  f i e l d  j o i n t s  
( g i r t h  weld). 



3. t o  a s s e s s  t h e  e f f e c t i v e n e s s  of a l t e r n a t i v e  i n s u l a t i o n  systems i n  
permafros  t a r e a s .  

4. t o  de te rmine  and assess h a n d l i n g  problems a s s o c i a t e d  w i t h  
i n s u l a t e d  p ipe .  

Three  i n s u l a t i o n  systems were t e s t e d :  

1. p o l y u r e t h a n e  foam covered w i t h  a  2.5 mm t h i c k  o u t e r  c o a t i n g  
( m o i s t u r e  r e s i s t a n t  and mechanical  p r o t e c t i o n )  of  u r e t h a n e  

e l a s t o m e r .  

a. f i e l d  a p p l i e d  

b. shop a p p l i e d  

2. pre-formed q u a r t e r  segments  o f  100 mm t h i c k  p o l y u r e t h a n e  foam. 
These were g lued  t o  t h e  p i p e  and to  each  o t h e r  w i t h  u r e t h a n e  

e l a s t o m e r .  The assembly was t h e n  s t r a p p e d  t o  t h e  p i p e  u s i n g  
s t a i n l e s s  s t e e l  bands t r a p s  and t h e  whole assembly t h e n  s e a l e d  

w i t h  u r e t h a n e  e l a s t o m e r .  

3. c o n c r e t e  r e s t r a i n e d  mode - p i p e  s e t  on pre-formed u r e t h a n e  foam 
s e c t i o n s  coa ted  w i t h  u r e t h a n e  e l a s t o m e r .  Concre te  b locks  
i n t e r n a l l y  c o a t e d  w i t h  s a m e  i n s u l a t i o n  and set over  t h e  p i p e .  

P l a t e s  No. 19 and 20 show ( r e s p e c t i v e l y )  p i p e  s e c t i o n s  c o a t e d  w i t h  f i e l d  

and shop a p p l i e d  i n s u l a t i o n .  

P1:ites No. 21,  22 and 2 3  i l l u s t r a t e  - segmented i n s u l a t i o n ,  segmented 

i n s ~ l l a t i o n  i n s t a l l e d  on p i p e ,  and i n s u l a t i o n  segments  h e l d  in place w i t 1 1  

s t e e l  b a n d s t r a p s ,  r e s p e c t i v e l y .  P l a t e  No. 24 shows a s e c t i o n  of 
i n s u l a t e d  p i p e  be ing  lowered i n t o  a  d i t c h .  

I n s t a l l a t i o n  Methods - Above-ground and Buried 

O b j e c t i v e s :  

1. t o  compare and e v a l u a t e  i n s t a l l a t i o n  methods. 

2. t o  moni to r  a l t e r n a t i v e  methods w i t h  r e s p e c t  t o  t h e  t e r r a i n  i n  

which t h e y  a r e  i n s  ta l  l ed .  

3. t o  a s s e s s  t h e  f e a s i b i l i t y  of select b a c k f i l l  f o r  buoyancy 
c o n t r o l .  

We were concerned w i t h  t h e  i n s t a l l a t i o n  of l a r g e ,  i n s u l a t e d  p i p e .  
111 a d d i t i o n  t o  t e s t i n g  i n s u l a t i o n  sys tems  w e  had t o  be c e r t a i n  t h a t  
t h e  i n s u l a t e d  p i p e  c o u l d  be i n s t a l l e d  w i t h o u t  damage t o  t h e  i n s u l a t i o n .  

1 2 5  m of 1219 mm i n s u l a t e d  p i p e  was i n s t a l l e d  i n  a d i t c h  t h a t  had been 

excava ted  by b l a s t i n g  and hoeing.  I n s t a l l a t i o n  t o o k  p l a c e  from a 
g r a n u l a  t workpad - p a r t i a l l y  i n s u l a t e d .  



In a d d i t i o n  t o  t h e  i n s u l a t e d  buried mode, F o o t h i l l s  developed a n  
above-ground design which w e  r e f e r  t o  a s  t h e  "Embankment Mode." The 
i n t e n t  i s  two f o l d :  

1. t o  at tempt t o  i s o l a t e  t h e  warm pipe  from t h e  underlying f rozen  
s o i l s ,  and 

2. t o  provide a  geometry which b e t t e r  t a k e s  advantage of t h e  co ld  
winter  weather f o r  freeze-back. 

Neither  t h i s  nor  the  buried s e c t i o n  were operated warm so  tend more t o  
r ep resen t  t h e  p i p e l i n e  during t h e  dormant period between cons t ruc t ion  
an opera t ion .  The fol lowing p l a t e s  show t h e  cons t ruc t ion  of 200 m of 
1219 mm i n s u l a t e d  pipe i n  a  g ranu la r  embankment. 

P l a t e  No. 25 - a g rave l  l e v e l l i n g  course is  l a i d  on the  ground 
s u r f a c e ,  followed by a l a y e r  of i n s u l a t i o n  and more 
gravel .  

P l a t e  No. 26 - placement of i n s u l a t i o n .  

P l a t e  No. 27 - i n s t a l l a t i o n  of t h e  p ipe  i n  t h e  i n s u l a t e d  g r a v e l  
pad. 

PI-ate No. 28 - t h e  p ipe  is covered wi th  g ranu la r  ma te r i a l .  

P l a t e  No, 29 - completed embankment. 

Warm Flow Tes t s  

I n  a d d i t i o n  t o  t h e  i n s t a l l a t i o n  t e s t s  j u s t  desc r ibed ,  we undertook 
some warm f low tests t o  provide f i e l d  d a t a  f o r  comparison t o  geothermal 
p red ic t ions .  P l a t e  No, 30 shows t h e  layout  of t h e  warm flow t e s t  
s e c t  ions : 

51 - Control  s e c t i o n  - uninsula ted  p ipe  - conventional  bury. The 4 
boreholes  d r i l l e d  show t h e  a r e a  t o  be f rozen  wi th  3-1 m of pea t  
and a narrow (0.1 - 0.3 m) l aye r  of s i l t  over ly ing  g r a v e l  t o  a t  
l e a s t  5  m. No v i s i b l e  i c e  is reported.  

The r e s t  of t he  warm flow t e s t  s e c t i o n s  are loca ted  i n  i c e - r i c h  
permafrost.  The borehole logs  show t h i s  area t o  be p r imar i ly  si l ts  and 
peat  with v i s i b l e  i c e  ranging from about 10% t o  as high  as 85%. 

5 2 - Uninsulated p ipe  i n  i n s u l a t e d  embankment 
53 - Pipe wi th  200 mm i n s u l a t i o n  i n  i n s u l a t e d  embankment 
54 - Pipe wi th  100 mm i n s u l a t i o n  i n  i n s u l a t e d  embankment 
57/58 - Concrete r e s t r a i n e d  mode 

P l a t e  numbered 31-35 show t h e  cons t ruc t ion  of embankment f o r  warm 
flow t e s t i n g :  



P l a t e  No. 31 - f i r s t  l i f t  of g r a v e l  f o r  pad 
P l a t e  No. 32 - placement of i n s u l a t i o n  i n  pad 
P l a t e  No. 33 - i n s t a l l a t i o n  of i n s u l a t e d  p ipe  
P l a t e  No. 34 - covering the  pipe wi th  g r a n u l a r  mater ia l  
P l a t e  No. 35 - completed embankment 

Everything shown t o  t h i s  po in t  was cons t ruc t ed  dur ing  t h e  win ter  of  
1981 and was theref  o r e  cons t ruc t ed  on f r o z e n  s o i l .  

A s  an  a l t e r n a t i v e  t o  t h e  "Embankment Mode" which r e q u i r e s  
s i g n i f i c a n t  q u a n t i t i e s  of g r a n u l a r  m a t e r i a l ,  we developed a  des ign  w e  
r e f e r  t o  a s  "Concrete Restrained."  Af te r  c o n s t r u c t i o n  of an  i n s u l a t e d  
workpad s i m i l a r  t o  t h e  one u t i l i z e d  f o r  t h e  "Embankment Mode," t h e  
uninsula ted  p ipe  is set onto  pre-formed i n s u l a t i o n  segments. Concrete 
blocks ( t o  provide r e s t r a i n t  a g a i n s t  movement) i n t e r n a l l y  coated wi th  
i n s u l a t i o n  ( t o  s imu la t e  t h e  i n s u l a t i o n  q u a l i t i e s  of t h e  g r a n u l a r  
embankment) a r e  s e t  over  t h e  pipe. P l a t e s  numbered 36 and 37 show the  
Concrete Res t ra ined  Mode. 

Note i n  P l a t e  No. 37 t he  g r a v e l  p i l e d  a g a i n s t  t h e  s i d e  of t h e  
concre te .  This  has two purposes : 

1. t o  provide,  wherever r equ i r ed ,  a  ramp f o r  w i l d l i f e  c r o s s i n g s ,  
and 

2. t o  provide b u t t r e s s - l i k e  r e s t r a i n t  a g a i n s t  h o r i z o n t a l  movement 
a t  s i d e  bends. 

The ramp/but t ress  shown i s  incomplete .  

Some Warm Flow Tes t  Resu l t s  

Test s e c t i o n  J l  - convent iona l  buried c o n t r o l  s e c t i o n  
- thaw s t a b l e  permafrost  

P l a t e  No. 38 shows s e l e c t e d  O°C isotherms dur ing  t h e  s p r i n g  (March) 
and f a l l  (August) of 1982, 1984, and 1985. A s  expec ted ,  a l though t h e  
thaw bulb has pene t r a t ed  t o  about  7 m below ground s u f a c e ,  pipe movement 
( a l s o  i l l u s t r a t e d )  i s  i n s i g n i f i c a n t  . 
Test  s e c t i o n  52 - i n s u l a t e d  embankment 

- no i n s u l a t i o n  on pipe 
- thaw uns t ab le  permafrost  

P l a t e  No. 39 shows s e l e c t e d  O°C i so therms du r ing  t h e  sp r ing  (March) 
and f a l l  (August) of 1982, 1984, and 1985. Although the  thaw bulb has 
pene t r a t ed  only  about  1 m, pipe  movement i s  r e l a t i v e l y  s i g n i f i c a n t ;  about  
1 /3  of a  metre. 

Test s e c t i o n  53 - insul .a ted embankment 
- 200 mm i n s u l a t i o n  on p ipe  
- thaw u n s t a b l e  permafrost  



P l a t e  No. 40 shows s e l e c t e d  O°C i so therms  dur ing  1982, 1983, 1984, and 
1985. Above ground l e v e l ,  t h e  O°C i so therms  r e t r e a t e d  i n t o  t h e  pipe 
i n s u l a t i o n  dur ing  t h e  w in t e r  months. Pipe movement i s  cons idered  t o  be  
acceptab le .  

Tes t  s e c t i o n  58 - conc re t e  r e s t r a i n e d  
- thaw uns t ab l e  permafros t  

P l a t e  No. 41 shows s e l e c t e d  O°C isotherms du r ing  1982, 1983, 1984, 
and 1985. During t h e  w i n t e r  months t h e  O0 i so therms  r e t r e a t e d  i n t o  t h e  
pipe.  The e f f e c t  of c o n s t r u c t i o n  dur ing  t h e  thaw per iod  (September,  
1981) can  be seen  by t h e  ' trappedu thaw s e c t i o n  beneath t h e  pad. 
Although t h e  t rapped  thaw bulb  appears  t o  be i n c r e a s i n g ,  and a l though t h e  
thaw depth  dur ing  t h e  f a l l  (August and October)  i s  deeper  t h a n  t h a t  shown 
f o r  Test  Sec t ion  53, p ipe  movement is cons ide rab ly  less t han  t h a t  f o r  53. 

Pre l iminary  Conclusions 

Although most of t h e  d a t a  c o l l e c t e d  have no t  y e t  been ana lysed ,  w e  
have seen  enough t o  a l l o w  u s  t o  conclude t h a t  l a r g e  d i ame te r  p i p e l i n e s  
can be i n s t a l l e d  i n  a r e a s  con ta in ing  i c e - r i c h  permafros t  wi thout  caus ing  
unacceptab le  environmental  damage. We do not  p re tend  t h a t  t h i s  is a 
new conclus ion  a s  o t h e r  p i p e l i n e s  have, of cou r se ,  been s u c c e s s f u l l y  
cons t ruc t ed  i n  such a r ea s .  The a p p l i c a t i o n  of i n s u l a t i o n  t o  pipe under 
both shop and f i e l d  c o n d i t i o n s ,  and t h e  i n s t a l l a t i o n  of i n s u l a t e d  p ipe  
i n  both burled and above-ground m d c s  has been ~ h o w n  t o  be f e a e i b l c .  
The r a t h e r  unique above-ground des igns  developed by F o o t h i l l s  and t e s t e d  
a t  Q u i l l  Creek have been s t r u c t u r a l l y  s t a b l e  over  t h e  tes t  pe r iod  and a r e  
geothermally accep tab l e .  The comparisons made t o  d a t e  between thermal  
p r e d i c t i o n s  ( l o c a t i o n  of O°C i so the rms)  and f i e l d  d a t a  show good 
c o r r e l a t i o n .  
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Location of Quill Creek Test Facility 
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PLATE NO. 3 

General Layout -Quill Creek Test Facility 

PLATE NO. 4 

Aerial View - Quill Creek Test Facility 



PLATE NO. 5 

Burning Sled 



PLATE NO. 6 

Access Road Constructed from Timber Rip-Rap 
and Granular Material 

PLATE NO. 7 

Mining Ice from Kluane Lake 
To Construct Ice Aggregate Road 



PLATE NO. 8 

Ice Mined from Kluane Lake is 
End Dumped in Place for Ice Road Construction 

PLATE NO. 9 

The Ice is then Spread with a Dozer 



PLATE NO. 10 

Finished Ice Aggregate Road in Use 

PLATE NO. 11 

Construction of Right-of-way on Side Slope 



PLATE NO. 12 

Protection of Cut Side Slope 
Wire Mesh Used to Hold Peat Layer in Place 

PLATE NO. 13 

Protection of Cut Side Slope 
1.0 rn Thick Peat Layer Covered by Jute Blanket 
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PLATE NO. 14 

Protection of Cut Side Slope 
Protected by 1.7 m Thick Gravel Blanket 

PLATE NO. 15 

Protection of Cut Side Slope 
Protected by Filter Cloth and Gravel Toe Buttress 





PLATE NO. 18 

Massive Ice in Ditchwall 

PLATE NO. 19 

Field Applied Insulated Pipe 



PLATE NO. 20 

Shop Applied Insulated Pipe 

PLATE NO. 21 

Segmented Insulation 



PLATE NO. 22 

Segmented Insulation Installed on Pipe 

PLATE NO. 23 

Steel Band Straps Hold Segmented Insulation 
System Together 



PLATE NO. 24 

Lowering-In an Insulated Section of Pipe 

PLATE NO. 25 

Embankment Mode 
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Test Section J2 
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Test Section J3 
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Test Section J8 
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POLAR GAS PROJECT: STRUCTURAL DESIGN ASPECTS 

George H. Workman* 

Abs t r ac t  

Th is  paper p r e s e n t s  some of t h e  s t r u c t u r a l  r e a sons  f o r  t h e  
engineering d e c i s i o n  t o  o p e r a t e  a  warm; i . e . ,  above O°C, bur ied  gas  
p i p e l i n e  w i t h i n  t h e  d i s con t i nuous  permaf ros t  r e g i o n  i n  n o r t h e r n  Canada. 
Also,  a d i s c u s s i o n  i s  g i ven  on t h r e e  a r e a s  of s o i l - p i p e  i n t e r a c t i o n  
behavior  where r e s e a r c h  and /or  development i s  c u r r e n t l y  r e q u i r e d  t o  

b e t t e r  d e f i n e  t h e  complex response  of bur ied  p i p e l i n e s .  

Nomenclature 

U = Depth of  P ipe  B u r i a l  

DT = Temperature  D i f f e r e n t i a l  
D / t  = Diameter-to-Wall Thickness  R a t i o  

k' = Modulus of E l a s t i c i t y  

O D  = Out s i de  Diameter 

P = I n t e r n a l  Gas P r e s s u r e  

SMYS = S p e c i f i e d  Minimum Yi e ld  S t r e n g t h  

W'I' - Wal l Thickness  

I n t r o d u c t i o n  

The right-of-way of any major bu r i ed  n o r t h e r n  g a s  p i p e l i n e  may 
t r a v e r s e  l a r g e  expanses  of t h r e e  g e n e r a l i z e d  t ypes  of n o r t h e r n  s o i l  
c o n d i t i ons .  These g e n e r a l i z e d  s o i l  c o n d i t i o n s  a r e  con t i nuous  pe rmaf ro s t ,  
d i s c o n t i nuous  pe r m af r o s t ,  and unf rozen  s o i l .  The m a t e r i a l  p r o p e r t i e s  and 

i n - s i t u  behav ior  of t h e  s o i l  i n  t h e s e  d i f f e r e n t  the rmal  c o n f i g u r a t i o n s  
change markedly. Depending on t h e  o p e r a t i n g  tempera ture  of t h e  bur ied  
g a s  p i p e l i n e ,  two abnormal response  s i t u a t i o n s  can occu r  w i t h i n  t h e  
coupled s o i l - p i p e  s t r u c t u r a l  system. These abnormal responses  a r e  thaw 

s e t t l e m e n t  and f r o s t  heave. Thaw s e t t l e m e n t  can occu r  when a  warm,  i . e . ,  

above O°C,  p i p e l i n e  pa s se s  through i n i t i a l  f r o z e n  s o i l .  F r o s t  heave can  

occur  when a  c o l d ,  i . e . ,  below O°C, p i p e l i n e  pa s se s  through i n i t i a l  
unf rozen  s o i l .  The amount of s e t t l e m e n t  o r  heave and i t s  consequence on 

t h e  o p e r a t i o n a l  behav ior  of t h e  bur ied  gas  p i p e l i n e  depends on a number 

o f  cornplex s o i l - s t r u c t u r e  paramete rs .  However, a we1 1 des igned  bur ied  
gas p i p e l i n e  is one t h a t  minimizes t h e  occu r r ence  of abnormal c o n d i t i o n s  
a l o n g  t h e  right-of-way. The re fo r e ,  i t  is obvious  t h a t ,  a s  a g e n e r a l  

r u l e ,  a  bur ied  n o r t h e r n  ga s  p i p e l i n e  should  be ope ra t ed  c o l d  w i t h i n  t h e  
c o n t i n u ous  permaf ros t  and w a r m  w i t h i n  t h e  un f rozen  s o i l .  However, t h e  

d i f f i c u l t  e n g i n e e r i n g  d e c i s i o n  is t h e  mode of o p e r a t i o n  w i t h i n  t h e  
d i s c o n t i n u o u s  permaf r o s  t. The re fo r e ,  t h i s  paper  b r i e f l y  o u t l i n e s  some of 
t h e  s t r u c t u r a l  reasons  i n  f avo r  of o p e r a t i n g  a warm bur ied  ga s  p i p e l i n e  
through t h e  d i s con t i nuous  pe rmaf ro s t ,  and p r e s e n t s  a b r i e f  d i s c u s s i o n  on 

t h r e e  a r e a s  where r e s e a r c h  and /o r  development is  c u r r e n t l y  r e q u i r e d  t o  
b e t t e r  d e f i n e  t h e  complex s o i l - p i p e  i n t e r a c t i o n  response  of bur ied  

* See L i s t  of R e g i s t r a n t s  (Appendix A)  

f o r  a f f i l - i a t i o n  of au t ho r s .  



nor thern  p ipe l ines .  These a r e a s  a r e  i n  t h e  gene ra l  t o p i c a l  a r e a s  of 
p ipe ,  l oads ,  and s o i l  response. 

P i p e l i n e ' s  Response t o  D i f f e r e n t i a l  S o i l  Movement 

The major s t r u c t u r a l  consequences of e i t h e r  thaw s e t t l e m e n t  o r  f r o s t  
heave are der ived  from t h e  d i f f e r e n t i a l  v e r t i c a l  movement of t h e  p i p e l i n e  
along i ts  l o n g i t u d i n a l  length .  For a  given p i p e l i n e  c o n f i g u r a t i o n ,  i .e . ,  
pipe s i z e  and grade ,  i n t e r n a l  gas p re s su re ,  ope ra t ing  tempera ture ,  e t c  . , 
the degree of s e v e r i t y  of a  d i f f e r e n t i a l  movement depends on t h e  
a s s o c i a t e d  c o n s t r a i n t  of t h e  s o i l  furn ished  t o  t h e  p ipe l ine .  The s o i l s  
s u s c e p t i b l e  t o  h igh  thaw s e t t l e m e n t s  a r e  normally i c e  r i c h  s o i l s  which, 
when thawed, have a  f a i r l y  low s t i f f n e s s .  However, s o i l s  s u s c e p t i b l e  t o  
high f r o s t  heaves a r e  normally h igh ly  s a t u r a t e d  s o i l s  which, when f r o z e n ,  
have a  f a i r l y  high s t i f f n e s s .  Although the  l o c a l i z e d  f rozen  s o i l  
s t i f f n e s s  is no t  a s  high a s  t h a t  of t h e  p ipe ,  t h e r e  is  s o  much more 
a c t i v e  s o i l  around t h e  pipe t h a t  t h e  r e l a t i v e  in f luence  of t h e  s o i l  on 
the  pipe is magnified i n  t he  f rozen  s t a t e .  Therefore ,  t h e  newly f rozen  
s o i l  which is heaving,  c o n s t r a i n s  t he  p i p e l i n e  much more than  t h e  
unfrozen thawed s o i l ,  due t o  both i t s  h ighe r  s t i f f n e s s  and l a r g e r  a c t i v e  
r eg ion  around t h e  pipe. A s  a  consequence, a  g iven  p i p e l i n e  con f igu ra t ion  
can t o l e r a t e  f a r  more d i f f e r e n t i a l  thaw s e t t l e m e n t  than  Erost heave. 
This  is shown g r a p h i c a l l y  w i t h i n  F igure  1 which i s  a  p l o t  showing t h e  
des ign  a l lowable  c o n f i g u r a t i o n  f o r  a  given p ipe  s i z e  and grade ,  i n t e r n a l  
p re s su re ,  and temperature d i f f e r e n t i a l  sub jec t ed  to  thaw se t t l emen t  and 
I-rost heave. The des ign  a l lowable  thaw s e t t l e m e n t  is  almost f L v e  t imes 
tlie design a1 lowable f r o s t  heave a s  t h e  pipe is  l e s s  cons t r a ined  by t he  
s o i l  t o  f i n d  i ts  optimum deformed conf igu ra t ion .  I n  s t r u c t u r a l  mechanics 
t h e  theory  of minimum p o t e n t i a l  energy s t a t e s  t h a t  a  s t r u c t u r a l  system 
subjec ted  t o  e x t e r n a l  l oads  and c o n s t r a i n t s  w i l l  assume the  deformed 
shape which gene ra t e s  t h e  minimum p o t e n t i a l ,  i .e. ,  s t r a i n ,  energy wi th in  
the system c o n s i s t e n t  with the  boundary c o n s t r a i n t s .  Theref o r e ,  t he  
p i p e l i n e  wants t o  o b t a i n  a n  optimum, from a  t o t a l  s t r a i n  energy poin t  
of view, c o n f i g u r a t i o n  s u b j e c t  t o  t h e  c o n s t r a i n t s .  Consequently,  i n  
g e n e r a l ,  f o r  a  g iven  d i f f e r e n t i a l  d i sp lacement ,  t he  more t h e  system is  
cons t r a ined  the  h ighe r  t h e  induced s t r a i n s  w i t h i n  t h e  p i p e l i n e .  

In  a d d i t i o n ,  due t o  t h e  r e l a t i v e l y  h igh  c o n s t r a i n t  fu rn i shed  by 
t h e  f rozen  s o i l ,  the  d i f f e r e n t i a l  f r o s t  heave loading  is  more of a  
displacement  c o n t r o l l e d  s i t u a t i o n  than  t h e  d i f f e r e n t i a l  thaw s e t t l e m e n t  
loading.  This means t h a t  t h e  induced s t r a i n s  w i t h i n  t h e  pipe a r e  
governed more by the  d i f f e r e n t i a l  movement i t s e l f ,  and not  t h e  p i p e ' s  
s t r u c t u r a l  response c h a r a c t e r i s  t i c s .  Therefore ,  t he  i n €  luence of changes 
i n  pipe parameters a r e  not  a s  e f f e c t i v e  on the r e s u l t i n g  s t r u c t u r a l  
response t o  t h e  so i l -p ipe  i n t e r a c t  ion  problem. Consequently,  the  
e f f e c t i v e n e s s  of pipe wal l  t h i ckness  changes a r e  more dramat ic  i n  thaw 
s e t t l e m e n t  loadings  than  f r o s t  heave. 

T r a d i t i o n a l  bur ied  p i p e l i n e  des ign  normally s e l e c t s  t h e  pipe wa l l  
t h i ckness  based on code and r e g u l a t o r y  requirements ,  which s p e c i f y  the  
minimum wall  t h i ckness  based on the  maximum ope ra t ing  gas p re s su re ,  p i p e  
m a t e r i a l ,  and o u t s i d e  d iameter  a s  def ined  by t h e  c i r c u m f e r e n t i a l  s t r e s s  
requirement.  Also, thaw s e t t l e m e n t  and/or  f r o s t  heave requirements  



d i c t a t e  t h e  g e n e r a t i o n  of s p e c i a l i z e d  s t r u c t u r a l  d e s i g n  c r i t e r i a  n o t  
encounte red  w i t h i n  normal s o u t h e r n  bur ied  p i p e l i n e  de s ign .  H i s t o r i c a l l y ,  
t h e  p r e d i c t e d  thaw s e t t l e m e n t s  and /o r  f r o s t  heaves  when e v a l u a t e d  a g a i n s t  
t h e s e  c r i t e r i a  have i n d i c a t e d  t h a t  m i t i g a t i v e  measures are requ i red .  
These m i t i g a t i v e  measures can t a k e  a v a r i e t y  of forms, r ang ing  from 
changing t h e  p i p e l i n e ' s  o p e r a t i n g  c o n d i t i o n s  t o  a l t e r i n g  t h e  
env i ronmenta l  c o n d i t i o n s .  However, p a s t  c o n s t r u c t i o n a l  expe r i ence  i n  t h e  
a r c t i c  g i v e s  r i s e  t o  t h e  r e a l i z a t i o n  t h a t  any novel  f i e l d  c o n s t r u c t i o n a l  
t e chn iques  w i l l  be d i f f i c u l t ,  expens ive ,  and g e n e r a t e  q u e s t i o n a b l e  
r e s r i l t s  due t o  t h e  g e n e r a l  env i ronmenta l  c o n d i t i o n s  p r e s e n t  a l ong  t h e  
r o u t i n g  and,  i n  p a r t i c u l a r ,  w i n t e r  c o n s t r u c t i o n  i n  t h e  a r c t i c  and 
sub -a r c t i c .  Theref o r e ,  f o r  t h e  a n a l y s i s  of a p a r t i c u l a r  l oad ing  c a s e ,  
i . e . ,  thaw s e t t l e m e n t ,  f r o s t  heave,  e t c . ,  i f  t h e  d e s i g n  c r i t e r i a  a r e  
v i o l a t e d ,  t h u s  i n d i c a t i n g  t h a t  some m i t i g a t i v e  measures are r e q u i r e d ,  
a des ign  r e - eva lua t i on  must be conducted.  I n  e v a l u a t i n g  t h e  p o t e n t i a l  
s o l u t i o n s  t o  t h e  de s ign  problem, heavy r e l i a n c e  should  be placed on 
"shop" methods and proven n o r t h e r n  p i p e l i n e  f i e l d  c o n s t r u c t i o n  t e c h n i q u e s  
and no t  on novel  c o n s t r u c t i o n  gimmicks, i . e . ,  " f i e l d "  methods. "Shop" 
methods have t h e  advan tage  over  " f i e l d "  methods i n  t h a t  t h e  c o s t s  a r e  
more p r e d i c t a b l e  and c o n t r o l l a b l e .  One such 'shop" method which proves  
t o  be very  c o s t  e f f e c t i v e  i s  a n  i n c r e a s e  i n  p i p e  wa l l  t h i cknes s .  Bes ides  
t h e  economical advan tages  of a s l i g h t  i n c r e a s e  i n  p i p e  w a l l  t h i c k n e s s ,  a s  
compared t o  t h e  e q u i v a l e n t  f i e l d  c o n s t r u c t i o n  t e chn iques ,  is  t h a t  t h e  
i n c r e a s e d  s t r u c t u r a l  performance is b u i l t  i n t o  t h e  p ipe  and no t  e x t e r n a l  
t o  i t .  The re fo r e ,  t h e  p i p e l i n e  does  n o t  have t o  r e l y  on some e x t e r n a l  
agen t  t o  s t r e n g t h e n  i t  o r  a l t e r  t h e  l oad ing  environment ,  which i n  s e r v i c e  
may no t  perform as assumed i n  t h e  d e s i g n  o f f i c e  environment.  A s  
d e s c r i b e d  above,  thaw s e t t l e m e n t  de s igns  have proven t o  be amenable t o  
p ipe  w a l l  t h i c k n e s s  changes i n  g e n e r a t i n g  p r a c t i c a l  p i p e l i n e  d e s i g n s  i n  
t h e  n o r t h e r n  c l ima t e s .  

Development Areas 

The p r e d i c t i o n  of s o i l - p i p e  i n t e r a c t i o n  response  behav ior  h a s  
p rogressed  d r a m a t i c a l l y  i n  t h e  p a s t  two decades.  Th i s  p r o g r e s s  has  k e n  
fue l ed  by t h e  e n g i n e e r i n g  d e s i g n  and a n a l y s i s  r equ i r emen t s  a s s o c i a t e d  
w i t h  t h e  r egu l a t ed  c o n s t r u c t i o n  of major n o r t h e r n  p i p e l i n e s  and t h e  
advances  i n  numerical  s i m u l a t i o n s  by t h e  a v a i l a b i l i t y  of h igh  speed 
d i g i t a l  computa t ions .  However, t h e  numer ica l  s i m u l a t i o n  of any complex 

phenomenon, e.g., s o i l - p i p e  i n t e r a c t i o n ,  r e q u i r e s  t h e  c o n t i n u a l  
r e f i nemen t  and development t o  k t t e r  p r e d i c t  t h e  a c t u a l  response  
behavior .  For g e n e r a l  s o i l - p i p e  i n t e r a c t i o n  problems and thaw s e t t l e m e n t  

r e sponse ,  i n  p a r t i c u l a r ,  t h r e e  a r e a s  of r e s e a r c h  and /or  development have 
been i d e n t i f i e d  which w i l l  r e s u l t  i n  more adequa te  numer ica l  s i m u l a t i o n s .  
These a r e a s  a r e  p ipe  f a i l u r e  c r i t e r i a  and e f f e c t i v e  t empe ra tu r e  
d i f f e r e n t i a l  and overburden load ing .  

Major p i p e l i n e  f a i l u r e s  occur  when a th rough  w a l l  c r a c k  a p p e a r s  
w i t h i n  t h e  p i p e  and t h e  c o n t e n t s  leak.  Th is  c r a c k  growth can  on ly  occur  
a s  a r e s u l t  of a t e n s i l e  s t r e s s  f i e l d .  For d i f f e r e n t i a l  s o i l  movements, 
i . e . ,  thaw s e t t l e m e n t ,  f r o s t  heave,  e t c . ,  t h e  t h r e e  major s t r a i n  
components w i t h i n  t h e  p ipe  a r e  a c i r c ~ u m f e r e n t i a l  membrane s t r a i n  caused  
by i n t e r n a l  p r e s s u r e ,  a  l o n g i t u d i n a l  membrane s t r a i n  caused by 



temperature d i f f e r e n t i a l  and t h e  Poisson ' s  e f f e c t  of t h e  i n t e r n a l  

p re s su re ,  and a  g r o s s  bending s t r a i n  caused by the  response t o  the  
d l f  E e r e n t i a l  s o i l  movement. This type of p i p e l i n e  response gene ra t e s  a 
g loba l  t e n s i l e  s t r a i n  on one s i d e  of t he  pipe and a  g loba l  compressive 
s t r a i n  behavior on t h e  o t h e r  s i d e  due t o  t h e  high bending moment which 
can be introduced w i t h i n  t h e  p i p e l i n e  i n  response t o  t h e  d i f f e r e n t i a l  
so i l .  movement. Consequently,  on t h e  t e n s i o n  s i d e  of t h e  p ipe ,  t h e  
requi.red t e n s i l e  stress f i e l d  is  a v a i l a b l e  f o r  c rack  growth. However, o n  
the compression s i d e ,  a  l o c a l  t e n s i l e  stress fie1.d can be generated i f  

l o c a l  buckling of t he  pipe wa l l  occurs  i n  response t o  t h e  high global. 
compressive s t r a i n s  caused by the  bending of pipe.  Indeed, many p i p e l i n e  
f a i l u r e s  can be d i r e c t l y  t r aced  t o  a  l o c a l  buckl ing of t h e  p ipe  wall. and 
the  subsequent low cyc le  f a t i g u e  f a i l u r e  caused by t h e  l o c a l  t e n s i l e  
s t r e s s e s  percent  i n  t h e  buckled r eg ion  of t he  pipe. In  a d d i t i o n  t o  t he  
p o t e n t i a l  gene ra t ion  of a  l o c a l  t e n s i l e  stress f i e l d ,  l o c a l  p ipe  wall. 
huck1.ing a l s o  adverse ly  e f f e c t s  t h e  s e r v i c e a b i l i t y  of t h e  p ipe l ine .  
Therefore ,  two f a i l u r e  criteria are g e n e r a l l y  de f ined  f o r  t h e  p i p e l i n e ' s  
response t o  d i f f e r e n t i a l  s o i l  movements. These f a i l u r e  c r i t e r i a  a r e  
based on l o c a l  buckl ing of t h e  p ipe  wal l  i n  compression and f r a c t u r e  
mechanics cons ide ra t ions  i n  t e n s  ion. 

In  most major buried no r the rn  p i p e l i n e  p r o j e c t s ,  due t o  t he  h i g h  
p o s i t i v e  temperature d i f f e r e n t i a l ,  t h e  compressive behavior  tends  to  
govern the des ign  f o r  d i f f e r e n t  s o i l  movements. Consequently,  a  g r e a t  
amount of work has been performed t o  d e f i n e  t h e  compressive f a i l u r e  

[ . r i t e r i a .  Figcire 2  shows an example of t h i s  type of respolise beliavlor 
atid f a i l u r e  c r i t e r i a .  For t he  P o l a r  Gas P r o j e c t ,  t he  compressive local  

pipe wall  buckl ing c r i t e r i a  was genera ted  by an  a n a l y t i c a l  approach which 
was f i r s t  given by Vol 'mir (Ref . I ) .  This  methodology is based on the  
deformation theory of p l a s t i c i t y  and t h e  double modulus ( s ecan t  and 
t angen t )  approach. The d e t a i l e d  d e s c r i p t i o n  of t h i s  methodology i s  

beyond t h e  scope of t h i s  paper ,  however, F igure  2 compares t h i s  
a n a l y t i c a l  methodology a g a i n s t  f u l l - s c a l e  pipe tests on p re s su r i zed  
a x i a l l y  loaded 48-inch diameter  p ipes  (Ref.  2)  sub jec t ed  t o  a  bending 
load. Figure 2  shows a  number of i n t e r e s t i n g  po in t s .  The tests 
performed on t h e  a c t u a l  p ipe  show a  g r e a t  amount of s c a t t e r .  A s  an  
example, f o r  t he  low p res su re  t e s t s ,  t h e  maximum measured c r i t i c a l  
l o n g i t u d i n a l  s t r a i n  is  almost twice t h e  minimum measured value.  For 

t h e  h ighe r  p re s su re  tests, t h i s  s c a t t e r  has  been reduced such t h a t  t h e  
maximum measured va lue  i s  50 percent  g r e a t e r  than  the  minimum value. 
For t h e  pipe s i z e s ,  i . e . ,  diameter-to-wall  t h i c k n e s s  r a t i o s ,  u t i l i z e d  i n  

p i p e l i n e  a p p l i c a t i o n s ,  t he  l o c a l  buckl ing response of t h e  p ipe  is i n  t he  
i n e l a s t i c ,  i .e .  , p l a s t i c  range. The e l a s t i c  s t r a i n  a s s o c i a t e d  wi th  t h e  
y i e l d  s t r e n g t h ,  i.e., SMYS, of t h e  p ipe  is shown a s  t h e  s h o r t  ho r i zon ta l  
l i n e  g iven  wi th in  t h e  f igu re .  A l l  measured c r i t i c a l  s t r a i n  values a r e  
s i g n i f i c a n t l y  beyond t h i s  extended reg ion  of e l a s t i c i t y .  The t h e o r e t i c a l  
r e s u l t s  envelope t h e  measured r e s u l t s  i n  f i v e  of t he  seven t e s t s .  
The average d i f f e r e n c e  between the  measured and p red ic t ed  va lues  is  
4.8 pe rcen t ,  while t h e  maximum s i n g l e  d i f f e r e n c e  is  32.4 percent  i n  
the  high p re s su re  test. I n  two of t h e  low p r e s s u r e  t e s t s ,  t he  theory  
over-predicted t h e  c r i t i c a l  s t r a i n .  However, i t  s i g n i f i c a n t l y  under- 
predicted t he  c r i t i c a l  s t r a i n  f o r  one test a t  t h e  same low pressure .  For 
t h e  Po la r  Gas P r o j e c t ,  t he  design a l lowable  s t r a i n  l i m i t s  f o r  o p e r a t i o n a l  



l o ad ings  were t aken  a s  two-thirds  of t h e  t h e o r e t i c a l  d e s i g n  maximum 
s t r - a in .  Th is  cor responding  des ign  a l l owab le  curve is  a l s o  p l o t t e d  on 
F igu re  2 f o r  t h e  t e s t e d  p ipe  and i t  enve lopes  a l l  of t h e  measured 
r e s u l t s .  Consequent ly ,  i t  i s  f e l t  t h a t  t h e  compress ive s t r a i n  c r i t e r i a  
is  well de f i ned .  

On t h e  t e n s i o n  s i d e  of t h e  p i p e ,  f r a c t u r e  mechanics t e chn iques  have  
been a p p l i e d  f o r  many yea r s  t o  p r e d i c t  c r a c k  growth phenomena a s s o c i a t e d  
w i th  l o n g i t u d i n a l  c r a c k s  s u b j e c t e d  p r i m a r i l y  t o  c i r c u m f e r e n t i a l  s t r e s s e s  
due t o  i n t e r n a l  p r e s su re .  However, t h e  g e n e r a t i o n  of l o n g i t u d i n a l  
t e n s i i - e  s t r a i n  c r i t e r i a  by t h e  a p p l i c a t i o n s  of f r a c t u r e  mechanics 
t e chn iques  is i n  i t s  in fancy .  The P o l a r  Gas P r o j e c t  ha s  funded a  sma l l  
p r o j e c t  t o  b e t t e r  d e f i n e  l o n g i t u d i n a l  t e n s i l e  s t r a i n  c r i t e r i a  based on 
f r a c t u r e  mechanics c o n s i d e r a t i o n s .  The re fo r e ,  t h i s  is one a r e a  where 
f u r t h e r  development i s  r e q u i r e d  t o  b e t t e r  unders tand  and p r e d i c t  a c t u a l  
c r a c k  growth due t o  t h e  t e n s i l e  s t r e s s  f i e l d s ,  i.e., bo th  l o n g i t u d i n a l  
and c i r c u m f e r e n t i a l ,  p r e s e n t  w i t h i n  bu r i ed  p i p e l i n e s  s u b j e c t e d  t o  
d i f f e r e n t i a l  s o i l  movements. 

I n  g e n e r a l  s o i l - p i p e  i n t e r a c t i o n  response  problems t h e  two 
dominate  l oad ings  a r e  i n t e r n a l  p r e s s u r e  and t empe ra tu r e  d i f f e r e n t i a l .  
The t empe ra tu r e  d i f f e r e n t i a l  is t h e  d i f f e r e n c e  between t h e  o p e r a t i n g  
t empe ra tu r e  of p ipe  and t h e  so - ca l l ed  r e f e r e n c e  temperature .  The 
o p e r a t i n g  t empe ra tu r e  of t h e  p i p e  w i l l  be a t  o r  ve ry  nea r  t h e  
t empe ra tu r e  of t h e  f lowing  gas .  The r e f e r e n c e  t empe ra tu r e  is  de f ined  
a s  t h e  t he rma l ly  s t r e s s - f r e e ,  i . e . ,  z e r o  thermal  s t r e s s ,  t empe ra tu r e  of 
t h e  pipe.  Th is  i s  normal ly  assumed t o  be t h e  t empe ra tu r e  of t h e  p i p e l i n e  
when l a i d  i n  t h e  d i t c h  and b a c k f i l l e d .  The assumed r e f e r e n c e  t empe ra tu r e  
i s ,  t h e r e f o r e ,  t aken  a s  t h e  ambient a i r  t empera ture  a t  t h e  t ime of 
i n s t a l l a t i o n  and t i e - i n .  I n  most major n o r t h e r n  p i p e l i n e s  w i th  w i n t e r  
c o n s t r u c t i o n  and an o p e r a t i n g  tempera ture  n e a r  f r e e z i n g ,  t h i s  is a  
c o n s e r v a t i v e  assumption.  F i g u r e  3 shows t h e  r e q u i r e d  p i p e  w a l l  t h i c k n e s s  
f o r  a  g iven  thaw s e t t l e m e n t  c a s e  a s  a  f u n c t i o n  of t empe ra tu r e  
d i f f e r e n t i a l .  F i g u r e  3 demons t ra tes  t h a t  a  change i n  t empe ra tu r e  
d i f f e r e n t i a l  w i l l  have a  cor responding  change on t h e  r equ i r ed  p ipe  w a l l  
t h i c k n e s s .  For a  minimum w i n t e r  c o n s t r u c t i o n  t empe ra tu r e  of -40°F and 
o p e r a t i n g  t empe ra tu r e  of +42"F, t h e  r equ i r ed  w a l l  t h i c k n e s s  is 0.595 i n .  

f o r  t h e  c a s e  shown w i t h i n  F igu re  3 .  However, some p r o p r i e t a r y  
expe r imen t a l  and a n a l y t i c a l  programs have i n d i c a t e d  t h a t  t h e  a c t u a l  
r e f e r e n c e  t empe ra tu r e  under  w i n t e r  c o n s t r u c t i o n  c o n d i t i o n s  could be  10°F 
o r  h i g h e r  t h a n  c u r r e n t l y  u t i l i z e d .  Also ,  a n a l y t i c a l  s t u d i e s  have shown 
t h a t  t h e  e f f e c t  of t h e  h y d r o s t a t i c  t e s t i n g  of t h e  p ipe  on t h e  subsequent  
p ipe  r e f e r e n c e  t empera ture  can  be s i g n i f i c a n t .  The re fo r e ,  i f  i t  is 
assumed t h a t  t h e  ' r e a l "  r e f e r e n c e  t empe ra tu r e  i s  20°F h i g h e r  f o r  t h i s  
s i t u a t i o n ,  t hen  t h e  r equ i r ed  w a l l  t h i c k n e s s  is 0.527 i n .  o r  a  r e d u c t i o n  
i n  t h e  r e q u i r e d  p i p e  w a l l  t h i c k n e s s  of o v e r  10 pe r cen t .  Th is  has  a  
s i g n i f i c a n t  economical impact on t h e  p i p e l i n e  des ign .  The re fo r e ,  a n  
i n d u s t r y  accep ted  methodology f o r  more adequa t e ly  p r e d i c t i n g  t h e  a c t u a l  
r e f e r e n c e  t empe ra tu r e  w i t h i n  bur ied  p i p e l i n e s  should  be developed. 

The dominate s o i l  l oad ing  f o r  t h e  thaw s e t t l e m e n t  response  is t h e  
maximum overburden  load w i t h i n  t h e  s e t t l i n g  s o i l  zone of t h e  p i p e l i n e .  
Like t he  r e f e r e n c e  t empera ture ,  t h e  maximum overburden load  c u r r e n t l y  



is based on c o n s e r v a t i v e  assumpt ions  w i t h o u t  a  g r e a t  d e a l  of measured 
r e s p o n s e  d a t a .  F i g u r e  4 shows t h e  r e q u i r e d  p i p e  w a l l  t h i c k n e s s  f o r  a  
g i v e n  thaw s e t t l e m e n t  c a s e  a s  a  f u n c t i o n  of maximum overburden l o a d .  
T h i s  f i g u r e  shows t h a t ,  a t  l e a s t  f o r  t h e  c a s e  s t u d i e d ,  t h e  overburdell  
load-wall t h i c k n e s s  r e l a t i o n s h i p  is s l i g h t l y  n o n l i n e a r .  Also,  shown 
o n  t h e  f i g u r e ,  is t h e  b u r i e d  d e p t h  t o  t h e  t o p  of t h e  p i p e  used i n  t h e s e  
a n a l y s e s  a s  a  f u n c t i o n  of overburden  load .  I n  a c t u a l  s e r v i c e ,  thaw 
s e t t l e m e n t s  occur  o v e r  many y e a r s  i n  combina t ion  w i t h  s e a s o n a l  f r e e z e -  
thaw c y c l e s  on t h e  s u r r o u n d i n g  s o i l .  T h e r e f o r e ,  a  b e t t e r  u n d e r s t a n d i n g  
of t h i s  phenomenon c o u l d  change t h e  depth-overburden r e l a t i o n s h i p  
c u r r e n t l y  u t i l i z e d  w i t h i n  t h e  d e s i g n  p r o c e s s .  S i m i l a r  t o  t h e  r e f e r e n c e  
t e m p e r a t u r e ,  a  r e d u c t i o n  i n  t h e  overburden  l o a d  based on  measured 
response  d a t a ,  cou ld  have a s i g n i f i c a n t  c o s t  impact  o n  a major p i p e l i n e  
p r o j e c t .  

Conc lus ion  

T h i s  paper  h a s  g i v e n  some of t h e  s t r u c t u r a l  r e a s o n s  i n  f a v o r  of 
o p e r a t i n g  a w a r m  b u r i e d  g a s  p i p e l i n e  t h r o u g h  t h e  d i s c o n t i n u o u s  p e r m a f r o s t  
and h a s  b r i e f l y  d i s c u s s e d  some of t h e  i m p o r t a n t  s t r u c t u r a l  p a r a m e t e r s  
where f u r t h e r  re f inement  o r  development would have a b e n e f i c i a l  e f f e c t  on 
p r e d i c t i n g  s o i l - p i p e  i n t e r a c t i o n  behav ior .  I n  d e s i g n  s i t u a t i o n s  where 
assumptions  must be made, t h e  p ruden t  e n g i n e e r  must r e l y  on h i s t o r i c a l  
p r a c t i c e s  a s  modi f i ed  by f i e l d  e x p e r i e n c e  and judgement t o  make 
r e a s o n a b l e  y e t  c o n s e r v a t i v e  assumpt ions .  I f  some of t h e s e  c o n s e r v a t i v e  
assumpt ions  can be r e p l a c e d ,  th rough  a  b e t t e r  u n d e r s t a n d i n g  of t h e  a c t u a l  
i n s e r v i c e  b e h a v i o r ,  t h e n  t h e  p i p e l i n e  i n d u s t r y ,  and t h e  p u b l i c  i n  
g e n e r a l ,  w i l l  b e n e f i t .  
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ALYESKA PIPELINE: MONITORING, OPERATIONS AND MAINTENANCE 

E. R. Johnson* 

Trans  Alaska P i p e l i n e  (TAPS) t r a v e r s e s  permaf ros t  a l o n g  70% of t h e  
pipe1 i n e  rou t e .  P rov id ing  a n  u n i n t e r r u p t e d  and env i ronmen ta l l y  s a f e  
o p e r a t i o n  of t h e  p i p e l i n e ,  i s  ex t remely  impor t an t ,  t o  t h e  owners, t h e  
p roduce r s ,  t h e  S t a t e  of Alaska and even t h e  n a t i o n a l  i n t e r e s t .  
S i g n i f i c a n t  e n g i n e e r i n g  and f i n a n c i a l  r e s o u r c e s  a r e  committed toward 

ma in t a in ing  t h e  o p e r a t i n g  i n t e g r i t y  of TAPS due t o  t h e  s p e c i a l  g e o l o g i c  
hazards  imposed by pe rmaf ro s t  f ounda t i on  m a t e r i a l s .  

Management of t h e  r i s k  imposed by permaf ros t  is accomplished u s i n g  
( 1) a comprehensive s u r v e i l l a n c e  and moni to r ing  program, ( 2 )  i n t e n s i v e  
e n g i n e e r i n g  e v a l u a t i o n ,  and ( 3 )  a p r e v e n t i v e  maintenance program. 

The s u r v e i l l a n c e  and moni to r ing  programs conducted by Alyeska have 
been very s u c c e s s f u l  i n  i d e n t i f y i n g  pe rmaf ro s t  i n s t a b i l i t y  problems and 
a l l o w i n g  p r e v e n t i v e  maintenance t o  be performed. The below ground 
p i p e l i n e  ha s  been r e p a i r e d  a t  10 d i f f e r e n t  l o c a t i o n s  s i n c e  1979 t o  
p r even t  e x c e s s i v e  p i p e  s t r a i n  caused by s e t t l e m e n t .  The above ground 
p i p e l i n e  ha s  performed w e l l ,  w i t h  on ly  1.6% of t h e  t o t a l  p i l e  suppo r t  
popu l a t i on  (78,000 t o t a l  p i l e s )  e x h i b i t i n g  j a c k i n g  o r  s e t t l e m e n t  i n  
e x c e s s  of 9  cm (0.3 f t ) .  One problem found w i t h  t h e  above ground 
p i p e l i n e  s u p p o r t s  ha s  been t h e  s low d e t e r i o r a t i o n  of h e a t  p i p e  
performance.  Heat p ipe s  are used t o  remove h e a t  from t h e  ground d u r i n g  
w in t e r  and hence m a i n t a i n  t h e  s o i l s  i n  a permanent ly  f r o z e n  c o n d i t i o n .  
Approximately 30% of t h e  h e a t  p i p e  p o p u l a t i o n  (122,000 t o t a l  h e a t  p i p e s )  
has  e x h i b i t e d  some l e v e l  of co ld  t op  c o n d i t i o n  caused by accumula t ion  of 
noncondensable gas  on t h e  i n s i d e  of t h e  h e a t  p ipes .  A s  f o r  s t e e p  s l o p e s  
i n  pe rmaf ro s t ,  on ly  one major r e p a i r  has  been r e q u i r e d  s i n c e  p i p e l i n e  
s t a r t - u p .  

A v i t a l  l e s s o n  is t a u g h t  from t h e  Alyeska expe r i ence .  P i p e l i n e s  i n  
pe rmaf ro s t ;  and e s p e c i a l l y  t hose  w i t h  h igh  o p e r a t i n g  t empe ra tu r e s ,  are 
s u b j e c t  t o  a s i g n i f i c a n t  r i s k  of f ounda t i on  i n s t a b i l i t y .  Th i s  r i s k  must 
be  viewed o b j e c t i v e l y  and a s t r a t e g y  of risk-management developed which 
i n c l u d e s  t h e  f e a s i b i l i t y ,  d e s i g n ,  c o n s t r u c t i o n  and o p e r a t i n g  s t a g e s  of 
t h e  p r o j e c t .  Moni tor ing of f ounda t i on  performance du r ing  o p e r a t i o n  is  
e s s e n t i a l  t o  v e r i f y  t h a t  t h e  t heo ry  used by e n g i n e e r s  is compat ib le  w i t h  
t h e  r e a l i t y  imposed by Mot h e r  Nature.  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  a f f i l i a t i o n  of a u t h o r s .  



TABLE I 

PIPELINE STABILITY OVERVIEW 

A. Major d i s t i n g u i s h i n g  d e s i g n  f a c t o r  - permafros t  on 70% of l i n e .  

B. Many impor tan t  f a c i l i t i e s  s u b j e c t  t o  r i s k  of permafrost  i n s t a b i l i t y .  

T o t a l  - Permafros t  

1. convent iona l  bur ied  
p i p e l i n e  380 m i l e s  (613 km) 230 miles (371 km) 

2. aboveground p i p e l i n e  416 miles (671 km) 332 m i l e s  (535 km) 
(78,000 VSM) (61,000 VSM) 

3. r e f r i g e r a t e d  below- 
ground p i p e l i n e  4 m i l e s  (6 .5km) 4 m i l e s  (6 .5km)  

4. r e f r i g e r a t e d  pump 
s t a t  ion  p ip ing  1.8 m i l e s  (2.9 km) 1.8 miles (2.9 km) 

5. pump s t a t i o n  
founda t ions  

6. s t e e p  s l o p e s  5 3 

C. The t h r e e  b igges t  p i p e l i n e  s t a b i l i t y  concerns t o  da t e .  

1. below ground p i p e l i n e  s e t t l e m e n t  

2. p rog re s s ive  f a i l u r e  of h e a t  p ipes  i n  thermal  VSM 

3. f a i l u r e  of permafrost  s l o p e s  



TABLE I1 

BELOWGROUND PIPELINE STABILITY 

BACKGROUND 

- Two p i p e l i n e  f a i l u r e s  occurred dur ing  same week i n  June 1979 - p i p e  
had been i n  o p e r a t i o n  only 2 years .  

- F a i l u r e  a t  Atigun r e s u l t e d  from 4.0 f t  (1.2 m) of s e t t l e m e n t  - p ipe  
buried i n  i ce - r i ch  bedrock. 

- F a i l u r e  a t  MP 734 r e s u l t e d  From 5.5 f t  (1.7 m) of s e t t l e m e n t  - p ipe  
buried i n  undetected permafrost .  

- A major p i p e l i n e  monitor ing program was i n s t i t u t e d  to  d e t e c t  o t h e r  
p o t e n t i a l  problem a reas .  

- Have d e t e c t e d  8 o t h e r  a r e a s  r e q u i r i n g  r e p a i r  s i n c e  1979. 

B MONITORING PROGRAM 

- Objec t ive  of s t a b i l i t y  monitoring program i s  t o  f i n d  a l l  p o t e n t i a l l y  
damaging pipe s e t t l e m e n t  a r e a s  t o  a l l ow ef f e c t  i v e  and e f f i c i e n t  
r e p a i r  be£ o r e  p ipe  f a i l u r e .  

- Program c o n s i s t s  of many d i f f e r e n t  i n t e r r e l a t e d  techniques  : 

s u r f a c e  survei l1anc.e  
monitor ing rods - 2345 now i n  p lace  
r o u t i n e  monitor ing - 1930 rod r ead ings /yea r  
survey c o n t r o l  - 685 bench marks now i n  p l ace  
s o i l  bor ings  - 500 s i n c e  s t a r t u p  
the rmis to r  s t r i n g s  - 250 now i n  p l ace  
CD p i g  - run 2 t imes /year  
TSI survey - w i l l  survey most of buried l i n e  i n  1985 
d a t a  base management - 865,000 p i eces  of in format ion  
p r i o r i t y  system - focuses  a t t e n t i o n  on a r e a s  of g r e a t e s t  
concern. 

C. PRIORITY SYSTEM 

P r i o r i t y  

- Probable r e p a i r  t i m e  
frame Immediate 2-5 y r s  > 5  y r s  Unlikely 



- P r i o r i t y  c r i t e r i a  

Curvature % CR 285 60-85 40-60 € 4 0  
Set t lement  r a t e  f t / y r  '0.3 -15--30 .OH-. 15 s . 0 8  
Total  s e t t l emen t  f t  > 3  2-3 1-2 € 1  
Expected f u t u r e  s e t t l e m e n t  considered on s i t e  s p e c i f i c  bases 

CD pig  anomaly considered on s i t e  s p e c i f i c  bases 

- Current r e s u l t s  

Number of a r e a s  none 7 114 - - 
Number of mi les  none 1.5 29.7 348.9 

- Response 

Monitoring frequency 

Per  Y r  2- 3 1-2 112-1 1/3-1/2 
Repair response c o n s t r u c t i o n  contingency observe none 

des  ign 

U. MONITORING PROGRAM RESULTS 

- No p i p e l i n e  l eaks  from pipe s e t t l e m e n t  s i n c e  1979. 

- Have i d e n t i f i e d  8 s e p a r a t e  r e p a i r  a r e a s  a f t e r  1979 c o s t i n g  58 MM$ t o  
f  ix. 

- No f a l s e  alarms. 

- Annual monitoring c o s t s  s y s t e m a t i c a l l y  reduced wi th  t i m e .  

E.  STABILITY REPAIR 

Repair 

Underpinning 

Year - Annual Cost , MM$ 

Tota l  31 -7 

Used When 

Large f u t u r e  s e t t l e m e n t  
expected,  s t a b l e  zone at  
depth.  

H i s t o r i c a l  Cost 

2-7 MMS 



Thermal s tab i l i za t ion  Favorable environmental 6-8 MM$ 
conditions. 

Remode i n  place Favorable terrain 
conditions. 

Releveling 

Reroute 

Small future settlements 0.2-1.0 MM$ 
expected . 
High r isk of future 28 MM$ 
settlement . 
Inaccessible location 
High r isk during repair 



TABLE I11 

ABOVEGROUND PIPELINE MONITORING 

A. BACKGROUND 

- 78,000 VSM used t o  suppor t  420 m i l e s  of above ground p i p e l i n e .  

- 802 o r  61,000 of VSM u t i l i z e  122,000 hea t  p ipes  t o  provide thermal 
p ro tec t  ion. 

- Random survey sampling shows g e n e r a l l y  good VSM performance. 

1) 1.0% jacked over  0.3 f t .  
2 )  0.6% s e t t l e d  over  0.3 f t .  
3) Approximately 200 VSM have required adjustments .  
4)  Repairs (over  100M$) have been requi red  a t  3  loca t ions .  

- FLIR monitoring of hea t  pipes has shown d e t e r i o r a t i o n  of thermal 
performance. 

Number of cold tops  5,100 12,400 23,400 36,600 
% of populat ion 4.2 10.1 19 00 30.0 

B. HEAT PIPE REPAIR 

- VSM f a i l u r e s  a r e  not  a n t i c i p a t e d  because of h ighly  conse rva t ive  
des ign  and slow f a i l u r e  sequence. 

- Presen t ly  o n l y  250 VSM r e q u i r e  r e p a i r .  

- Repairs w i l l  involve  with t h e  use of " g e t t e r "  devices  which absorb  
and i s o l a t e  noncondensable hydrogen. 

- Long term r e p a i r s  a r e  pro jec ted  a s  fo l lows:  

No. of f a i l u r e s  250 400 1000 
Cost @ 150$/ repai r  38 M 60M 150M 



TABLE IV 

SLOPE STABILITY 

- Have i d e n t i f i e d  53 s t e e p  s lopes  s u b j e c t  t o  s t a b i l i t y  concern,  32 i n  
permafrost .  

- Annual s u r v e i l l a n c e  conducted t o  i n s p e c t  s lopes .  

- Spec ia l  monitor ing conducted where i n s t a b t l i t y  i s  i n d i c a t e d .  

1) Survey monitor ing 
2)  Piezometer monitoring 
3 )  Slope i n d i c a t o r  monitoring. 

- Only one s lope  has r equ i r ed  r e p a i r  

1) Above ground p i p e l i n e  s u b j e c t  t o  deep thaw 
2 )  Repair  u t i l i z e d  h e a t  p ipes  - wood c h i p  i n s u l a t i o n  

3 )  Cost of r e p a i r  approximately 1.0 MM$. 



MONITORING OF THAWING PERMAFROST SLOPES : 
INTERPROVINCIAL PIPE LINE 

E.C. McRoberts, A..I. Hanna and .I. Smith* 

A b s t r a c t  

The I n t e r p r o v i n c i a l  P ipe  Line (NW) from Norman Wells ,  N.W.T. t o  
Zama, A lbe r t a  is t h e  f i r s t  f u l l y  bur ied  o i l  p i p e l i n e  i n  permafrost .  
The p i p e l i n e  c ro s sed  165 s l o p e s ,  many of which were f rozen .  This  paper  
reviews t he  basis f o r  choosing wood c h i p s  t o  provide i n s u l a t i o n  a g a i n s t  
thawing of s e n s i t i v e  permafros t  s l o p e s .  Performance d a t a  p r i m a r i l y  f o r  
h e a t  g e n e r a t i o n  e f f e c t s  i n  t h e  wood c h i p s  and on observed thaw dep ths  
and ground t empera tu r e s  is provided.  

I n t r o d u c t i o n  

I n t e r p r o v i n c i a l  P i p e  Line (NW) Ltd. (IPL) r e c e n t l y  completed 
c o n s t r u c t i o n  of t h e  f i r s t  f u l l y  bur ied  o i l  p i p e l i n e  i n  permafros t .  The 
p i p e l i n e  runs  from Norman Wells, N.W.T. t o  Zama, A l b e r t a ,  a  d i s t a n c e  of 

868 km. D e t a i l s  of t h e  p i p e l i n e  have r e c e n t l y  been sum~narized by P i ck  
and Smith (1985).  From Norman Wells s o u t h  t o  kmp 400, t h e  p i p e l i n e  
p a r a l l e l s  t h e  e a s t  bank of t h e  Mackenzie R ive r ,  c r o s s i n g  t h e  v a l l e y  wa l l s  
of many t r i b u t a r y  c r e e k s  and r i v e r s .  Many of t h e s e  s l o p e s  a long  t h i s  
p o r t i o n  of t h e  r o u t e  are f rozen .  South of about  krnp 400 t h e  p i p e l i n e  
is l o c a t e d  a long  t h e  Grea t  S l ave  P l a i n  and,  wi th  t h e  e x c e p t i o n  of t h e  
Mackenzie River  c r o s s i n g ,  avo ids  pe rmaf ros t  s l o p e s .  

While t h e  r o u t e  was l o c a t e d  s o  as t o  avo id  major a r e a s  of known 
i n s t a b i l i t y  , permafros t  s l o p e s  were unavoidable .  I n  t o t  a 1  , ove r  16 5 
s l o p e s  were i d e n t i f i e d  as r e q u i r i n g  g e o t e c h n i c a l  examina t ion  and s i t e  
s p e c i f i c  des ign  response.  Of t h e  165 s l o p e s  ca ta logued  a  t o t a l  of 26 

s l o p e s  were ins t rumented  ( s e e  Tab l e  1). Because c o n s t r u c t i o n  r e q u i r e d  
two w i n t e r  seasons  t o  complete ,  some s l o p e s  were ins t rumented  i n  t h e  
w in t e r  o f  1983/84 and underwent a  complete  thaw sea son  be fo re  t h e  
p i p e l i n e  went i n t o  ope ra t i on .  The purpose of t h i s  paper  is t o  review t h e  
r e s u l t s  of s l o p e  moni tor ing  f o r  t h e  summers of 1984 and 1985. However, 
be fo re  doing s o  i t  is  u s e f u l  t o  make t h e  fo l l owing  i n t r o d u c t o r y  
comments. 

A c h i l l e r  a t  Norman Wells e n s u r e s  a n  i n i t i a l  o i l  f low tempera ture  of 
between +0.5 t o  -3.0°C. During t h e  summer of 1985, p ipe  s k i n  
tempera tures  r o s e  t o  peak va lues  of n e a r  +3"C sou th  t o  Kmp 300 and t o  
+5"C s o u t h  of Kmp 400. During t h e  w i n t e r  months i t  is expected t h a t  p ipe  
s k i n  tempera tures  w i l l  f a l l  below f r e e z i n g  such t h a t  on average  t h e r e  
w i l l  be no n e t  thermal  i n p u t  i n t o  t h e  sur rounding  s o i l .  

The re fo re  whi le  t h e  p i p e l i n e ,  be ing  more o r  l e s s  a t  ground 
tempera ture ,  does  not i n f l u e n c e  pennaf r o s  t s l o p e  s t a b i l i t y ,  a fundamental 
component of geothermal  d i s t u r b a n c e  r e s u l t s  from right-of-way c l e a r i n g  

* See L i s t  of R e g i s t r a n t s  (Appendix A) 

f o r  a f f i l i a t i o n  of au thors .  



and c o n s t r u c t i o n  d i s t u r b a n c e  e f f e c t s .  P r e v i o u s  s t u d i e s  ( f o r  example 

NcRoberts e t  a l ,  1978) of thawing a l o n g  c l e a r e d  rights-of-way i n  t h e  

v i c i n i t y  of t h e  IPL l i n e  e s t a b l i s h e d  t h a t  p a s t  t e r r a i n  d i s t u r b a n c e  on  
c l e a r e d  t ra i l s  and roads  i n i t i a t e s  p e r m a f r o s t  thawing. A rev iew of 
a v a i l a b l e  d a t a  i n d i c a t e d  t h a t  complete  removal of v e g e t a t i o n  and s e v e r e  
damage t o  t h e  o r g a n i c  s u r f a c e  c o v e r  c o u l d  be expec ted  t o  r e s u l t  i n  abou t  
4 t o  6 m of thaw o v e r  a  25 y e a r  p e r i o d .  Less  thaw i n  t h e  o r d e r  o f  1  t o  
4 m i n  25 y e a r s ,  and i n  many i n s t a n c e s  no d e g r a d a t i o n  a t  a l l ,  might  be 

a n t i c i p a t e d  i f  c o n s t r u c t i o n  d i s t u r b a n c e  w a s  r e s t r i c t e d  t o  removal of 
t r e e s  a l o n e .  However, a s  t h i s  was viewed as be ing  i m p r a c t i c a l  i t  was 
recognized  t h a t  p i p e l i n e  c o n s t r u c t i o n  would r e s u l t  i n  s l o p e  thawing. 

Exper ience  i n  t h e  Mackenzie V a l l e y  (McRoberts 1978) ,  as w e l l  a s  a  
v a r i e t y  of unpubl i shed  s t u d i e s  of f a i l e d  s l o p e s  h a s  e s t a b l i s h e d  t h a t  
thawing of p e r m a f r o s t  s l o p e s  can c a u s e  f a i l u r e s .  These s t u d i e s  s u p p o r t e d  
by t h e o r e t i c a l  a n a l y s e s  of t h e  t y p e  r e p o r t e d  by McRoberts et a l ,  (1978)  
l e a d  t o  t h e  c o n c l u s i o n  t h a t  s l o p e s  a s s o c i a t e d  w i t h  t h e  IPL p r o j e c t  
g r e a t e r  t h a n  9', 13' and 18O, i n  i c e - r i c h  c l a y ,  i c e - r i c h  t i l l  and i c e -  
poor t i l l  s o i l s ,  r e s p e c t i v e l y ,  would n o t  be s u f f i c i e n t l y  s t a b l e  d u r i n g  
thawing o r  long-term d e g r a d a t i o n .  Two major  m i  t i g a t i o n  c o n c e p t s  were 

evo lved  t o  deve lop  a s u f f i c i e n t l y  h i g h  s a f e t y  f a c t o r .  I n  h i g h l y  i c e - r i c h  
s l o p e s  a n d / o r  f o r  s t e e p e r  i n c l i n a t i o n s  i t  was s p e c i f i e d  t h a t  thaw had t o  
be v i r t u a l l y  p r e v e n t e d  by be ing  r e s t r i c t e d  t o  t h e  n a t u r a l  a c t i v e  l a y e r .  

I n  o t h e r  s l o p e s ,  depending upon a n g l e ,  s o i l  t y p e  and ice c o n d i t i o n s  thaw 
was p e r m i t t e d  but  a t  c o n t r o l l e d  r a t e s .  

I n  a s s e s s i n g  p o t e n t i a l  m i t i g a t i o n  measures ,  a v a r i e t y  of cand i -  
d a t e s  were c o n s i d e r e d .  Among t h e s e  were a  g r a v e l / s y n t h e t i c  i n s u l a t i o n  
sandwich,  wood c h i p s ,  wood c h i p l s y n t h e t i c  i n s u l a t i o n  sandwich,  and a  
t h e r m o p i l e  o r  c r y o - a n c h o r / i n s u l a t i o n  mode. Wood c h i p s  were s e l e c t e d  a s  
t h e  pr imary d e s i g n  mode f o r  s e v e r a l  r easons .  F i r s t l y ,  p r o p e r t i e s  of 
wood c h i p s  p r o v i d e  a  b e t t e r  o v e r a l l  geothermal  s o l u t i o n .  While t h e  
the rmal  c o n d u c t i v i t y  is  g r e a t e r  t h a n  a r t i f i c i a l  i n s u l a t i o n  ( b o a r d s ,  o r  
foamed-in-place) t h e  wood c h i p s  r e t a i n  m o i s t u r e  and t h e  h i g h  l a t e n t  h e a t  
e f f e c t  is i m p o r t a n t  i n  r e t a r d i n g  s e a s o n a l  thaw. Secondly,  wood c h i p s  
c a n  be placed  d i r e c t l y  on t h e  s l o p e  d u r i n g  w i n t e r  w i t h o u t  h i g h  q u a l i t y  
s p e c i f i c a t i o n  and e x p e n s i v e  c o n s t r u c t i o n  p rocedures .  Because some thaw 
i s  i n e v i t a b l e ,  t h e  r i g i d i t y  of a r t i f i c i a l  i n s u l a t i o n  m d e s  were 

c o n s i d e r e d  t o  be a  major d i s a d v a n t a g e  because  of subsequen t  s e t t l e m e n t .  
F i n a l l y ,  i t  was a n t i c i p a t e d  t h a t  some f a i l u r e  may o c c u r  due e i t h e r  t o  
s l o p e  movements o r  o t h e r  e f f e c t s ,  and wood c h i p s  were viewed as be ing  
e a s y  t o  r e h a b i l i t a t e .  An env i ronmenta l  p e r s p e c t i v e ,  u l t i m a t e l y  s u p p o r t e d  
by r e g u l a t o r y  a g e n c i e s ,  was t h a t  a renewable  r e s o u r c e  was be ing  used 
(compared w i t h  g r a v e l ,  o f t e n  i n  s h o r t  s u p p l y )  and wood c h i p s  were t h e  

b e s t  cho ice .  

There  were,  of c o u r s e ,  c e r t a i n  d i s a d v a n t a g e s  of wood c h i p s .  While 
t h e  p i p e l i n e  is s i t u a t e d  i n  t h e  b o r e a l  f o r e s t ,  t r e e  h a r v e s t i n g  would 
r e q u i r e  development of wood l o t s  o f f  t h e  r ight-of-way. Wood c h i p s  do n o t  
r e v e g e t a t e  e a s i l y  and i n  a d d i t i o n ,  t h e r e  was t h e  p o s s i b i l i t y  of p o l l u t i n g  
l e a c h a t e s  e n t e r i n g  t h e  s u r f a c e  wa te r  regime. Wood c h i p s  were a l s o  known 
t o  g e n e r a t e  h e a t ,  due  t o  m i c r o - b i o l o g i c a l  a c t i o n ,  and t h i s  e f f e c t  a s  w e l l  
a s  p o s s i b l e  d e t e r i o r a t i o n  of the rmal  p r o p e r t i e s  w i t h  t ime  r e q u i r e d  s t u d y .  



Tire wood c h i p s  e x e r t  on ly  a minor su r cha rge  on t h e  s l o p i n g  s o i l  and 
l i t t l e  b e n e f i t  i n  Fmproving e f f e c t i v e  s t r e s s e s  a t  t h e  thaw l i n e  could bt? 

expected.  F i n a l l y  t h e r e  w a s  some concern t h a t  t h e  wood ch ip s  might no t  
be s t a b l e  themselves  and cou ld  be eroded o r  become buoyant du r ing  a  heavy 
r a i n f a l l .  

While i t  is  g e n e r a l l y  h e l d  t h a t  wood c h i p s  might s e r v e  a s  a n  
i n s u l a t i v e  m a t e r i a l ,  t h e r e  i s  a g e n e r a l  l a c k  of we1 1 documented 
precedence.  C e r t a i n l y  sawdust and shav ings  have been used i n  Canada f o r  
many g e n e r a t i o n s  a s  a n  i n s u l a t i v e  m a t e r i a l  i n  houses ,  and p r i o r  t o  
mechanical  r e f r i g e r a t i o n  t o  s t o r e  i c e  du r ing  summer months. Wood c h i p s  
and sawdust  have a l s o  been used as l i g h t w e i g h t  road f i l l s  i n  muskeg 
t e r r a i n .  It was known t h a t  wood c h i p s  have been used i n  t h e  Mackenzie 
D e l t a  a s  exped ien t  pads f o r  t r a n s p o r t a t i o n  of d r i l l  r i g s  and t h e  Canadian 
Na t i ona l  Railways have used them sou th  of C h u r c h i l l ,  Manitoba i n  
con junc t  i o n  w i th  cryo-anchors t o  reduce thaw i n  r a i l r o a d  embankments 
(Anon, 1983). 

Wood c h i p s  are a  common produc t  of t h e  pu lp  and paper  i n d u s t r y  i n  
North American and some e x p e r i e n c e  is  a v a i l a b l e  concern ing  t h e  b e h a v i o ~ l r  

oE l a r g e  p i l e s  of wood c h i p s  and sawdust.  Wood c h i p  p i l e s  can g e n e r a t e  
h e a t  due t o  bo th  r e s p i r a t i o n  of s t i l l  l i v i n g  wood c e l l s  and, p r i m a r i l y ,  
t o  t h e  a c t i o n  of a v a r i e t y  of micro-organisms, p r i m a r i l y  f u n g i  (Hajny,  
1966). The a c t  i o n  of such fung i  is  t o  reduce  t h e  amount of wood 

subs tance .  Brown r o t s  p r i m a r i l y  a s s o c i a t e d  w i t h  t h e  t ypes  of s o f t  woods 
a v a i l a b l e  ( p i n e ,  s p r u c e )  p r e f e r e n t i a l l y  u t i l i z e  c e l l u l o s e  l e av ing  t h e  

l i g n e n  untouched and t h e r e f o r e  l e a v e  t h e  e s s e n t i a l  s t r u c t u r e  of t h e  c h i p  
i n t a c t  ( S h i e l d s ,  1977). Th i s  b a c t e r i a l  a c t i o n  g i v e s  r i s e  t o  h e a t  
g e n e r a t i o n  which promotes f u r t h e r  f u n g o i d a l  a c t i o n .  Temperatures  up t o  

40-60°C c a n  be found i n  l a r g e  wood c h i p  p i l e s  i n  t h e  o r d e r  of 20-25 m 
high.  Exper ience i n  t h e  f o r e s t  i n d u s t r y  i s  t h a t  c h i p  d e t e r i o r a t i o n  i s  
s h a r p l y  reduced i n  s m a l l e r  p i l e s  where t h e  s u r f  a c e  a r e a  t o  volume r a t i o  
is g r e a t e r .  Chemicals such as borax and sodium ca rbona t e  have been used 
by t h e  f o r e s t  i n d u s t r y  t o  reduce wood l o s s  and h e a t  bu i l dup  ( S h i e l d s ,  
1977). However, such a p p l i c a t i o n s  r a i s e d  env i ronmenta l  i s s u e s  and i n  t h e  
long-t  enn would l i k e l y  r e q u i r e  r e a p p l i c a t i o n  of chemicals .  

I n  summary, as t h e  de s ign  of t h e  Norman Wells p i p e l i n e  evo lved ,  i t  

became c l e a r  t h a t  measures were r equ i r ed  t o  e i t h e r  e s s e n t i a l l y  e l i m i n a t e  
o r  t o  r e t a r d  thaw i n  permaf ros t  s l opes .  Wood c h i p s  o f f e r e d  s e v e r a l  c o s t  
advan tages  and were cons idered  t h e  best s o l u t i o n  from s e v e r a l  t e c h n i c a l  
p e r s p e c t i v e s .  A range of s t u d i e s  were under taken  t o  d e f i n e  t h e  
a p p r o p r i a t e  thermal  p r o p e r t i e s  of c h i p s ,  t o  account  f o r  t h e  p o s s i b l e  
i n f l u e n c e  of h e a t  g e n e r a t i o n ,  and t o  a l l o w  f o r  t h e  l i k e l y  r educ t i on  of 
wood subs t ance  w i t h  t i m e  (McRoberts et a l ,  1985). More r e c e n t l y ,  A l t o  
(1986)  has  r e p o r t e d  on t h e  u se  of a wood c h i p  and cryo-anchor s o l u t i o n  
f o r  remedia l  measures on a 11' t o  17O s l o p e  of thaw u n s t a b l e  s i l t s  and 
c l a y s  a t  MP698 of t h e  Alyeska P i p e l i n e .  

Performance Data 

Moni tor ing of thawing s l o p e s  has  t h e  fo l l owing  b a s i c  components : 



- v i s u a l  i n s p e c t i o n  dur ing  l i n e  p a t r o l  f l yove r  supplemented by on- 
ground i n s p e c t  i on  by geo techn ica l  engineers .  

- monitor ing of i n s t rumen ta t ion  i n s t a l l e d  dur ing  c o n s t r u c t i o n .  
Subsequent s i t e  i n v e s t i g a t i o n  as  requi red  is  planned, and a  program 
of i n s i t u  s h e a r  vane t e s t i n g  was undertaken i n  t h e  f a l l  of 1985. 

Visual  i n s p e c t i o n  

Weekly l i n e  p a t r o l  f l i g h t s  a long the  e n t i r e  r o u t e  by IPL 
maintenance personnel  forms the  main v i s u a l  i n spec t ion .  During the  
summer months t h e r e  have been f r equen t  a e r i a l  and ground obse rva t ions  
by maintenance crews and o t h e r  i n t e r e s t e d  p a r t i e s .  I n  1984 and 1985 
t h e r e  were t h r e e  summer i n s p e c t i o n  t r i p s  along most of t h e  r o u t e  
by geo techn ica l  eng inee r s  involved i n  t he  design.  Genera l ly ,  t he  
performance of t he  s l o p e s  has been e x c e l l e n t .  Some t y p i c a l  obse rva t ions  
on s lope  performance a r e  summarized below. 

Erosion c o n t r o l  measures i n  t h e  form of d i t c h  plugs and d i v e r s i o n  
berms, construc.ted wi th  sand bags, were placed a t  10 t o  50 m spac ing  on 

des ign  s l o p e s  depending on s l o p e  ang le  and s o i l  type. It was g e n e r a l l y  
observed t h a t  t h i s  t rea tment  was adequate  and i n  some cases  more than  
adequate.  On some s l o p e s ,  however, t he  d i t c h  p lugs  s e t t l e d  and t h e  berm 
needed r ebu i ld ing  over t h e  d i t c h  l i n e .  On o t h e r  s lopes  t h e  berms 
requi red  some real ignment  once t h e  a c t u a l  runoff c o n d i t i o n s  were 
observed. 

There was cons ide rab le  e r o s i o n  on t h r e e  des ign  s l o p e s  and t h e s e  were 
r e l a t e d  t o  unsuspected o r  underest imated concent ra ted  c r o s s  flow from o f f  
t h e  ROW i n  two cases ,  and t o  inadequate  e r o s i o n  p r o t e c t i o n  f o r  a  known 
runoff  cond i t i on  i n  t he  o ther .  

Wherever t h e r e  was a  c r o s s  s l o p e ,  o r  a  des ign  c u t  on a  s lope ,  t h e r e  
was a  r e s u l t a n t  s i d e  s lope .  The des ign  s p e c i f i c a l l y  ru led  out  r e s t o r i n g  
o r  r e f i l l i n g  the  cu t  a r e a s .  Side c u t s  w e r e  excavated t o  about  1.5H:lV 
t o  2.5H:lV. Some i c e - r i c h  s i d e  c u t s  were l e f t  v e r t i c a l  and performed 
s a t i s f a c t o r i l y .  Most of t he  s i d e  s l o p e s  have performed well .  There have 
been t h r e e  s i d e  s lope  f a i l u r e s ,  one of which was an unfrozen,  s a t u r a t e d  

s lope .  This  has slumped onto  t h e  ROW t o  some e x t e n t  but is  no p re sen t  
t h r e a t  t o  t h e  p ipe l ine .  It is expected t h a t  i t  may s e l f - s t a b i l i z e .  

The two o t h e r  f a i l u r e s  were i n  i ce - r i ch  s l o p e s  where wood c h i p  
i n s u l a t i o n  was requi red .  Because of t h e  wood ch ips ,  t h e  s i d e  s l o p e s  
could not be l e f t  a s  an uncovered v e r t i c a l  cu t .  The wood ch ips  were 
placed a g a i n s t  t h e  s i d e  c u t s  which were c u t  c l o s e  t o  v e r t i c a l .  The 
s p e c i f i c a t i o n s  had c a l l e d  f o r  wood ch ips  t o  extend over and beyond t h e  
c r e s t  of the  s i d e  s lope .  In  both cases  thaw progressed i n t o  t h e  s i d e  
s l o p e  f a s t e r  than  in tended  and l o c a l  slumping occurred.  On one of t h e  
s lopes  t h i s  i n i t i a t e d  a skin-flow f a i l u r e  i n  t h e  s l o p i n g  a c t i v e  l a y e r  
behind t h e  s i d e  s lope ,  which r equ i r ed  cons ide rab le  r e s t o r a t i o n  work. 

The wood ch ips  proved s t a b l e  i n  terms of wind and r a i n  e ros ion .  The 
c h i p s  had been " s l i ppe ry"  during placement,  being c h i p s  of f rozen  wood. 



Upon thawing, however, t h e  wood c h i p s  s e t  i n t o  a  f i rm ,  s t a b l e  cover  and 
t h e r e  has  been no problem w i t h  s u r f  i c i a l  i n s t a b i l i t y  of t h e  wood c h i p s  
themselves.  

I n s t rumen ta t i on  

The i n s t r u m e n t a t i o n  i n s t a l l e d  on p o t e n t i a l l y  thaw u n s t a b l e  s l o p e s  
was p r i m a r i l y  d i r e c t e d  towards monitor ing of t h e  wood c h i p  i n s u l a t i o n  
mode but i n  a d d i t i o n  some u n i n s u l a t e d  s l o p e s  were a l s o  monitored. 
I n s t rumen ta t i on  used c o n s i s t e d  of t h e r m i s t o r  s t r i n g s  and piezomet crs.  
Set t lement  p l a t e s  were i n s t a l l e d  on some s lopes .  Thermis tors  were Atk ins  
u n i t s  and al.1 t h e r m i s t o r s  were c a l i b r a t e d  a t  t h e  f r e e z i n g  po in t .  At wood 
c h i p  i n s u l a t e d  s l o p e s  a  t h e r m i s t o r  s t r i n g  was s e t  i n  t h e  wood c h i p s  and 
a n  a d d i t i o n a l  s t r i n g  placed i n  t h e  unde r ly ing  s o i l ,  u s u a l l y  t o  a  dep th  of 

5 m. The wood c h i p  s t r i n g  was a r ranged  such t h a t  t h e  one bead was i n  t h e  
a i r ,  one a t  t h e  wood c h i p  s u r f a c e  and u s u a l l y  one a t  t h e  wood c h i p l s l o p e  
i n t e r f a c e .  P iezometers  were p r i m a r i l y  t h e  P e t u r  pneumatic type  and some 
s t andp ipes  were i n s t a l l e d .  Pneumatic piezometers  were i n s t a l  led a t  
vary ing  dep ths  below t h e  s l o p e  s u r f a c e ,  u s u a l l y  2  o r  4  m. A l l  s i t e  
i n s t r u m e n t a t i o n  is read by hand and t h e r e  was no f a c i l i t y  f o r  automated 
read ings  b u i l t  i n t o  t h e  program. Ins t ruments  were r e a d  5  times d u r i n g  
1984 and 4  t imes du r ing  1985 thaw seasons.  

A s  summarized i n  Table  1, some 26 s l o p e s  were ins t rumented .  
F igu re  1  i s  a  t y p i c a l  s i te  l a y o u t  f o r  Slope No. 1  a t  KP 0.36 Bosworth 
Creek a t  Norman Wells and F igu re  2 is  a  summary of major o b s e r v a t i o n s  

a t  t h i s  s lope .  Seve ra l  t r e n d s  a r e  apparen t  i n  t h e  thermal  d a t a  a t  t h i s  
s lope .  Wood c h i p  t h i c k n e s s  w a s  1.0 m and du r ing  t h e  f i r s t  thaw sea son  
(19134) maximum wood c h i p  tempera tures  of 37OC were observed and thaw 
extended about  0.5 m below t h e  wood ch ips .  During t h e  w i n t e r  of 1984185 
t h e  wood c h i p s  f r o z e  back completely  bu t  t h e r e  was a t h i n  zone under  t h e  
wood c h i p s  which d id  n o t  f r e e z e .  The subsequent  summer t h e r e  was no 
ev idence  of hea t  g e n e r a t i o n  i n  t h e  wood c h i p s  and a more o r  less l i n e a r  
t empera ture  g r a d i e n t  was e s t a b l i s h e d .  Thaw extended t o  about  1.0 m below 
t h e  wood c h i p s ,  based on i n t e r p r e t a t i o n  of t h e r m i s t o r  da t a .  

Heat g e n e r a t i o n  

Heat g e n e r a t i o n  has  been exper ienced  i n  a l l  wood c h i p  l a y e r s  and a  
summary of maximum observed tempera ture  v e r s u s  wood c h i p  t h i c k n e s s  i s  

provided i n  F i g u r e  3. I n  a l l  c a s e s  wood c h i p s  p laced  i n  t h e  1983184 

w i n t e r  c o n s t r u c t  i o n  s ea son  showed hea t  gene ra t  i o n  s i m i l a r  t o  t h e  response  
i n  F igu re  2 fo l l owing  t h e  1984 summer s ea sons ,  but no h e a t  g e n e r a t i o n  t h e  

subsequent  summer season. Wood c h i p s  placed i n  t h e  1984185 w i n t e r  showed 

an  i d e n t i c a l  f i r s t  summer response  t o  t h o s e  p laced  d u r i n g  t h e  1983184 
win te r .  It is  of i n t e r e s t  t o  n o t e  t h a t  t h i s  response  i s  s i n g u l a r i l y  
d i f f e r e n t  t han  t h e  response  observed a t  a wood c h i p  t e s t  under taken  a t  
Grande P r a i r i e  and p rev ious ly  r epo r t ed  by McRoberts et  a 1  (1985). This  
test s i t e  was f o r  1.1 t o  1.2 m of wood c h i p s  p laced  i n  J u l y  1983. Wi th in  
days wood c h i p  tempera tures  reached 42 t o  51°C maximum and g r a d u a l l y  
cooled but  d i d  n o t  f r e e z e  back t h e  fo l l owing  w i n t e r  wi th  t empera tu r e s  



of 3 t o  4OC s u s t a i n e d  i n  t h e  middle of t he  l a y e r .  During t h e  summer 
of 1984, wood c h i p s  aga in  genera ted  hea t  t o  a t  l e a s t  29 t o  3g°C a t  t h e  
Grande P r a i r i e  site.  

Wood chip  performance t o  d a t e  i n  t h e  Mackenzie Valley i s  c e r t a i n l y  
favourable  compared wi th  t h e  test s i te  a s  maximum hea t  gene ra t ion  was 
less and occurred  f o r  on ly  one thaw season.  However, t h e  reasons  f o r  t h e  
d i f f e r e n c e  i n  performance between t h e  t e s t  s i t e  and r ight-of  -way and t h e  
v a r i a t i o n  of hea t  g e n e r a t i o n  w i t h i n  t h e  right-of-way p i l e s  a r e  not  c l e a r .  
Several  specu la t ions  a r e  a s  fo l lows  : 

- spec i e s  types  may i n f l u e n c e  h e a t  genera t ion .  However i n  most c a s e s  
spruce was t h e  major t imber  source.  The A l b e r t a  test s i t e  was 75% 
black sp ruce ,  25% tamarack. Some pine and poplar  was used i n  t h e  
N.W.T. bu t  no t r e n d s  were noted based on q u a l i t a t i v e  records  of t h e  
type of wood ch ip  and observed hea t  genera t ion .  

- win te r  placement may a f f e c t  subsequent  fungo ida l  a c t i v i t y .  
Placement of wood ch ips  i n  t h e  summer c e r t a i n l y  appears  t o  c r e a t e  
a  more r a p i d  o r  d i f f e r e n t  fungoida l  a c t i o n  (McRoberts e t  a 1  
1985). 

- t h e  slow r a t e  of thaw i n  t h e  wood ch ips  due t o  l a t e n t  h e a t  
e f f e c t s  ( i n  t h e  second thaw season)  r e s u l t e d  i n  a  l i m i t e d  amount 
of fungal  a c t i v i t y  t h u s  prec luding  a  cha in  r e a c t i o n  leading  t o  a  
s i g n i f i c a n t  hea t  buildup. 

- maximum hea t  rise may no t  have been measured. 

Thaw dep ths  

A summary of thaw depths  below t h e  wood ch ip  i n s u l a t i v e  l a y e r ,  
F igure  4,  provides d a t a  f o r  both t h e  1984 and 1985 thaw seasons.  In  
some cases  thaw has not  proceeded through t h e  wood chips .  I n  s i x  
s l o p e s  thaw has progressed deeper  i n  t h e  second y e a r  while i n  t h r e e  
s l o p e s ,  t h e  second year  thaw has been less. I n  two s l o p e s  t h e r e  was 
no n o t i c e a b l e  t rend .  For comparative purposes thaw beneath 
un insu la t ed  s l o p e s  is a l s o  shown and it can be seen  t h a t  wood c h i p s  
have r e t a rded  thaw. 

Fac to r s  c o n t r o l l i n g  v a r i a t i o n  of thaw depth below wood ch ips  have 
been considered.  There i s  no s i g n i f i c a n t  c o r r e l a t i o n  noted between 
thaw depth  and wood chip  temperature (F igu re  5). There c e r t a i n l y  is  a  
tendency f o r  thaw t o  be l e s s  i n  ice- r ich  s lopes  r e f l e c t i n g  t h e  
r e t a r d i n g  i n f l u e n c e  of a  h ighe r  l a t e n t  hea t  of f u s i o n  component on 
thaw r a t e .  The most important  f a c t o r  appears  t o  be ground 
temperature,  see Figure  6 which c o r r e l a t e s  thaw depth  below wood c h i p s  
and F igu re  7 f o r  thaw below ground s u r f a c e  a t  un insu la t ed  s lopes  with 
temperature.  One d i f f i c u l t y  i n  such a  c o r r e l a t i o n  is  determining 
undis turbed  ground temperatures .  A l l  t h e r m i s t o r  s t r i n g s  were 
i n s t a l l e d  a f t e r  c o n s t r u c t i o n  and depending upon t h e  progress ion  of 
c o n s t r u c t i o n  work, s i t e  s p e c i f i c  d i s tu rbance  f a c t o r s  and t i m e  of 
placement of wood ch ips ,  a  wide range of ground temperatures  a r e  



poss ib l e .  The tempera ture  s e l e c t e d  f o r  t h e  c o r r e l a t i o n  was t h e  
warmest temperature  a t  t h e  5 m o r  10 m depth  (depending on s t r i n g  
l e n g t h )  dur ing  t h e  f i r s t  thaw season. 

Assessment of wood c h i p  performance 

Design thaw p r e d i c t i o n s  f o r  t h e  IPL wood c h i p  i n s u l a t i o n  mode 
were f i n a l i z e d  i n  1983. The d e t a i l s  of t h e s e  p r e d i c t i o n s  have been 
presen ted  by McRoberts et  a 1  (1985) and t h e  long  term thaw p r e d i c t i o n  
reproduced on F igu re  3. These o r i g i n a l  p r e d i c t i o n s  a l s o  i n d i c a t e d  
t h a t  t h e  long  term thaw depth  was on ly  modestly i n f luenced  by h e a t  
genera t ion .  The performance d a t a  i n d i c a t e s ,  i n  some i n s t a n c e s  , 
g r e a t e r  i n i t i a l  thaw than  was p red i c t ed .  

The major e lements  of t h e  d e s i g n  thaw p r e d i c t i o n s  were a h e a t  
g e n e r a t i o n  f u n c t i o n ,  t i m e  dependent p r o p e r t i e s  f o r  water  c o n t e n t ,  
thermal  c o n d u c t i v i t y ,  and h e a t  c a p a c i t y  vary ing  e x p o n e n t i a l l y  w i t h  
t i m e  and t h e  i n i t i a l  ground temperature .  The h e a t  g e n e r a t  i o n  f u n c t i o n  
i n i t i a t e d  a t  10°C and was te rmina ted  a t  60°C. Performance d a t a  on 
wood ch ip  tempera ture  rise i n d i c a t e s  t h a t  t h i s  component was 
r e a l i s t i c a l l y  modelled, a l t hough  performance d a t a  s u g g e s t s  t h a t  
fungoida l  a c t i o n ,  and t h e r e f o r e  h e a t  g e n e r a t i o n ,  may i n i t i a t e  a t  5OC. 

The computer s i m u l a t i o n  f o r  time dependent mois ture  con ten t  and 
c o n d u c t i v i t y  were condi t ioned  by t h e  r a t e  a t  which wood c h i p s  gained 
i n  water  conten t .  Laboratory f r eeze / thaw c y c l e  tests r epo r t ed  by 
McKoberts et a 1  (1985) sugges ted  t h a t  wood c h i p  mo i s tu re  c o n t e n t s  
reached s t a b l e  l e v e l s  a f t e r  7 f r eeze / thaw cyc l e s .  I n  t h e s e  tests 
wa te r  c o n t e n t s  i nc reased  from f r e s h  ch ip  va lues  of 80% t o  190%. 
Samples of 7 year  o l d  wood c h i p s  were ob ta ined  from a p i l e  n e a r  Norman 
Wells l e f t  by Canadian Arctic Gas Study Ltd. These samples had a  
water  con ten t  f o r  bulk samples i n  t h e  o r d e r  of 210%. Based on t h i s  
d a t a  an exponen t i a l  t i m e  decay of thermal  p r o p e r t i e s  over 7  y e a r s  was 
used i n  design.  During t h e  summer of 1985 wood ch ip  samples were 
obta ined  from s l o p e  s i t e s  a long  t h e  IPL right-of-way and bulk d e n s i t y  and 
water  c o n t e n t s  determined. It was found t h a t  water  c o n t e n t s  i n  t h e s e  
samples had a l r e a d y  inc reased  t o  around 200 t o  240% i n  t h e  f i r s t  0.4 m of 
wood ch ip  depth. These d a t a  i n d i c a t e  t h a t  t h e  t i m e  f o r  d e t e r i o r a t i o n  of 
thermal  c o n d u c t i v i t y  was overes t imated .  C e r t a i n l y  t h e  tempera ture  d a t a  
sugges t s  a  h i g h e r  thermal  c o n d u c t i v i t y  i n  t h e  wood c h i p s  a s  evidenced by 
g r e a t e r  h e a t  p e n e t r a t i o n  and f a s t e r  coo l ing  of t h e  c h i p s  i n  t h e  e a r l y  
win te r .  P re l imina ry  thermal  a n a l y s e s ,  n o t  r e p o r t e d  h e r e ,  which used 
f u l l y  d e t e r i o r a t e d  thermal  p r o p e r t i e s  l e ad  t o  s imu la t i ons  which more 
c l o s e l y  match observed performance. 

The des ign  thermal  a n a l y s e s  were executed f o r  a n  i n i t i a l  permafros t  
t empera ture  of -l .O°C and a  no h e a t  f low boundary c o n d i t i o n  a t  computer 
g r i d  base. I n  most ca se s  ground tempera tures  are c o l d e r  t han  -l°C and 
many thaw dep ths  a r e  sma l l ,  s e e  F igu re s  6  and 7. Low i n s i t u  ground 
tempera tures  w i l l  o f f s e t  thermal  c o n d u c t i v i t y  e f f e c t s ,  but a t  h ighe r  
ground tempera tures  t h e  combined e f f e c t s  can l ead  t o  g r e a t e r  t han  
p r e d i c t e d  thaw. 



It is  beyond t h e  scope of t h i s  paper t o  exp lo re  t h e  i m p l i c a t i o n s  of 
thermal  unde rp red i c t i on  on o v e r a l l  s l o p e  des ign ,  however i t  can be noted 
t h a t  thermal  response  was only one component of t h e  des ign  ana lyses .  
Where thaw i s  exceeding p r e d i c t i o n ,  t h e  i m p l i c a t i o n s  of t h i s  thaw on 
s t a b i l i t y  i s  less c r i t i c a l  a s  t h e  s l o p e s  most a f f e c t e d  a r e  no t  g e n e r a l l y  
ice- r ich .  

Piezometer r e a d i n n s  

The des ign  c a l c u l a t i o n s  assumed t h a t  f u l l y  s a t u r a t e d  c o n d i t i o n s  
would be maintained i n  t h e  thawed zone and depending on t h e  thaw r a t e ,  
exces s  pore p r e s s u r e s  were accounted f o r  i n  t h e  des ign  process .  A 

l i m i t e d  amount of pore p re s su re  d a t a  has  been c o l l e c t e d  i n  those  s l o p e s  
where thaw proceeded t o  t h e  piezometer t i p .  I n t e r p r e t a t i o n  of 
piezometer  read ings  has  been complicated by t h e  obse rva t ion  of 
p iezomet r ic  response  p r i o r  t o  t h e  i n d i c a t i o n  by t h e  ad j acen t  t h e r m i s t o r  
s t r i n g  ( 1  t o  3  m o f f s e t )  t h a t  t h e  t i p  had thawed. Whether t h i s  r e f l e c t s  
nonuniform thawing, o r  t h e  measurement of a  p iezomet r ic  response due t o  
unfrozen water  con ten t  e f f e c t s  is  not  known. To d a t e ,  observed pore 
p r e s s u r e s  a r e  g e n e r a l l y  less than  f u l l  hyd ros t a t i c .  

Seismic Cons idera t ions  

Because t h e  r o u t e  t r a v e r s e d  a  s e i s m i c a l l y  a c t i v e  p o r t i o n  of t h e  NWT, 
se i smic  c o n s i d e r a t i o n s  were p a r t  of t h e  thaw s l o p e  design.  On October  5 ,  
1985 an ear thquake ,  of M6.6 occur red  some 70 km w e s t  of t h e  p i p e l i n e ,  s e e  

F igure  8 ,  w i th  an  e p i c e n t e r  a t  62.3'N, 124.3"W. 

Seismic des ign  parameters  f o r  p i p e l i n e s  down t h e  Mackenzie River  
Val ley  were i n i t i a l l y  recommended by Newmark (1974). I n  view of t h e  more 
r e c e n t  s e i smo log ica l  s t u d i e s  i n  t h e  Canadian North, Newmark's work was 
reviewed and a l l  known e p i c e n t e r s  l oca t ed  a s  shown on F igure  8. The 
p a t t e r n  of e p i c e n t e r s  c o r r e l a t e d  w e l l  with  a  t e c t o n i c  f e a t u r e  r e f e r r e d  t o  
by Douglas (1970) a s  t h e  Mackenzie Fold B e l t .  Th is  f o l d  b e l t  r e l a t i v e l y  
c l o s e l y  c o r r e l a t e s  w i th  t h e  MKZ sou rce  zone d e l i n e a t e d  by Basham e t  a 1  
(1982) a s  a  zone of background s e i s m i c i t y  i n  t h e  wes te rn  Yukon 
C o r d i l l e r a ,  sur rounding  t h e  a c t i v e  Richardson Mountains and bounded on 
t h e  n o r t  heas  t by t h e  Mackenzie River.  

It was suggested by Basham e t  a 1  (1982) t h a t  t h e  s e i s m i c i t y  i n  t h e  
MKZ r eg ion  is  s p a t i a l l y  c o r r e l a t e d  w i t h  a r e a s  of most s eve re  g e o l o g i c a l l y  
mapped f a u l t i n g .  An upper bound magnitude of 6.0 was set f o r  t h i s  
r eg ion ,  a l though i t  was commented t h a t  p r o b a b i l i t y  of occurrence f o r  t h e  
l a r g e r  even t s  was poor ly  def ined .  The p rev ious ly  h ighes t  recorded event  
i n  t h e  MKZ zone was M5.2. 

The e x i s t i n g  s e i s m i c i t y  f o r  t h e  r eg ion ,  t he  obse rva t ion  t h a t  M4 t o  
M5 e v e n t s  had occurred h i s t o r i c a l l y  a l l  through t h e  r eg ion ,  and t h e  f a c t  
t h a t  an M4.7 event  occur red  on February 20, 1981 j u s t  n o r t h  of Wrigley, 
N.W.T. , l e a d  t o  t h e  des ign  recommendation t h a t  t h e  IPL l i n e  be designed 
f o r  an M5 event  i n  t h e  nea r  f i e l d ,  t h a t  is very c l o s e  t o  t h e  p i p e l i n e .  



Newmark's o r i g i n a l  recommendations were found t o  be e n t i r e l y  
c o n s i s t e n t  wi th  t h e  ground motions expected i n  t h e  nea r  f i e l d  of a  M5 
event  and were t h e r e f o r e  adopted,  s e e  Table 2. The recommendations 
provided by Newmark involve  t h e  concept of a  dua l  ear thquake des ign ,  t h a t  
i s ,  t h e  des ign  maximum even t  (DME) and t h e  des ign  probable event  (DPE) 
set a t  50% of t h e  DME. Newmark considered t h a t  a  p i p e l i n e  system should 
be a b l e  t o  ope ra t e  and cont inue  ope ra t ion  a f t e r  a  DPE event  while  t h e  
l a r g e  DME event  may produce damage. 

The October 5 ,  1985 event  of M6.6 a t  70 km from t h e  p i p e l i n e  would 
be p red ic t ed  t o  impose sus t a ined  a c c e l e r a t i o n s  i n  t h e  o r d e r  of 4 t o  6X 
g r a v i t y  based on a t t e n u a t i o n  r e l a t i o n s h i p  f o r  wes tern  Canada publ ished 
by Hasagawa e t  a1  (1981) o r  a  mean peak a c c e l e r a t i o n  of 5% g based on 
Donovan and Borns te in  (1975). Their  motions a r e  e s s e n t i a l l y  equal  t o  
t h e  DPE event  f o r  t h e  p ipe l ine .  

Immediately a f t e r  t h e  even t  IPL i n i t i a t e d  a  l i n e  p a t r o l  which was 
followed up by an  i n s p e c t i o n  of s lopes  by a  geo techn ica l  engineer .  No 
damage was observed and t h e  p i p e l i n e  can be s a i d  t o  have surv ived ,  a  DPE 
event  - a s  i t  was designed to.  

Conclusions 

To d a t e  t h e  performance of t h e  s l o p e s  on IPL have been s a t i s f a c t o r y ,  
wi th  t h e  except ion  of minor e r o s i o n  problems and t h e  s t a b i l i t y  of s i d e  
c u t s  aggravated by non-adherence t o  des ign  s p e c i f i c a t i o n s .  The 
performance of t h e  primary m i t i g a t i v e  measure, a  l a y e r  of wood c h i p s ,  has 
heen s a t i s f a c t o r y  a l though i n  some i n s t a n c e s ,  e s p e c i a l l y  i n  ice-poor and 
warmer s lopes ,  thaw has been g r e a t e r  t h a n  predic ted .  

Acknowledgements 

The au tho r s  wish t o  acknowledge I n t e r p r o v i n c i a l  P ipe  Lines  (NW) Ltd. 
f o r  g iv ing  permission t o  pub l i sh  t h i s  paper. 

References 

Al to ,  J . V . ,  1986. Slope i n v e s t i g a t i o n s  and r e p a i r  MP698.1 - Trans Alaska 
P i p e l i n e ,  ASCE Cold Regions Conference , Anchorage, Alaska, 
February. 

Anon, 1983. Engineering News. Canadian Consul t ing  Engineer ,  Vol. 25,  
No. 2. 

Basham, P.W., Weichert,  D.H., Anglin, F.M., and Berry, M . J . ,  1982. New 
p r o b a b i l i s t i c  s e i smic  ground motion maps of Canada. E a r t h  Phys ics  
Branch, Open F i l e  Number 82-33, EMR, Ottawa. 

Donovan, N.C., and Borns te in ,  A.E., 1975. A review of se i smic  r i s k  
a p p l i c a t i o n s .  Proc. 2nd Conf . on Appl ica t ions  of S t a t i s t i c s  and 
P r o b a b i l i t y  i n  S o i l  and S t r u c t u r a l  Engineering,  Sept .  15-18, 1975, 
Aachen, Germany. 



Douglas, R.J.W., 1970. Geology and Economic Minerals  of Canada. Geol. 
Survey of Canada, Economic Geology Report No. 1 EMR, Ottawa. 

Fo r in t ek  Canada Corp. , 1983. B io log ica l  breakdown of wood ch ips .  Report 
t o  Hardy Assoc i a t e s ,  da t ed  June  9 ,  1983. 

Hajny, G . J . ,  1966. Outs ide  s t o r a g e  of pulpwood ch ips :  a review and 
b ib l iography .  Tap Vol. 49,  No. 10. 

Hasegawa, H.S., Basham, P.W., and Berry,  M . J . ,  1982. A t t enua t ion  
r e l a t i o n s  f o r  s t r o n g  se i smic  ground motions i n  Canada. Bu l l ,  Se is .  
Soc. Am., Vol. 71, No. 6. 

Hat ton,  D. ,  1983. Report on a n a l y s i s  of wood c h i p s  prepared by Pulp and 
Paper  Research I n s t i t u t e  of Canada t o  Hardy Assoc ia tes  Environmental 
D iv i s ion ,  da t ed  February 16,  1983. 

McRoberts, E.C., 1978. Geotechnica l  Engineer ing f o r  Cold Regions. 
O.B. Andersland and D.M. Anderson, Ed i to r s .  Chapter  7 ,  Slope 
S t a b i l i t y  i n  Cold Regions, McGraw H i l l  Book Company. 

McRoberts, E.C., F l e t c h e r ,  E. and Nixon, J.F., 1978. Thaw c o n s o l i d a t i o n  
e f f e c t s  i n  degrading permafrost .  Third I n t l .  Conf. Permafros t ,  
Val. 1, pp. 694-699. 

McRoberts, E.C., Nixon, J.F., Hanna, A. and P i ck ,  A.R., 1985. Geothermal 
c o n s i d e r a t i o n s  f o r  wood c h i p s  used a s  permafros t  s l o p e  i n s u l a t i o n .  
Four th  I n t e r n a t i o n a l  Symposium on Ground Freez ing ,  Sapporo, Japan. 

Newmark, N.M., 1974. Seismic c r i t e r i a  f o r  CAGSL. A r e p o r t  prepared f o r  
Northern Engineer ing S e r v i c e s  Company Ltd. and submi t ted  t o  t h e  
Na t iona l  Energy Board. 

P ick ,  A.R., and Smith,  J .D . ,  1985. P i p e l i n e  i n  Canada's f a r  n o r t h  i n  
s e r v i c e .  O i l  and Gas J o u r n a l ,  19 August, 1985. 

Sh ie ld s ,  J .K. ,  1977. S t o r e  c h i p s  t h i s  way and reduce your l o s s e s .  
Eas t e rn  F o r e s t  P roduc t s  Labora tory ,  Environment Canada F o r e s t r y  
Se rv i ce ,  B u l l e t i n  LD7E. 4 pages. 



TABLE 1 

Summary o f  S lopes  Design and Monitoring Program 

Design Mode 

S e l e c t  
No. o f  No B a c k f i l l  Cut & 

Slopes  M i t i g a t i o n  Only Cut I n s u l a t e  I n s u l a t e  

Tota l  
Catalogued 16 5 6 1 33 17 4 6 8 

Slopes  
Instrumented 26 -- 4 5 13 4 

TABLE 2 

REGION 

Fold B e l t  

KPO t o  KP 487 

Recommended Seismic  A c c e l e r a t i o n s  - IPL 

ACCELERATION 

12% g Design Maximum Event 

6% g Design Probable Event 
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THE CANADA-FRANCE BURIED CHILLED PIPELINE EXPERIMENT 

P.J. Williams* 

The Canada-France P i p e l i n e  Ground Freez ing  experiment is  being  
c a r r i e d  ou t  a t  Caen i n  Normandy i n  a c o n t r o l l e d  environment f a c i l i t y  
where a 16 metre l e n g t h  of  273 m i l l i m e t r e  diameter  p ipe  i s  bur ied ,  and 
through which a i r  a t  -2OC i n  t h e  f i r s t  experiment and subsequent ly  a t  
-5O passes .  The e f f e c t s  of f r e e z i n g  around t h e  p ipe  a r e  being c l o s e l y  
monitored. The p r o j e c t  is funded,  on t h e  Canadian s i d e ,  by Energy, Mines 
and Resources Canada, who have placed c o n t r a c t s  f o r  t h e  work wi th  t h e  
Geot e c h n i c a l  Sc ience  Labora to r i e s  of Car le  t o n  Univers i t y  . The EMR funds 
a r e  p a r t  of t h e  Canadian Panel on Energy, Research and Development (PERD) 
funding which has  been mentioned e a r l i e r  dur ing  today ' s  meeting. The 

Geotechnica l  Sc ience  Labora to r i e s  has  a number of s c i e n t i s t s ,  g r adua t e  
s t u d e n t s  and o t h e r  personnel  involved and w e  a l s o  have working w i t h  u s  
P r o f e s s o r  Ladanyi and h i s  s t u d e n t s  a t  Ecole  Polytechnique i n  Montreal.  
On t h e  French s i d e  t h e  work i s  funded by two French government 
i n s t i t u t i o n s ,  t h e  Labora to i r e  Cen t r a l  d e s  Ponts  e t  Chaussees and by t h e  
Cent re  Na t iona l  de l a  Recherche S c i e n t i f  ique.  My coun te rpa r t  i n  France 
i s  Michel Fremond of LCPC, who s p e c i a l i z e s  i n  numerical modelling. 
Michael Smith (who should have g iven  t h i s  t a l k  today)  i s  a co-pr inc ipa l  
i n v e s t i g a t o r  on t h e  Canadian s i d e .  

The c o n t r o l l e d  environment f a c i l i t y  c o n s i s t s  e s s e n t i a l l y  of a l a r g e  
garage- l ike  b u i l d i n g  ; t h e  s o i l s  were s p e c i a l l y  prepared and placed i n  a 
b a s a l  t rough.  The a i r  temperature  i n  t h e  b u i l d i n g  is c o n t r o l l e d  f o r  t h e  
experiment a t  -0.75OC. I would emphasize t h a t  t h i s  i s  a s c i e n t i f i c  
s tudy.  This  p i p e l i n e  placed i n  t h e  ground i s  no t  a p ro to type  f o r  a 
f i e l d  des ign .  The p ipe  l ies ha l f  i n  a s i l t  s o i l  and ha l f  i n  a sandy 
s o i l  ( F i g u r e  1). The two s o i l s  were prepared wi th  g r e a t  c a r e  and a r e  
extremely uniform. The o b j e c t  of t h e  s tudy  a s  a s c i e n t i f i c  experiment 
is  t o  reduce t h e  number of f a c t o r s  i n f l u e n c i n g  t h e  behaviour of t h e  p i p e  
t o  t h e  fewes t  pos s ib l e .  The a i r  t empera ture  and t h e  tempera ture  of t h e  
gas  i n  t h e  p ipe  a r e  maintained c o n s t a n t  throughout  t h e  f r e e z i n g  c y c l e s  
and thus  one avoids  t h e  v a g a r i e s  of test  sites under n a t u r a l  c o n d i t i o n s ,  
which a r e  exposed t o  t h e  weather and t h e  ever-present  v a r i a t i o n s  of 
s o i l s .  Furthermore we c o n t r o l  t h e  water  t a b l e  which is  maintained a t  
30 c m  below t h e  pipe.  We a r e  seek ing  t h e  fundamental behaviour of t h e  
f r o z e n  ground around t h e  pipe.  

The deformation of t h e  p ipe  which has  t aken  p l ace  due t o  t h e  
d i f f e r e n t i a l  f r o s t  heave of t h e  two s o i l s  i s  shown i n  F igure  2. The 
deformation i s  known very  a c c u r a t e l y ,  being monitored by f o u r  methods: 
o p t i c a l  surveying  of rods which a r e  mounted on t h e  p ipe  and p ro t rude  
above t h e  ground s u r f a c e ;  read ings  of e l e c t r i c a l  r e s i s t a n c e  s t r a i n  
gauges,  some f o r t y  of which a r e  a t t ached  t o  t h e  p ipe ;  measurements of 
cu rva tu re  over  smal l  d i s t a n c e s  u s i n g  a s p e c i a l  ins t rument  devised  by 
P ro fe s so r  Bowes , Car l e ton  U n i v e r s i t y ,  which spans t h r e e  of t h e  rods  
mentioned, t o  enab le  very p r e c i s e  measurement of t h e  displacement  of 
t h e  middle rod; and f i n a l l y  a l e v e l l i n g  procedure which r e v e a l s  any 

- - 

* See L i s t  of R e g i s t r a n t s  (Appendix A) 
f o r  af f i l i a t i o n  of au thors .  



i n c l i n a t i o n  of a  p a r t i c u l a r  rod from a measurement of t h e  i n c l i n a t i o n  
of a  p l a t e  on t h e  top  of t h e  rod. 

Some of t h e  o t h e r  s c i e n t i f i c  equipment i n c l u d e s  time domain 
r e f l e c t o m e t r y  appa ra tu s ,  i n s t a l l e d  i n  a  number of p r o f i l e s ,  which shows 
t h e  unfrozen water  con ten t  and i c e  c o n d i t i o n s  i n  t h e  f r e e z i n g  annulus  and 
i n  t h e  unf rozen  s o i l .  There a r e  numerous t ens iome te r s  and t h e r m i s t o r s  
such t h a t  w e  know t h e  tempera ture  d i s t r i b u t i o n  around t h e  pipe.  G loe t z l  

c e l l s  which measure t o t a l  stress i n  t h e  ground a r e  placed i n  p r o f i l e s  
below and t o  t h e  s i d e  of t h e  pipe.  Te lescopic  heave tubes  of t h e  kind 
o r i g i n a l l y  devised  by P r o f e s s o r  Mackay of t h e  Un ive r s i t y  of B r i t i s h  
Columbia, a r e  mounted both through t h e  p ipe  and t o  t h e  s i d e  of i t .  These 
a r e  p a r t i c u l a r l y  r e l e v a n t  f o r  t h e  measuring of secondary f r o s t  heave, 
t h a t  i s ,  t h e  s t r a i n  of a l r e a d y  f r o z e n  ground. The ' t e l e s c o p e s '  a r e  
p r o g r e s s i v e l y  extended by heave a s  t h e  f r o s t  l i n e  p e n e t r a t e s  downwards. 

The c o n t i n u a t i o n  of heave i n  a  l a y e r  a f t e r  a  succeeding  l a y e r  has  s t a r t e d  
t o  heave is i n d i c a t i v e  of t h a t  s t r a i n  of t h e  a l r e a d y  f r o z e n  ground which 
we c a l l  secondary f r o s t  heave. 

As shown i n  F igu re  2, t h e  s e c t i o n  of t h e  p ipe  i n  t h e  more f r o s t  
s u s c e p t i b l e  s o i l  has  been r a i s e d  more t han  20 cm r e l a t i v e  t o  t h a t  i n  
t h e  sandy s o i l .  I do n o t  want t o  g e t  deeply i n t o  t h e  q u e s t i o n  of p i p e  
deformat ion  and stress because t h i s  experiment c e n t e r s  on t h e  
geo techn ica l  o r  s o i l  f r e e z i n g  problems, b u t  I should mention t h a t  
t h e  c a l c u l a t e d  l o n g i t u d i n a l  s t r e s s e s  developed i n  t h e  p ipe  a r e  
s u b s t a n t i a l l y  above va lues  pe rmi t t ed  under t h e  a p p r o p r i a t e  CSA s t anda rd  
f o r  ope ra t i ng  l i n e s .  It is recognized t h a t  o p e r a t i n g  p i p e l i n e s  may 
o c c a s i o n a l l y  be exposed t o  stresses above those  de f ined  by t h a t  s t a n d a r d  
bu t  c l e a r l y  t h e  q u e s t i o n  r a i s e d  by t h e  amount of deformat ion  which 
occur red  i n  on ly  a  l i t t l e  over  a  y e a r ,  is :  how o f t e n  and f o r  how long  
w i l l  such deformation occur  i n  a  r e a l  p i p e l i n e ?  

To t u r n  a g a i n  t o  t h e  behaviour of t h e  s o i l  we a r e  p a r t i c u l a r l y  
i n t e r e s t e d  i n  t h e  thermodynamics of t h e  behaviour of t h e  f r o z e n  ground. 
The phenomenon of i c e  l e n s  format ion  which is r e s p o n s i b l e  f o r  f r o s t  heave 
i s  well-known. F igure  3 shows a  sample from beneath t h e  p i p e l i n e  and you 
can see t h e  l e n s  development. As i t  happens, I have t h e  a c t u a l  sample 
w i th  me and i t  is not thawing e i t h e r ,  because i t  has been preserved  by a  

s p e c i a l  new technique  developed i n  France. I n  e f f e c t  i t  is  i n  t h e  f r o z e n  
s t a t e  e x a c t l y  a s  i n  t h e  ground but a t  room temperature .  This  remarkable 
technique  which enab le s  u s  t o  p re se rve  f r o z e n  specimens and a l s o  t o  
examine them i n  microscopic  s e c t i o n s ,  is t o  be brought t o  Canada very 
s h o r t l y  under t h e  France-Canada s c i e n t i f i c  exchange agreement. We can  
probably make arrangements  f o r  seminars  f o r  t hose  wishing t o  l e a r n  of t h e  
technique.  

I t  has been known f o r  some y e a r s  t h a t  when s o i l s  f r e e z e  n o t  a l l  t h e  
water  t u r n s  t o  i c e  a t  l e a s t  not  a t  t empera tures  w i t h i n  a  few degrees  of 
O°C. Consequently,  t h e r e  is  unfrozen water  a long  wi th  t h e  i c e .  It i s  

absorbed on t h e  p a r t i c l e  s u r f a c e s  and experiments  i n  v a r i o u s  c o u n t r i e s  
have demonstrated q u i t e  c l e a r l y  t h a t ,  a t  l e a s t  a t  t empera tures  near  t o  
O°C, t h e  unf rozen  water  can  move. We know from fundamental 
thermodynamics t h a t  water  t ends  t o  move from warmer ground t o  f r e e z i n g  
ground; t h a t  is,  i t  moves t o  f r e e z i n g  ground because of the  s u c t i o n s  

developed by f r e e z i n g  s o i l s .  Within t h e  f r o z e n  s o i l s  t h e  unfrozen wa te r  



has a  g r e a t e r  s u c t i o n ,  t h e  lower t h e  temperature .  Consequently,  one can 
p r e d i c t  t h a t  unf rozen  water  s lowly  moves towards lower tempera tures  which 
would be towards t h e  pipe.  This  occurs  s lowly because t h e  pe rmeab i l i t y  
of f rozen  s o i l  i s  r a t h e r  small .  Furthermore,  when t h e  water  moves t o  a  
c o l d e r  p a r t  of t h e  s o i l ,  and f r e e z e s  t h e r e ,  i t  produces t h e  secondary 
heave and a t  t h e  same t i m e  h i g h e r  p re s su re s  a r e  genera ted  t han  were t h e  
c a s e  i f  i t  f r o z e  a t  o r  about  O°C. On t h i s  very important  ma t t e r ,  w e  have 
some evidence from our t e l e s c o p i c  heave tubes  of secondary heave 
occu r r ing  around t h e  pipe.  We i n t e n d  t o  g e t  more d a t a  du r ing  t h e  next  
f r e e z i n g  per iod.  In  a d d i t i o n  we have been experimenting i n  Ottawa a t  t h e  
Geotechnica l  Sc ience  Labora to r i e s ,  on s o i l  shipped from Caen and have 
measured t h e  i n t e r n a l  p r e s s u r e s  which a r e  due t o  t h e  format ion  of i c e  
w i t h i n  t h e  f rozen  s o i l .  

There is  s u b s t a n t i a l  work being c a r r i e d  ou t  i n  Japan e s p e c i a l l y ,  on 
f r o z e n  ground, a s  w e l l  a s  i n  o t h e r  c o u n t r i e s .  There i s  a d i f f e r e n c e ,  o r  
range, of op in ion  between s p e c i a l i s t s  a s  t o  t h e  a c t u a l  amount and r a t e  of 
secondary f r o s t  heave and a l s o  a t  how low a tempera ture  i t  occurs .  
Chinese workers ,  some Russians and indeed P r o f e s s o r  Mackay i n  Canada have 
suggested t h a t  t h e  secondary heave may occur a t  t empera tures  a s  low a s  -2 

o r  -3OC. Others  main ta in  t h a t  t h e  secondary f r o s t  heave w i l l  be l i m i t e d  
t o  a  r a t h e r  narrow band of s o i l  - t h a t  nea r  t h e  f r o s t  l i n e  and which i s  
not  c o l d e r  than  a  few t e n t h s  of a  degree  below O°C. I f  t h i s  is  t h e  c a s e ,  
i t  would, of cou r se ,  be f o r t u n a t e ,  a l though i t  would s t i l l  be very  
important  t o  know t h e  p r e s s u r e s  t h a t  secondary heaving is  a b l e  t o  deve lop  
i n  t h i s  way. 

D r .  Ladanyi has  been c a r r y i n g  o u t ,  t o g e t h e r  w i th  h i s  s t u d e n t s ,  
exper imenta l  s t u d i e s  of t h e  c reep  p r o p e r t i e s  of t h e  f rozen  ground because 
i t  appears  t h a t  i t  is t h e  c r eep  r e s i s t a n c e  of t h e  f rozen  s o i l  which 
r e s t r a i n s  t h e  expanding i c e  and thus  de te rmines  t h e  p r e s s u r e  t h e  i c e  has ,  
and, accord ing  t o  thermodynamic c o n s i d e r a t i o n s ,  t h e  r a t e  of i c e  
accumulation. The behaviour of f rozen  ground has  t o  be understood i n  
such a  way a s  t o  meet t h e  laws of thermodynamics a s  they  r e l a t e  t o  
f r e e z i n g  and t h e  laws of mechanics a s  evidenced by t h e  c reep  behaviour of 
t h e  s o i l .  

We a r e  c u r r e n t l y  i n  a  per iod  of thawing t h e  ground around t h e  p i p e  
and observ ing  s e t t l e m e n t .  A f u r t h e r  f r e e z i n g  pe r iod  w i l l  commence af ter 
t h a t .  This  seminar  is  cen te red  on r e s e a r c h  needs and I have s imply,  and 
b r i e f l y ,  de sc r ibed  a  p a r t i c u l a r  experiment.  But t o  conclude,  it seems t o  
m e  t h a t  a n  experiment l i k e  t h i s  which is  unique i n  i t s  c o n t r o l l e d  n a t u r e ,  
r e p r e s e n t s  a t  t h e  very  l e a s t  a  good investment  i n  b a s i c  knowledge, f o r  
t h e  va r ious  cha l l enges  which major gas  p i p e l i n e  c o n s t r u c t i o n  w i l l  pose 
f o r  t h e  permafros t  reg ions .  A number of c o u n t r i e s  have c o n t r o l l e d  
environment f a c i l i t i e s  of a  s i m i l a r  k ind ,  f o r  example, Sweden, Japan ,  
Swi tzer land ,  and t h e  United S t a t e s ,  but  t h e  count ry  which has t h e  most 
f rozen  ground of a l l  t h e  wes te rn ,  developed n a t i o n s ,  Canada, c u r r e n t l y  
has  no such f a c i l i t y  of i t s  own. One hopes t h a t  t h i s  is  something t h a t  
w i l l  be r e c t i f i e d  i n  t h e  near  f u t u r e .  

Note: Numerous r e p o r t s ,  r e p r i n t s ,  e t c .  on t h e  p r o j e c t  a r e  a v a i l a b l e  
from t h e  Geotechnica l  Sc ience  L a b o r a t o r i e s ,  C a r l e t o n  Un ive r s i t y ,  
Ottawa, K1S 5B6. 



Research Needs: A Unive r s i ty  Viewpoint 

Quite  g e n e r a l l y  I t h ink  t h a t  t h e  c r u c i a l  r e sea rch  needs can be 
grouped i n t o  t h r e e  of f o u r  main c a t e g o r i e s :  F i r s t l y  t h e  m a t e r i a l  i t s e l f ,  
f rozen  ground. A p i p e l i n e  s p e c i a l i s t  wi th  some exper ience  of f r o z e n  
ground descr ibed  i t  t o  m e  a s  l i k e  a  " l i v i n g  m a t e r i a l u .  The moduli and 
c o e f f i c i e n t s  t h a t  eng inee r s  use  and which a r e  normally a v a i l a b l e  t o  them 
i n  t a b l e  books a r e  enormously v a r i a b l e  and l i t t l e  understood i n  t h e  case  
of f rozen  ground. The m a t e r i a l  p r o p e r t i e s  a r e  h igh ly  temperature- 
dependent and history-dependent and t h e  behaviour of f r o z e n  ground shows 
remarkable feedbacks. The c reep  p r o p e r t i e s  of f rozen  ground a r e  both 
c o n t r o l l e d  by, and a r e  t he  r e s u l t  o f ,  t h e  thermodynamics of phase change, 
t h a t  i s ,  of f r eez ing .  

These s c i e n t i f i c  complexi t ies  a r e  made worse by t h e  i n h e r e n t  
v a r i a b i l i t y  of n a t u r a l  s o i l  m a t e r i a l s  and t h i s  i s  ano the r  a r e a  of 
needed research .  It ex tends  t o  t h e  v a r i a b i l i t y  of t h e  ground s u r f a c e ,  
i t s  v e g e t a t i o n ,  r e l i e f  and so  on which c o n t r o l  t h e  thermal cond i t i ons  
i n  t h e  ground. Indeed t h i s  l eads  t o  a  t h i r d  very impor tan t  f i e l d  - 
t h a t  r e l a t i n g  t o  microc l imate  and changing c l imates .  C lea r ly  thermal 
behaviour i s  a t  t h e  r o o t  of t h e  s p e c i a l  cha l l enges  f o r  no r the rn  pipe- 
l i n e s .  Overlooking t h e  abundant evidence from e lsewhere ,  of smal l  
changes of c l i m a t e ,  would appear  r i s k y  indeed f o r  such thermal ly  
s e n s i t i v e  foundat ions  a s  those  f o r  no r the rn  p ipe l ines .  

A somewhat d i f f e r e n t  but equa l ly  impor tan t  " r e sea rchu  concerns 
t h e  knowledge gained i n  o t h e r  coun t r i e s .  There is  a l i m i t e d  number of 
s p e c i a l i s t s  worldwide i n  t h i s  f i e l d  of f r o z e n  ground r e sea rch  and it i s  
e s p e c i a l l y  important  t h a t  we do not  overlook what is a l r eady  known, o r  
what o t h e r s  may be f i n d i n g  t h a t ,  wi th  our l i m i t e d  r e sou rces ,  w e  have n o t  

been a b l e  t o  cons ide r  . 
You may no te  t h a t  I have no t  s a i d  anyth ing  about t h e  a c t u a l  pipe-  

l i n e s .  This  is  because, demonstrably,  t h e r e  is  a g r e a t  d e a l  of e x p e r t i s e  
about p i p e l i n e s  i n  Canada and t h e  world. What is  l a ck ing  i s  knowledge 
about  how t h e  co ld  no r the rn  environment w i l l  a f f e c t  p i p e l i n e s .  

Where is  t h e  r o l e  of u n i v e r s i t i e s ?  F i r s t l y ,  u n i v e r s i t i e s  a r e  p l a c e s  
where t h e r e  i s  a g r e a t  d i v e r s i t y  of e x p e r t i s e .  Geo log i s t s ,  chemis ts ,  
e n g i n e e r s ,  geographers  may a l l  c o n s u l t  wi th  each o t h e r  wi th  e a s e ,  
l i n g u i s t s  t o o  a r e  a v a i l a b l e  and t h e  a n a l y s i s  of t h e i r  t r a n s l a t i o n s  i s  
g r e a t l y  aided by t h e i r  s p e c i a l i s t  co l leagues .  Secondly, u n i v e r s i t i e s  
a r e  e s p e c i a l l y  a p p r o p r i a t e  p laces  f o r  "bas i cu  research .  There i s  o f t e n  
confusion about  what "bas i cu  r e sea rch  is. It g ives  t h a t  h igh ly  
s i g n i f i c a n t  knowledge which i s  t h e  foundat ion  from which we can d e f i n e  
and a t t a c k  t h e  p r a c t i c a l  problems a s  they occur.  



Our knowledge of t h e  s t r e n g t h  and c r eep  behaviour  d e r i v e s  from t h e  
work of g l a c i o l o g i s t s  dur ing  t h e  30 ' s  and 40 ' s  and on, mainly i n  t h e  
u n i v e r s i t i e s .  It was Kers ten  a t  t h e  Un ive r s i t y  of Minnesota who f i r s t  
produced va lues  f o r  thermal  p r o p e r t i e s  of f r o z e n  s o i l s  s t i l l  widely used 
by engineers .  P r o f e s s o r  Love11 i n  C i v i l  Engineer ing a t  Purdue was 
perhaps t h e  f i r s t  o u t s i d e  t h e  Sov ie t  Union t o  demonstrate  c l e a r l y  t h e  

e x i s t e n c e  of t h e  unfrozen water  con ten t  of f r o z e n  s o i l s ,  which is s o  
b a s i c  t o  unders tanding  t h e i r  behaviour.  Our knowledge of t h e  
thermodynamics of f r o z e n  ground d e r i v e s  from t h e  s t u d i e s  of s o i l  

p h y s i c i s t s  and agronomis t s ,  e s p e c i a l l y  a t  t h e  Un ive r s i t y  of C a l i f o r n i a  
some 30 o r  40 yea r s  ago. Our knowledge today of c l i m a t i c  change is based 
on the  s t u d i e s  over s e v e r a l  decades of almos t e x c l u s i v e l y ,  u n i v e r s i t y  
s c i e n t i s t s .  

A knowledge of s u r f a c e  c o n d i t i o n s ,  geomorphology and s u r f a c e  geology 
has  l a r g e l y  de r ived  from u n i v e r s i t y  workers - a  t r a d i t i o n  c a r r i e d  on by, 
f o r  example, Hugh French. The e x t e n s i v e  f i e l d  s t u d i e s  of ROSS Mackay 
have done much t o  t e l l  u s  how t h e  no r the rn  environment behaves. 
U n i v e r s i t i e s  of cou r se  a r e  n o t  t h e  on ly  i n s t i t u t i o n s  t h a t  have c a r r i e d  
ou t  b a s i c  r e sea rch  and t h e  r o l e  of t h e  Geologica l  Survey f o r  example i n  
Northern s t u d i e s  has  been g r e a t ;  nor  should one f o r g e t  t h e  major r o l e  

played by t h e  Nat iona l  Research Council  ' s D i v i s i o n  of Bui lding Research,  
e s p e c i a l l y  dur ing  t h e  e a r l y  days when few o t h e r s  were looking  a t  
gco t echn ica l  problems. I n  r ecen t  yea r s  t h e  need f o r  Canadian t r a i n e d  
s t u d e n t s  and more obvious r e s e a r c h  needs have l e d  t o  a  r e l a t i v e l y  much 
g r e a t e r  involvement by u n i v e r s i t i e s .  

Another r o l e  of u n i v e r s i t i e s ,  of cou r se ,  is t r a i n i n g  and h e r e  I 
r e f e r  t o  educa t ion  a t  t h e  h i g h e s t  l e v e l ,  making s u r e  t h a t  p r a c t i t i o n e r s  
a r e  up t o  d a t e  i n  t h e i r  s u b j e c t s  and w e l l  placed t o  t a c k l e  non- 
convent i o n a l  problems. 

U n i v e r s i t i e s  have weaknesses too. Cur ren t ly  t h e  main one is a  
sho r t age  of funding which i n  many r e s p e c t s  i s  a  "po l i  t i c a l u  d i f f i c u l t y .  
Governments fund u n i v e r s i t i e s  mainly f o r  t h e i r  b a s i c  educa t ion  r o l e  of 
t eaching  people how t o  read and w r i t e  - and r i g h t l y  s o ,  but i n  t imes of 
r e s t r a i n t  what a r e  seen  a s  l e s s  immediate problems, b a s i c  r e s e a r c h  and 
o t h e r  'academic'  s t u d i e s ,  a r e  l e f t  t o  o t h e r s  t o  fund. There seems to  be 

a  t r e n d  i n  western c o u n t r i e s  f o r  governments t o  a t  l e a s t  c o n t a i n  t h e i r  
expend i tu re s  on s c i e n c e  and technology and ( a l s o  perhaps  r i g h t l y )  t o  
expec t  i n d u s t r y  t o  p l ay  a  l a r g e r  r o l e .  

Some pe rce ive  a  d i f f e r e n t  weakness - t h a t  u n i v e r s i t i e s  a r e  ho t  beds 
of r a d i c a l i s m ,  environmental ism and o t h e r  ' i s m s ' .  Apart from t h e  f a c t  
t h a t  such g e n e r a l i z a t i o n  is  r i d i c u l o u s ,  i t  is worth remembering t h a t  i t  

is  i n  t h e  n a t u r e  of t h e  u n i v e r s i t y  t h a t  op in ion  be expressed  f r e e l y  and 
openly. A more c e r t a i n  weakness r e l a t e s  t o  t h e  s t a t u s  of u n i v e r s i t i e s  i n  
Canada and indeed t h e  s t a t u s  of r e sea rch  and advanced technology. In  
g e n e r a l ,  t h e r e  is not  a  we l l - e s t ab l i shed  a s s o c i a t i o n  of u n i v e r s i t y  
r e s e a r c h  wi th  i n d u s t r i a l  needs. Canada has t h e  most f rozen  ground of any 
of t h e  wes te rn  na t ions .  Y e t ,  a s  I poin ted  out  e a r l i e r ,  o t h e r  n a t i o n s  
have inves t ed  cons ide rab ly  more i n  r e sea rch  f a c i l i t i e s  f o r  f r o z e n  ground 
s t u d i e s .  It may be worth no t ing  t h a t  our  p i p e l i n e  ground f r e e z i n g  



p r o j e c t  has  a t t r a c t e d  cons ide rab l e  newspaper p u b l i c i t y  i n  France,  wi th  
l a r g e  a r t i c l e s  i n  major papers.  French o i l  and gas  i n d u s t r y  people have 
taken  s u b s t a n t i a l  i n t e r e s t  i n  t h e  work and have donated m a t e r i a l s  and 
;itlvice. We have not been s u r p r i s e d  by t h e  modest, perhaps r e l u c t a n t ,  
i ~ ~ t e r e s t  sliown by Canadian i n d u s t r y  - but r a t h e r  we have been s t r u c k  by 

how such a p r o j e c t ,  which c l e a r l y  r e l a t e s  t o  permafros t  , has e x c i t e d  so 
much i n t e r e s t  i n  France. 

Let me conclude by say ing  t h a t ,  a t  l e a s t  f o r  my own group, t h e  
Geotechnica l  Sc ience  Labora to r i e s  a t  C a r l e t o n ,  we a r e  ex t remely  keen t o  
pursue our  r e sea rch  i n  c l o s e  c o l l a b o r a t i o n  wi th  Canadian i n d u s t r y  and we 
a t  C a r l e t o n  do not  i n t end  t o  be accused l a t e r  of having been unwi l l i ng  t o  
add re s s  ' r e a l '  p r a c t i c a l  problems i n  our  s c i e n t i f i c  s t u d i e s .  

Succes s fu l  hydrocarbon development i n  t h e  North of our coun t ry  must 
no t  be seen  t o o  narrowly a s  a matter of petroleum engineer ing .  The 
no r the rn  environment,  i f  n o t  p rope r ly  recognized ,  understood and 
engineered f o r ,  c o n s t i t u t e s  a g i a n t  t h r e a t  t o  such development. 





Figure 3. Sample of soil showing ice lensing responsible for deformation 

of pipe. This sample is permanently preserved and the photo 
taken at room temperature. Knowledge of the lens and soil 

structure is important for interpretation of the soil thermo- 

dynamic and mechanical behaviour. 



PIPELINES I N  PERMAFROST 

SUMMARY OF DISCUSSION AND RESEARCH NEEDS 

Most of t h e  papers  presented a t  t h i s  Workshop were s l a n t e d  towards 
des ign ,  cons t ruc t  i on  and ope ra t ing  (engineer ing)  a s p e c t s  of o i l  and gas 
p i p e l i n e s  and covered t h e  "s tate-of- the-ar tu f o r  t h i s  t op ic .  Some papers  
included comments on a r e a s  i n  which more informat ion  w a s  needed. 
Performance monitor ing programs on ope ra t ing  p i p e l i n e s  and f i e l d  
experiments  a s soc i a t ed  w i t h  yet-to-be-built  p i p e l i n e s ,  were noted a s  
being necessary  and u s e f u l  sources  of important  information.  In  g e n e r a l ,  
i n d u s t r y  r e p r e s e n t a t i v e s  implied t h a t  much of t h e  informat ion  is  

a v a i l a b l e  now and many of t h e  r e sea rch  and a n a l y t i c a l  t echniques  r equ i r ed  
t o  s u c c e s s f u l l y  des ign ,  c o n s t r u c t  and o p e r a t e  p i p e l i n e s  i n  pennaf r o s  t ,  
are i n  p lace .  It w a s  noted t h a t  much of t h e  informat ion  obta ined  from 
f i e l d ,  l a b o r a t o r y  and o f f i c e  s t u d i e s  by i n d u s t r y  is  p r o p r i e t a r y  and not  
a v a i l a b l e  f o r  eva lua t ion  o r  use  by o thers .  

During t h e  f i n a l  s e s s i o n ,  however, which cons i s t ed  of p r e s e n t a t i o n s  
by members of a panel  and open d i s c u s s i o n  from t h e  f l o o r ,  some r e sea rch  
needs and p r i o r i t i e s  emerged. Most of t h e  concerns expressed i n  t h e  
papers and t h e  d i s c u s s i o n  d e a l t  w i th  problems r e l a t e d  t o  s lope  s t a b i l i t y  , 
f r o s t  heave and thaw se t t l emen t .  D r .  W i l l i a m s '  comments on t h e  r o l e  of 

u n i v e r s i t i e s  and r e sea rch  needs a r e  given i n  an  addendum t o  h i s  paper. 

It w a s  g e n e r a l l y  agreed t h a t  t h e r e  was a need f o r  on-going f i e l d  and 
l a b o r a t o r y  r e sea rch ,  even and p a r t i c u l a r l y  dur ing  l u l l s  i n  no r the rn  
resource  development a c t i v i t i e s ,  t o  provide a b a s i s  f o r  envi ronmenta l ly  
sound designs.  Some s t u d i e s  t h a t  were considered important  and t h a t  

should be cont inued a r e  noted below: 

- b a s i c  f r o s t  heave t e s t i n g  of d i f f e r e n t  types  of s o i l s  - a t  
d i f f e r e n t  p re s su re s  t o  i n c r e a s e  t h e  e x i s t i n g  d a t a  base and 
compare t h e  v a r i a b i l i t y  i n  f r o s t  heave p r o p e r t i e s ,  

- p i p e / s o i l  i n t e r a c t i o n  wi th  r e s p e c t  t o  both thaw s e t t l e m e n t  
and f r o s t  heave; magnitude of s t r e s s e s  and s t r a i n s  induced 

- compare wi th  p re sen t  a l lowable  va lues  - what i s  
accep tab le ,  

- e f f e c t  of cyc l ing  temperatures  on f r o s t  heave and/or  t h e  
e f f e c t s  of c y c l i c  heave on p i p e l i n e s  ( c y c l i n g  of 
temperature may be proposed as a method of c o n t r o l l i n g  
f r o s t  heave i n  f u t u r e  p r o j e c t s ) ,  

- i n f l u e n c e  ( r e l a t i o n s h i p )  of degree of s a t u r a t i o n  on thaw 
s t r a i n s ,  

- e f f e c t  of s o i l  a r ch ing  on thaw s e t t l e m e n t / p i p e l i n e  
i n t e r a c t  ion. 



A good d e a l  of d i s c u s s i o n  centered  around somewhat opposing views 
concerning stresses and s t r a i n s  i n  t h e  pipe - how w e r e  they induced,  
t h e i r  magnitude, r a t e s  a t  which f r o s t  heave (and thaw s e t t l e m e n t )  
occurred and over  what d i s t a n c e ,  e f f e c t  of secondary heave - i f  any, 
nugnl t l~de  and l n f l  uence of temperature d i f f e r e n t i a l s  I n  a p i p e l i n e ,  

c t c .  V i e w s  expressed ranged from t h e  l ack  of and need f o r  in format ion  
t o  t h e  sugges t ion  t h a t  t h e  r e s u l t s  of some s t u d i e s  seemed t o  i n d i c a t e  

t h a t  p re sen t  des igns  were ove r ly  conserva t ive .  Some thought  should be 

given a s  t o  how t h e  exper ience  gained (from t h e  monitor ing program) on 
t h e  Norman Wells p i p e l i n e  could be u s e f u l l y  e x t r a p o l a t e d  t o  f u t u r e  l a r g e r  
p i p e l i n e s  proposed f o r  more n o r t h e r l y  a r e a s  i n  Canada. 

It was the  consensus t h a t  ano the r  workshop on p i p e l i n e s  i n  
permafrost  would be u s e f u l ,  pos s ib ly  w i t h i n  t h e  next  yea r  o r  two. 
A t  such a meeting the  views of a c t i v e  r e s e a r c h e r s ,  a s  w e l l  a s  i n d u s t r y ,  
would be presented.  It w a s  suggested t h a t  r e p r e s e n t a t i v e s  from 
r e g u l a t o r y  bodies must a l s o  be present .  
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