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ABSTRACT 

One o f  t h e  p r i m e  concerns  i n  d e s i g n i n g  o f f s h o r e  
g r a v e l  i s l a n d s  i n  i c e - c o v e r e d  wa te rs  such as i n  t h e  
1J.S. and Canadian B e a u f o r t  Seas i s  t h e  a b i l i t y  o f  t h e  
i s l a n d  t o  r e s i s t  t h e  imposed d e s i g n  i c e  loads.  I n  
p r e s e n t i n g  t h i s  paper ,  t h e  goa l  i s  t o  d e s c r i b e  a  meth- 
odo logy  t o  a i d  i n  t h e  p r e l i m i n a r y  assessment o f  t h e  
o v e r a l l  s t r e n g t h  o f  a  g r a v e l  i s l a n d  t o  r e s i s t  a  d e s i g n  
i c e  l o a d  f o r  a  s e t  o f  p r e s c r i b e d  d e s i g n  and env i ronmen-  
t a l  parameters .  Conve rse l y ,  t h e  d e s c r i b e d  methodo logy 
can  be used t o  a i d  i n  d e v e l o p i n g  a  p r e l i m i n a r y  i s l a n d  
d e s i g n  i n  t e rms  o f  i t s  s i z e ,  h e i g h t  and geometry t o  
e n s u r e  t h e  i s l a n d  has s u f f i c i e n t  s t r e n g t h  t o  r e s i s t  t h e  
d e s i g n  i c e  l oads .  

More spec i  f i c a l l  y ,  t h e  purpose o f  t h i s  paper i s  
t w o f o l d :  ( 1 )  t o  d e s c r i b e  a  methodo logy f o r  e s t a b l i s h -  
Trig t h e  s t r e n g t h  o f  o f f s h o r e  g r a v e l  i s l a n d s  t o  r e s i s t  
imposed i c e  d e s i g n  l o a d s ;  and ( 2 )  t o  use t h i s  me thodo l -  
ogy  t o  i l l u s t r a t e  how t h e  per formance o f  g r a v e l  i s l a n d s  
t o  r e s i s t  t h e  imposed i c e  l o a d s  v a r i e s  w i t h  t h e  m a j o r  
d e s i g n  and e n v i r o n m e n t a l  parameters .  

I n  summary t h e  r e s u l t s  of t h e  a n a l y s i s  p r e s e n t e d  
i n  t h i s  paper  i n d i c a t e  t h a t ,  f r o m  t h e  s t a n d p o i n t  o f  
r e s i s t i n g  i c e  l oads ,  g r a v e l  i s l a n d s  w i l l  c o n t i n u e  t o  be 
t e c h n i c a l l y  f e a s i b l e  o f f s h o r e  d r i l l i n g  p l a t f o r m s  f o r  
b o t h  e x p l o r a t i o n  and p r o d u c t i o n  i n  t h e  U.S. and 
Canadian Beau fo r t  Seas as t h e  o i l  i n d u s t r y  moves i n t o  
deeper  and more h a r s h  areas.  

W i t h  t h e  r e c e n t  o f f s h o r e  l e a s e  s a l e s  i n  t h e  D i a p e r  
F i e l d  and t h e  f u t u r e  schedu led  l e a s e  sa les ,  i n t e r e s t  i n  
i n v e s t i g a t i n g  v a r i o u s  d r i l l i n g  p l a t f o r m  concep ts  f o r  
e x p l o r a t i o n  and p r o d u c t i o n  i n  t h e  1I.S. and Canadian 
B e a u f o r t  Sea a reas  has con t i nued .  Proposed concep ts  
have ranged f rom g r a v e l  i s 1  ands, c a i  sson r e t a i n e d  
i s l a n d s ,  and m o b i l e  s t r u c t u r e s  t o  moored f l o a t i n g  p l a t -  
forms. To d a t e  g r a v e l  i s l a n d s  have been used as t h e  
p r i m a r y  man-made e x p l o r a t i o n  d r i l l  i n g  p l a t f o r m  i n  t h e  
U.S. and Canadian B e a u f o r t  Seas. As i n t e r e s t  has ex -  
panded t o  a reas  f a r t h e r  f r o m  shore ,  deeper w a t e r  and 

Re fe rences  and ill u s t r a t i  ons a t  end o f  paper.  

l e s s  p r o t e c t e d  areas,  t h e  q u e s t i o n  a r i s e s  as t o  whe the r  
3 r  n o t  g r a v e l  i s l a n d s  w i l l  c o n t i n u e  t o  be v i a b l e  and 
w i l l  t h e y  have s u f f i c i e n t  s t r e n g t h  t o  r e s i s t  t h e  
imposed d e s i g n  i c e  l oads .  

I n  d e s i g n i n g  g r a v e l  i s l a n d s  f o r  t h e  R e a u f o r t  Sea 
i t  i s  i m p o r t a n t  t o  n o t e  t h a t  o t h e r  m a j o r  conce rns  must 
be c o n s i d e r e d  i n  a d d i t i o n  t o  t h e  i s l a n d  s t r e n g t h  t o  
r e s i s t  i c e  l oads .  These o t h e r  conce rns  i n c l u d e :  i c e  
r i d e - u p / p i  1  e-up p o t e n t i a l  ; wave run-up and o v e r t o p p i n g ;  
seabed scou r  due t o  i c e ,  waves and c u r r e n t s  a round  t h e  
s t r u c t u r e ;  and s l o p e  p r o t e c t i o n  t o  p r e v e n t  i s 1  and 
e r o s i o n  by waves and i c e .  Of t hese ,  however, i c e  l o a d s  
tends  t o  be one o f  t h e  m a j o r  conce rns  and i s  t h e  f o c u s  
o f  t h i s  paper.  

GRAVEL ISLAND STRENGTH DETERMINATION 

Overv iew 

I n  d e t e r m i n i n g  t h e  o v e r a l l  g r a v e l  i s l a n d  s t r e n g t h  
t o  r e s i s t  t h e  d e s i g n  i c e  l o a d ,  t h r e e  f a i l u r e  modes were 
c o n s i d e r e d :  f a i l u r e  a t  t h e  f r e e z e  f r o n t ,  f a i l u r e  a t  
t h e  i c e  l o a d i n g  p lane ,  and f a i l u r e  a t  t h e  g r a v e l  f i l l /  
s i l t  i n t e r f a c e  wh ich  may be a t  t h e  s e a f l o o r  o r  l o w e r  i f  
s u r f a c e  s i l t s  a r e  dredged b e f o r e  c o n s t r u c t i o n .  F o r  t h e  
range o f  s o i  1  m a t e r i a l  p r o p e r t i e s  i n v e s t i g a t e d  ( see  
Tab le  1) t h e  g o v e r n i n g  f a i l u r e  mode was p r i m a r i l y  a  
f u n c t i o n  o f  t h e  d e p t h  o f  f r e e z e  as d e p i c t e d  i n  F i g u r e  
1. F o r  f r e e z e  dep ths  f rom t h e  i s l a n d  s u r f a c e  l e s s  t h a n  
t h e  i s l a n d  h e i g h t  above t h e  i c e  l o a d i n g  p lane ,  f a i l u r e  
das de te rm ined  t o  o c c u r  a t  t h e  i c e  l o a d i n g  p l a n e  
t h r o u g h  t h e  u n f r o z e n  g r a v e l  f i l l .  When t h e  f r e e z e  
dep th  ex tended be low t h e  i c e  l o a d i n g  p lane ,  b u t  n o t  t o  
t h e  seabed s i l t  l a y e r ,  f a i l u r e  was d e t e r m i n e d  t o  o c c u r  
a t  t h e  f r o z e n - u n f r o z e n  i n t e r f a c e  i n  t h e  g r a v e l  f i l l .  
S i m i l a r l y  when t h e  f r e e z e  f r o n t  ex tended  t h r o u g h  t h e  
g r a v e l  f i l l  i n t o  t h e  seabed s i l t  l a y e r ,  f a i l u r e  was 
de te rm ined  t o  o c c u r  a t  t h e  f r o z e n - u n f r o z e n  i n t e r f a c e  i n  
t h e  s i l t  l a y e r .  

The above f a i l u r e  modes were d e t e r m i n e d  w i t h  t h e  
assumpt ion t h a t  a  f r o z e n  s o i l  i s  c o n s i d e r a b l y  s t r o n g e r  
t han  t h e  same s o i l  i n  i t s  u n f r o z e n  s t a t e .  W h i l e  t h i s  
has been p roven  t o  be t h e  case f o r  s o i l s  c o n t a i n i n g  
f r e s h  wa te r ,  s i g n i f i c a n t l y  l e s s  i n f o r m a t i o n  and d a t a  i s  
a v a i l a b l e  on t h e  f r o z e n  s t r e n g t h  o f  s o i l s  c o n t a i n i n g  
s a l t  wa te r .  I f ,  as p o s t u l a t e d ,  f r o z e n  g r a v e l  f i l l  and 
s i l t s  c o n t a i n i n q  s a l t  w a t e r  a r e  a1 so c o n s i d e r a b l y  
7 



s t r o n g e r  than  t h e  g rave l  f i l l  and s i l t s  i n  t h e  un f rozer  
s t a t e ,  then  t h e  f a i l u r e  modes w i l l  occur as descr ibed  
above. I f ,  on t h e  o t h e r  hand t h e  f rozen  s o i l  s t reng ths  
a r e  n o t  c o n s i d e r a b l y  s t ronger ,  c o n s i d e r a t i o n  must be 
g iven  t o  i n v e s t i g a t i n g  f a i l u r e  through t h e  f rozen  
g rave l  f i l l  o r  s i l t  l a y e r s .  

The shear ing  r e s i s t a n c e  o f  an unf rozen s o i l  c l o s e -  
l y  f o l l o w s  Coulomb's equa t ion  [I]: 

where 

s  = Shear s t r e n g t h  o f  t h e  s o i l ,  

c  = Cohesion o f  t h e  s o i l ,  

o  = Normal s t r e s s ,  

$ = Angle o f  i n t e r n a l  f r i c t i o n  o f  t h e  s o i l .  

On an e f f e c t i v e  s t r e s s  bas is ,  Coulomb's equa t ion  can be 
expressed by [2]: 

where 

sef f  = E f f e c t i v e  shear s t r e n g t h  o f  t h e  s o i l ,  

- 
o = E f f e c t i v e  normal s t r e s s ,  

c '  = Cohesion on an e f f e c t i v e  s t r e s s  bas is ,  

+ '  = Angle o f  i n t e r n a l  f r i c t i o n  on an e f f e c t i v e  
s t r e s s  bas is .  

I f  t h e  vo ids  o r  a  p o r t i o n  o f  t h e  vo ids  i n  t h e  s o i l  a re  
f i l l e d  w i t h  a  f l u i d  under a  pore water pressure u,, 
t h e n  one p o r t i o n  of t h e  normal s t r e s s  (o )  i s  c a r r i e d  b j  
t h e  s o i l  and t h e  o t h e r  p o r t i o n  i s  c a r r i e d  by t h e  f l u i d .  
Expressed mathemat ica l l y ,  t h e  e f f e c t i v e  normal s t r e s s  ; 
i s  equal t o  t h e  d i f f e r e n c e  between o  and uw: 

Combining Equat ions 121 and [3] y i e l d s :  

Using Equat ion [4], t h e  t o t a l  s l i d i n g  r e s i s t a n c e  
(Stotal ) o f  a  g rave l  s t r u c t u r e  i s  equal t o  t h e  p roduc t  
o f  t h e  shear ing  s t r e n g t h  ( s e f f )  along the  f a i l u r e  plane 
and t h e  area o f  t h e  f a i l u r e  p lane ( A f a i l ) .  

An overv iew o f  t h e  procedure used t o  determine t h e  
o v e r a l l  s t r e n g t h  o f  a  g rave l  i s l a n d  t o  r e s i s t  i c e  loads 
i s  dep ic ted  i n  F i g u r e  2. 

From Equations [41 and [5!, i t  i s  seen t h a t  t h e  
s l i d i n g  r e s i s t a n c e  i s  dependent upon t h e  f o l l o w i n g  f i v e  
independent v a r i a b l e s  : 

o Area o f  t h e  shear p lane  (Afail), 
0 Cohesion o f  t h e  s o i l  ( c '  ) ,  
0 Overburden p ressure  (o) ,  
o Pore water  pressure (u,), 

I n t e r n a l  f r i c t i o n  angle o f  t h e  s o i l  ( + I ) .  

For a  cohesionless s o i l  (c l=O),  Equat ion 14) i n d i -  
ca tes  t h a t  i f  t h e  pore water pressure were equal t o  t h e  
overburden pressure,  t h e  s o i l  would possess no shear ing 
s t r e n g t h  and hence no s l i d i n g  res is tance .  On t h e  o t h e r  
hand, i f  t h e  s o i l  has a  zero i n t e r n a l  angle o f  f r i c t i o n  
( + ' = 0 ) ,  n e i t h e r  t h e  pore water pressure nor  t h e  over-  
burden pressure are impor tan t  i n  computing s l i d i n g  
res is tance .  Thus i n  o rder  t o  c a l c u l a t e  s l i d i n g  r e s i s t -  
ance, it i s  impor tan t  t o  have an accurate knowledge o f  
b o t h  c '  and $ '  f o r  t h e  g rave l  i s l a n d  f i l l  and t h e  s o i l s  
u n d e r l y i n g  the  gravel  s t r u c t u r e .  

I f  t h e  s o i l  i n  q u e s t i o n  i s  cohesionless and i f  t h e  
shear s teng th  o f  f rozen  s o i l  i s  cons iderab ly  g r e a t e r  
than t h a t  o f  unf rozen s o i l ,  then t h e  shear f a i l u r e  
p lane  w i l l  occur a long t h e  f a i l u r e  planes noted i n  
F i g u r e  1. Therefore i n  o rder  t o  compute t h e  s l i d i n g  
r e s i s t a n c e ,  knowledge o f  t h e  depth o f  t h e  f reeze  f r o n t  
i s  necessary t o  eva lua te  t h e  overburden pressure. I n  
c a l c u l a t i n g  t h e  depth o f  f reeze,  i n f o r m a t i o n  must be 
known about t h e  s o i l  thermal p r o p e r t i e s ,  and pore water 
con ten t .  

I n  t h e  f o l l o w i n g  sec t ions ,  t h e  problem i s  analyzed 
i n  steps. F i r s t  t h e  a n a l y s i s  o f  pore water  pressure,  
which was aimed a t  de te rmin ing  t h e  importance o f  t h i s  
v a r i a b l e  i n  c a l c u l a t i n g  s l i d i n g  res is tance ,  i s  de- 
sc r ibed .  Next t h e  thermal a n a l y s i s  aimed a t  determin-  
i n g  t h e  t o t a l  overburden pressure a t  any g iven t i m e  
d u r i n g  t h e  l i f e  o f  t h e  p r o j e c t  i s  descr ibed.  T h i r d l y ,  
t h e  s o i l  s t r e n g t h  p r o p e r t i e s  ( c '  and 4 ' )  used i n  t h e  
s l i d i n g  r e s i s t a n c e  computat ions a re  discussed. 

Pore Water Pressure 

The l a y e r  o f  s i l t  below t h e  proposed c o n s t r u c t i o n  
s i t e  i s  assumed t o  be a  compress ib le  substance i n  hy- 
d r a u l  i c  equi 1  i b r i u m ,  and t h a t  dra inage o f  water  from 
t h i s  s i l t  l a y e r  obeys Darcy 's  Law. When t h e  f i r s t  l oad  
of gravel  i s  placed on t h i s  l a y e r ,  water does no t  im- 
~ e d i a t e l y  d r a i n  from t h e  pores and, as a  r e s u l t ,  a  
sudden excess h y d r o s t a t i c  pressure equal i n  magnitude 
t o  t h e  surcharge e x i s t s  i n  t h e  s o i l .  Th is  excess hy- 
d r o s t a t i c  pressure i n i t i a l l y  negates t h e  added shear 
s t r e n g t h  i n  a  f r i c t i o n a l  s o i l  due t o  t h e  surcharge. 
With t ime,  t h e  excess pore water pressure decreases as 
t h e  s i l t s  a re  compressed and water d r a i n s  out .  The t ime 
r e q u i r e d  f o r  the  excess water pressure t o  d isappear  i s  
governed by the  f o l l o w i n g  equa t ion  [I]: 

C v  T  = - t . . . . . . . . . . . . . . . . . .  [6] 
~2 

where 

TV = Time f a c t o r  (non-dimensional ) ,  

CV = C o e f f i c i e n t  o f  consol i d a t i o n  ( f t 2 / d a y ) ,  

t = Time i n  days, 

H = Thickness o f  s i l t  l a y e r  fo r  one s ided 
d ra inage  o r  112 s i l t  l a y e r  t h i c k n e s s  f o r  
two s ided dra inage ( f t ) .  

When TV equals  1, approx imate ly  90% o f  t h e  dra inage has 
occurred C11. Therefore,  t h e  t i m e  r e q u i r e d  f o r  90% 
dra inage i s :  



Based on data from DeJong [3], s i l t s  i n  t h e  
:anadian Beau fo r t  have CV values i n  t h e  range o f  3.5 t j  

!0 f t2/ day. Harding-Lawson [4] suggest CV values of 
i bou t  1.4 f t 2 / d a y  as being t y p i c a l  o f  t h e  s i l t s  i n  t h e  
'rudhoe Bay area. Assuming t h e  th ickness  o f  t h e  s i l t  
l ayer  o f  5  t o  20 f t, t y p i c a l  values o f  tgO given  from 
i q u a t i o n  [71 a re  presented i n  Table 2. I n  summary, 
i s i n g  these t y p i c a l  va lues o f  CV and depth o f  t h e  s i l t  
l ayer ,  t h e  general conc lus ion  obta ined i s  t h a t  s e t t l e -  
nent w i l l  occur r a p i d l y  and t h e r e f o r e  shear s t r e n g t h s  
)f t h e  s o i l  w i l l  reach t h e i r  maximum values under t h e  
x r c h a r g e  very q u i c k l y .  Recause o f  t h i s  r a p i d  s e t t l e -  
nent, l o n g  te rm excess h y d r o s t a t i c  pressures need no t  
)e considered i n  t h e  s l i d i n g  r e s i s t a n c e  c a l c u l a t i o n s ,  
~ r o v i d e d  t h e  s i l t  depth and p a r t i c u l a r  va lue o f  CV a re  
q i t h i n  t h e  range analyzed. I f  t h e  s i l t  depth and t h e  
i a l u e  of CV a r e  no t  w i t h i n  t h e  range analyzed then  
:ons idera t ion  o f  t h e  pore water pressure must be i n -  
:luded i n  de te rmin ing  t h e  s t r e n g t h  o f  t h e  i s l a n d  t o  
- e s i s t  t h e  i c e  loads. 

lssumed S o i l  and Water P r o p e r t i e s  

Table 1 l i s t s  t h e  range o f  s o i l  and water p roper -  
: ies used i n  t h i s  paper. Thermal c o n d u c t i v i t i e s  o f  
j r a v e l  were g iven  by Harding-Lawson [4]. Thermal con- 
l u c t i v i t i e s  o f  s i l t  and f i n e  gravel  were taken from 
( e r s t e n ' s  [5] data. Thermal p r o p e r t i e s  o f  sea i c e  and 
dater  were ob ta ined  from Doronin and Khe is in  [6] and 
]no [7]. Using Andersland and Anderson's approach [8] 
j p e c i f i c  heat c a p a c i t i e s  f o r  s i l t s ,  gravel  f i l l ,  and 
f i n e  gravel  were computed by: 

Cu ,f = Vo lumet r i c  heat  c a p a c i t y  i n  unf rozen,  
f r o z e n  s t a t e ,  

Yd = Dry d e n s i t y  o f  t h e  s o i l  , 

Cs = U n i t  weight  heat c a p a c i t y  o f  t h e  s o i l  = 

0.18 BTlJ/l b-OF, 

f = 1.0 f o r  unf rozen s o i l  and n.5 f o r  
f r o z e n  s o i l  , 

w = Water con ten t  o f  s o i l  i n  percent ,  

Cw,,f = U n i t  weight  heat c a p a c i t y  o f  water i n  
unf rozen,  f rozen  s ta te .  

Dry d e n s i t i e s  and water con ten t  were ob ta ined  from 
Hard i  ng-Lawson [4]. 

Freeze Fron t  Determi n a t i  on 

One and two d imensional ,  f i n i t e  element models 
developed by Rafus [9,101 were used t o  conduct t h i s  
a n a l y s i s .  These models so lve  t h e  one and two dimen- 
s i o n a l  heat  t r a n s f e r  equa t ion  w i t h  a r b i t r a r y  boundary 
c o n d i t i o n s ,  v a r i a b l e  thermal p r o p e r t i e s ,  and phase 
change. The model was s p e c i f i c a l l y  developed t o  hand1 
t h e  problem o f  de te rmin ing  f reeze  f r o n t  propagat ion i n  
g r a v e l  i s l a n d s .  The model has been v a l i d a t e d  by com- 
p a r i n g  i t s  r e s u l t s  w i t h  known a n a l y t i c a l  s o l u t i o n s  t o  
t h e  problems i n v o l  v i n g  f reeze  f r o n t  propagat ion 
(Newmann equa t ion )  and known a n a l y t i c a l  s o l u t i o n s  t o  
two dimensional heat t r a n s f e r  problems not  i n v o l v i n g  

phase change. These comparisons showed t h a t  t h e  model 
g i v e s  q u i t e  accura te  est imates.  

The a i r  temperature (shown i n  F i g u r e  3)  used i n  
t h e  model was based on t h e  h i s t o r i c a l  temperatures f o r  
Nor th  Slope, Alaska. To i n v e s t i g a t e  t h e  e f f e c t  o f  
snow cover, severa l  m o d i f i e d  temperature d i s t r i b u t i o n s  
shown i n  F i g u r e  3 were a l s o  considered.  These modif iec 
temperature d i s t r i b u t i o n s  were based on t h e  f o l l  owing: 

where 

Tn = Average month ly  temperature f o r  a  g iven 
v a l u e  o f  n, 

TF = Freezing temperature (28.8OF), 

T1 = Average month ly  temperature f o r  Nor th  
Slope, Alaska ( n = l ) ,  

n  = Temperature f a c t o r  (( 1.0). 

Based on t h e  data presented by Bafus [9,10], a  va lue  o  
n  equal t o  0.6 corresponds t o  a  snow cover  o f  approx i -  
mate ly  1 t o  1.5 ft. Using t h e  model a  t y p i c a l  t i m e  
h i s t o r y  o f  t h e  f reeze  f r o n t  p ropaga t ion  i n t o  a  600 f t  
d iameter  i s l a n d  i n  30 ft o f  water  w i t h  a  h e i g h t  o f  20 
f t  above t h e  water s u r f a c e  i s  shown i n  F i g u r e  4. 

Soi 1  S t reng th  P r o p e r t i e s  

As p o i n t e d  out  e a r l i e r ,  t h e  unf rozen s t r e n g t h  of 
t h e  s i l t s  and g r a v e l s  a re  c r i t i c a l  i n  de te rmin ing  t h e  
s l i d i n g  r e s i s t a n c e  o f  t h e  g rave l  i s l a n d .  U s u a l l y  s o i l  
t e s t s  a re  made under c o n d i t i o n s  r e p r e s e n t a t i v e  of l o a d  
c o n d i t i o n s  i n  t h e  f i e l d .  F r e q u e n t l y  t h i s  l o a d  cond i -  
t i o n  i s  d i f f i c u l t  t o  determine beforehand and hence t h  
e n g i n e e r ' s  judgement must be used t o  determine t h e  mos 
a p p r o p r i a t e  t ype  o f  s o i l  s t r e n g t h  t e s t s .  

As noted above t h e  s i l t  l a y e r s  w i l l  q u i c k l y  com- 
press and d r a i n  once t h e  surcharge gravel  i s  i n  place. 
T r i a x i a l ,  conso l ida ted ,  undra ined t e s t s  a t  a  minimum 
should be used t o  determine s t reng ths .  Dur ing  such 
t e s t s ,  t h e  pore water should be a l lowed t o  d r a i n  f rom 
t h e  s o i l  specimen d u r i n g  t h e  a p p l i c a t i o n  o f  t h e  i n i t i a  
c o n s o l i d a t i o n  o r  chamber pressure. A f t e r  e q u i l i b r i u m  
c o n d i t i o n s  a re  reached, t h e  d r a i n  va lve  i s  c losed  and 
t h e  specimen i s  l o c a t e d  a t  a  cons tan t  s t r a i n  r a t e  u n t i  
f a i l u r e .  S t r a i n  r a t e s  on t h e  o rder  o f  1% per min (1.6 
x  1 W 4  s e c - l )  are commonly used. Because s t r a i n  r a t e s  
assoc ia ted  w i t h  t h e  des ign i c e  loads  a re  two t o  t h r e e  
o rders  o f  magnitude l e s s  than  t h e  above s t r a i n  r a t e  an 
t h e  s i l t  appears t o  have good d ra inage  c h a r a c t e r i s t i c s  
i t  would appear t h a t  t h e  s i l t  should be t e s t e d  w i t h  t h  
d r a i n  va lve  l e f t  onen and a t  much lower  s t r a i n  ra tes .  
For  t h e  purposes o f  t h i s  
s t r e n g t h  p r o p e r t i e s  were 
where f a i l u r e  i s  assumed 

paper t h e  f o l l o w i n g  s o i l  
assumed f o r  t h e  un f rozen  
t o  occur :  

COHFSInN ( c ' )  FRICTION ANGLE ($'I 
Gravel F i l l  

Above water su r face :  0  30-40 
Be1 ow water  sur face : 0  30-40 

Seahed S i l t  Layer : 0  30-40 
Gravel S i l t  Layer : 0  30-40 



ASSESSMENT OF ICE DESIGN LOADS 

I n  e s t a b l i s h i n g  t h e  i c e  d e s i g n  l o a d s  t h e r e  a r e  twc 
approaches one can choose:  ICE FAILIIRE APPROACH and 
t h e  LIMITED DRIVING FORCE APPROACH. Us ing  t h e  ICE 
FAILIIRE APPROACH, one assumes a  s u f f i c i e n t  d r i v i n g  
f o r c e  e x i s t s  t o  move t h e  i c e  and t h e  g r a v e l  s t r u c t u r e s  
has s u f f i c i e n t  r e s i s t a n c e  c a p a b i l i t y .  I n  t h i s  approac l  
t h e  i c e  d e s i g n  l o a d  i s  d e f i n e d  as t h e  f o r c e  t h e  g r a v e l  
i s l a n d  s t r u c t u r e  must e x e r t  on t h e  i c e  i n  o r d e r  t o  f a i '  
t h e  d e s i g n  i c e  f e a t u r e .  The LIMITED DRIVING FORCE 
APPROACH [lll removes t h e  assumpt ion  t h a t  a  s u f f i c i e n t  
d r i v i n g  f o r c e  e x i s t s  t o  move t h e  i c e  and assesses t h e  
maximum p o s s i b l e  d r i v i n g  f o r c e  wh ich  can he gene ra ted  
on an i c e  f i e l d  of a  g i v e n  f e t c h  by t h e  d e s i g n  e n v i r o n .  
n e n t a l  c o n d i t i o n s  o f  w inds and c u r r e n t s .  T h i s  maximum 
d r i v i n g  f o r c e  i s  t h e n  compared t o  t h e  i c e  f a i l u r e  l o a d ,  
The i c e  d e s i g n  l o a d  i s  t h e n  d e f i n e d  as t h e  minimum o f  
t h e  maximum d r i v i n g  f o r c e  and t h e  i c e  f a i l u r e  l oad .  As 
m e  can imag ine ,  t h e  e s t a b l i s h m e n t  o f  a  d e s i g n  i c e  
f e a t u r e  and t h e  a s s o c i a t e d  d e s i g n  i c e  l o a d  wh ich  t h e  
g r a v e l  i s l a n d  must w i t h s t a n d  i s  v e r y  s i t e  s p e c i f i c .  
Fo r  t h i s  reason,  r a t h e r  t h a n  s e l e c t  a  s i n g l e  d e s i g n  icc  
l o a d  upon wh ich  t o  e v a l u a t e  t h e  per formance o f  t h e  
g r a v e l  i s l a n d ,  t h e  f o l l o w i n g  t h r e e  i c e  d e s i g n  l o a d  
1 eve1 s  were c o n s i d e r e d  : 

DESIGN ICE LOAD LEVELS CONSInEREn 

J s i n g  t h e s e  l e v e l s ,  t h e  t o t a l  d e s i g n  i c e  l o a d  a  p a r t i c -  
~ l a r  g r a v e l  i s l a n d  must w i t h s t a n d  i s  de te rm ined  by 
n u l t i p l y i n g  t h e  i c e  l o a d  l e v e l  by t h e  w a t e r l i n e  diam- 
2 t e r  o f  t h e  i s l a n d .  

U s i n g  t h e  me thodo logy  o u t l i n e d  above, t h e  f o l l o w -  
i n g  p a r a m e t r i c  v a r i a t i o n s ,  l i s t e d  i n  Tab le  3, were 
:onducted i n  o r d e r  t o  examine how t h e  s t r e n g t h  o f  a  
g r a v e l  i s l a n d  v a r i e s  w i t h  t h e  m a j o r  i s l a n d  d e s i g n  and 
? n v i  r onmen ta l  pa rame te rs  : 

I s l a n d  Geometry 

o I s l a n d  S i z e  (D iame te r )  
o I s l a n d  H e i g h t  
o I s l a n d  S ide  S lope 

F i g u r e  Number 

Grave l  F i l l  

o I n t e r n a l  Ang le  o f  F r i c t i o n  8  
o I n i t i a l  Temperature  9  
o Water Con ten t  10 
o F r e e z i n g  Temperature  11 
o n r y  D e n s i t y  12 

Env i ronmen ta l  Parameters  

0 Water Depth  13 
0 Ground S u r f a c e  Temperature  14 

Rased on t h e  r e s u l t s  p r e s e n t e d  i n  t h e s e  f i g u r e s  t h e  
f o l l  ow ing  o b s e r v a t i o n s  were made: 

o I s l a n d  S i ze :  As one would  expec t ,  i n c r e a s i n g  
t h e  t o p  s u r f a c e  d i a m e t e r  o f  t h e  i s l a n d  i s  t h e  m a j o r  
d e s i g n  pa rame te r  t o  i n c r e a s i n g  t h e  c a p a b i l i t y  o f  t h e  
i s l a n d  t o  r e s i s t  i c e  l oads .  A f t e r  t h e  f i r s t  y e a r ,  an 

800 f t d i a m e t e r  i s l a n d  can w i t h s t a n d  3 t i m e s  t h e  i c e  
l o a d  t h a t  a  40fl f t  d i a m e t e r  i s l a n d  can w i t h s t a n d .  Fo r  
t h e  f i r s t  y e a r  and i n t o  t h e  second, t h e  f r e e z e  f r o n t  
has n o t  p e n e t r a t e d  be low t h e  i c e  l o a d i n g  p lane .  Reyond 
t h e  second y e a r ,  t h e  f r e e z e  f r o n t  ex tends  be low t h e  i c e  
l o a d i n g  p lane ,  b u t  by 5  y e a r s  has n o t  p e n e t r a t e d  t h e  
s i l t  l a y e r .  

0 I s l a n d  H e i g h t :  I s l a n d  h e i g h t  p l a y s  a  s i g n i f i -  
c a n t  r o l e  i n  t h e  i s l a n d  s t r e n g t h  t o  r e s i s t  i c e  l o a d s  
f o r  t h e  f i r s t  two o r  t h r e e  y e a r s ;  however beyond t h a t  
p e r i o d ,  t h e  i s l a n d  h e i g h t  p l a y s  a much l e s s  s i g n i f i c a n t  
r o l  e. 

o I s l a n d  S ide S lope:  I n  a  s i m i l a r  manner t o  
i s l a n d  d i a m e t e r ,  i s l a n d  s i d e  s l o p e  can s i g n i f i c a n t l y  
i n c r e a s e  t h e  i s l a n d  s t r e n g t h  by i n c r e a s i n g  t h e  f a i l u r e  
s u r f a c e  area ove r  wh i ch  t h e  shear  s t r e n g t h  can a c t .  

o I n t e r n a l  Anq le  o f  F r i c t i o n :  As n o t e d  i n  Equa- 
t i o n  [4] f o r  a  c o h e s i o n l e s s  s o i l ,  t h e  i n t e r n a l  ang le  o f  
f r i c t i o n  i n f l u e n c e s  t h e  i s 1  and s t r e n g t h  p r o p o r t i o n a l  1  y  
t o  t h e  t a n g e n t  o f  t h e  ang le .  The re fo re  g r a v e l  f i l l  
w i t h  an i n t e r n a l  a n g l e  o f  f r i c t i o n  o f  4n0 p r o v i d e s  an 
i n c r e a s e d  i s 1  and s t r e n g t h  o f  app rox ima te1  y  45% o v e r  
t h a t  p r o v i d e d  hy g r a v e l  fill w i t h  an i n t e r n a l  a n g l e  o f  
f r i c t i o n  o f  30". 

o Grave l  F i l l  Temperature :  The i n i t i a l  g r a v e l  
f i l l  t e m p e r a t u r e  has an i n f l u e n c e  on t h e  i s l a n d  
s t r e n g t h  f o r  t h e  f i r s t  y e a r  o r  two due t o  i t s  e f f e c t  on 
r e t a r d i n g  t h e  p r o p a g a t i o n  o f  t h e  f r e e z e  f r o n t  d u r i n g  
t h e  f i r s t  y e a r .  Reyond t h i s  p e r i o d ,  t h e  i n f l u e n c e  
c o n t i n u e s  t o  d i m i n i s h  w i t h  a  d e c r e a s i n g  t i m e  l a g  i n  t h e  
a s s o c i a t e d  f r e e z e  dep th  p e n e t r a t i o n .  

0 Water Con ten t :  The p e r c e n t  w a t e r  c o n t e n t  has a  
s i g n i f i c a n t  i n f l u e n c e  i n  t h e  g r a v e l  i s l a n d  s t r e n g t h  
w i t h  t h e  l o w e r  w a t e r  c o n t e n t  g r a v e l  g e n e r a t i n g  a  h i g h -  
e r  i s l a n d  s t r e n g t h .  The i n c r e a s e  i s  due t o  t h e  i n -  
c reased  f r e e z e  f r o n t  p e n e t r a t i o n .  

o F r e e z i n g  Temperature :  One o f  t h e  m a j o r  unknowns 
i n  d e t e r m i n i n g  t h e  f r e e z e  f r o n t  i s  t h e  p o t e n t i a l  f o r  a  
depressed f r e e z i n g  p o i n t  t e m p e r a t u r e  a t  t h e  f r o z e n 1  
u n f r o z e n  i n t e r f a c e  due t o  i n c r e a s e d  s a l t  c o n c e n t r a t i o n .  
The conce rn  i s  t h a t  as t h e  f r e e z i n g  p o i n t  t e m p e r a t u r e  
i s  depressed a t  t h e  f r eeze  f r o n t ,  t h e  p e n e t r a t i o n  o f  
t h e  f r e e z e  f r o n t  c o u l d  be s i g n i f i c a n t l y  r e t a r d e d  f rom 
t h e  dep ths  used i n  t h e  above g r a v e l  i s l a n d  s t r e n g t h  
c a l c u l a t i o n s .  I n  o r d e r  t o  assess t h i s  impac t ,  t h e  
f r e e z i n g  p o i n t  t e m p e r a t u r e  o f  t h e  g r a v e l  was v a r i e d  
f r o m  t h e  base v a l u e  o f  28.8"F down t o  2f1°F. It s h o u l d  
be n o t e d  t h a t  i n  mak ing t h i s  v a r i a t i o n ,  i t  was assumed 
t h e  f r e e z i n g  p o i n t  t e m p e r a t u r e  was u n i f o r m  o v e r  t h e  
e n t i r e  dep th  r a t h e r  t h a n  mak ing an assumpt ion  as t o  the 
p e r c e n t  s a l t  c o n c e n t r a t i o n  i n c r e a s e  w i t h  dep th  and 
t i m e .  W i t h  t h i s  c o n s e r v a t i o n  assumpt ion,  i t  was found  
t h a t  t h e  f r e e z i n g  p o i n t  t e m p e r a t u r e  has a  s i g n i f i c a n t  
i n f l u e n c e  on t h e  f r e e z e  dep th  and t h e  c o r r e s p o n d i n g  
i s l a n d  s t r e n g t h s .  F o r  a  2n°F f r e e z i n g  p o i n t  tempera-  
t u r e ,  t h e  f r e e z e  f r o n t  d i d  n o t  p e n e t r a t e  be low t h e  i c e  
l o a d i n g  p l a n e  u n t i l  i n t o  t h e  f o u r t h  y e a r  and a f t e r  f i v e  
y e a r s  t h e  s t r e n g t h  was a p p r o x i m a t e l y  80% o f  t h e  
s t r e n g t h  c a l c u l a t e d  assuming a  28.8"F f r e e z i n g  p o i n t  
t empera tu re .  

o Grave l  F i l l  Dry D e n s i t y :  Assuming c o h e s i o n l e s s  
s o i l s ,  t h e  i s l a n d  s t r e n q t h  v a r i e s  ~ o r ~ o r t i o n a l l v  w i t h  
t h e  g r a v e l  f i  11 d r y  d e n s i t y .  ~ h u s '  f o r  t h e  rang; o f  d r j  
d e n s i t i e s  c o n s i d e r e d  t h e  i s l a n d  s t r e n g t h  v a r i e s  f r om 
a p p r o x i m a t e l y  92-104% o f  t h e  base d r y  d e n s i t y  s t r e n g t h  



o Water Depth: For  water  s u f f i c i e n t l y  deep so 
t h a t  t h e  f reeze  f r o n t  does no t  pene t ra te  i n t o  t h e  s i l t  
l a y e r ,  no v a r i a t i o n  i n  i s l a n d  s t r e n g t h  occurs w i t h  
~ a t e r  depth. I f  t h e  water i s  sha l low enough so t h a t  
t h e  f reeze  f r o n t  can pene t ra te  i n t o  t h e  s i l t  l a y e r ,  th l  
s t r e n g t h  i s  reduced due t o  t h e  lower  d ry  d e n s i t y  and 
h i g h e r  water con ten t  o f  t h e  s i l t  l ayer .  Th is  t r e n d  
cou ld  be reversed i f  t h e  s i l t  l a y e r  i s  r e l a t i v e l y  t h i n  
and t h e  f reeze  f r o n t  cou ld  pene t ra te  i n t o  a  gravel  
1  ayer  be1 ow t h e  s i  1  t s .  

o Ground Sur face Temperature: To assess t h e  i n -  
f l u e n c e  o f  an i n s u l a t i n g  snow cover on t h e  i s l a n d  
s t r e n g t h ,  t h e  f r e e z i n g  temperature f a c t o r  (n)  i n  Equa- 
t i o n  193 was v a r i e d  from 1.0 (base case) t o  0.4 t o  
e f f e c t i v e l y  inc rease  t h e  g rave l  i s l a n d  sur face  temper- 
a tu re .  For  n  equal t o  0.6 which corresponds t o  approx 
i m a t e l y  1 t o  1.5 f t  o f  snow, t h e  f reeze  f r o n t  was 
r e t a r d e d  from p e n e t r a t i n g  below t h e  i c e  l o a d i n g  p lane 
t o  t h e  t h i r d  year. However, a f t e r  f i v e  years,  i s l a n d  
s t r e n g t h  was reduced o n l y  by between l n - l 5 %  from t h e  
base case (no snow). 

CONCLUSIONS 

Based on t h e  r e s u l t s  presented i n  t h e  p rev ious  
s e c t i o n s  t h e  f o l l o w i n g  conc lus ions  were drawn: 

o From t h e  s tandpo in t  o f  r e s i s t i n g  i c e  loads,  
g r a v e l  i s l a n d s  w i l l  con t inue  t o  be a  v i a b l e  
o f f s h o r e  d r i l l i n g  p l a t f o r m  f o r  both e x p l o r -  
a t i o n  and p r o t e c t i o n  i n  t h e  U.S. and 
Canadian Beau fo r t  Seas. As i l l u s t r a t e d  i n  
Table 4, a f t e r  t h e  f i r s t  year  a l l  i s l a n d  
s i z e s  considered (assuming t h e  base case 
i s l a n d  design and m a t e r i a l  p roper ty  param- 
e t e r s )  had a  f a c t o r  o f  s a f e t y  g r e a t e r  than 
1 .5  w i t h  t h e  excep t ion  o f  t h e  extreme 
des ign  load  l e v e l  o f  1000 k i p s l f t .  For 
t h i s  extreme design load  l e v e l  o n l y  t h e  400 
f t  d iameter  had a  f a c t o r  o f  s a f e t y  l e s s  
than  1.0. A f t e r  f i v e  years a l l  have f a c t o r  
o f  s a f e t y  values g r e a t e r  than 1.3. It i s  
i m p o r t a n t  t o  no te  t h a t  these values are 
based on t h e  i s l a n d  design and m a t e r i a l  
p r o p e r t i e s  equal t o  base case values which 
i n c l u d e s  t h e  assumption o f  no cohesion. I f  
cohesion were present ,  then t h e  assoc ia ted  
i s l a n d  s t r e n g t h  would be corresponding1 y  
h i g h e r  than t h e  va lues repor ted  i n  Table 
4. 

o It i s  impor tan t  t o  no te  t h a t  t h e  a b i l i t y  of 
t h e  gravel  s t r u c t u r e s  t o  r e s i s t  t h e  i c e  
des ign  depends e n t i  re1 y  upon t h e  shear ing 
s t r e n g t h  o f  t h e  gravel  f i l l  and t h e  seabed 
m a t e r i a l  beneath t h i s  f i l l .  As a  r e s u l t  t o  
a c c u r a t e l y  p r e d i c t  t h e  s t r e n g t h  a  good 
assessment o f  t h e  gravel  f i l l  and seabed 
m a t e r i a l s  and t h e i r  p r o p e r t i e s  i s  impor-  
t a n t .  I n  t h i s  regard e f f o r t s  should be 
under taken d u r i n g  t h e  des ign phase t o  

q u a n t i f y  t h e  m a t e r i a l s  and t h e i r  p r o p e r t i e s  
i n  bo th  t h e  unf rozen and f rozen  s t a t e .  
Special  a t t e n t i o n  should be g iven  t o  con- 
d u c t i n g  s t r e n g t h  t e s t s  o f  t h e  m a t e r i a l  s  
u s i n g  s a l t  water t o  show how t h e  s t r e n g t h  
compares w i t h  t h a t  us ing  f r e s h  water.  

S i m i l  a r l  y  i t  a1 so i s  impor tan t  a f t e r  cons t ruc -  
t i o n  t o  conduct p e r i o d i c  g rave l  and seabed 
m o n i t o r i n g  t e s t s  as a  means o f  ensur ing  proper  
i s l a n d  c o n s t r u c t i o n  and va l  i d a t i  ng t h e  b a s i c  
des ign assumptions f o r  use i n  t h e  des ign o f  
t h e  next  s t r u c t u r e .  
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TABLE 1 

RANGE OF SOIL PROPERTIES INVESTIGATED* 

TARLE 3 

PARAMETRIC VARIATION OF DESIGN PARAMETERS 

VARIATION BASE CASE Grave l  F i l l  Gravel F i l l  S i l t  Gravel Below 
Above Water Relow Water Layer  S i l t  Layer  

ISLAND GEOMETRY 

Cohesion* 
( l b s / f t 2 )  

finn 
2n 

1 :3  
0 Top Sur face n i a m e t e r  ( f t )  
0 I s l a n d  H e i g h t  Above Water Level ( f t )  
o I s l a n d  Side Slope I n t e r n a l  Angle of F r i c t i o n *  30-4n 3 ~ 4 n  3n-4n 

(degrees)  

GRAVEL FILL n r y  n e n s i t y  120-135 115-1311 i n n  
( l b s / f t 3 )  

F r i c t i o n  Angle (deg) 
I n i t i a l  Temperature (OF) 
Water Content  (%)* 
n r y  k n s i t y  ( l b s / f t 3 ) *  
Thermal P r o p e r t i e s  - Frozen 

Water Content  5 - l n  8-15 7fl-35 

Thermal C o n d u c t i v i t y  
(RTU/(hr - f t -OF))  - C o n d u c t i v i t y  (RTl l / (h r - f t -OF))*  

.. V o l u m e t r i c  Heat C a p a c i t y  ( B ~ l l / ( f t ~ - " ~ ) ) *  Frozen 
l ln f  r o z e n  Thermal P r o p e r t i e s  - Unfrozen 

V o l u m e t r i c  Heat C a p a c i t y  
( ~ ~ l l / ( f t ~ - ' ~ ) )  - C o n d u c t i v i t y  (BTl l / (h r - f t -OF)  ) *  

- v o l u m e t r i c  Heat C a p a c i t y  (BTl l / ( f t3 -OF))*  

Frozen 
Unf rozen 

F r e e z i n g  Temperature (OF) 

V o l u m e t r i c  L a t e n t  Heat 710-1600 1100-2315 2375-416n 
( B ~ l l / f t ~ )  ENVIRONMENTAL 

7n - fin 
1.n - n.4 

0 Water n e p t h  ( f t )  
o Temperature F a c t o r  ( n )  

In 
1.0 (no snow 

c o v e r )  * Cohesion and i n t e r n a l  a n g l e  of f r i c t i o n  on an e f f e c t i v e  s t r e s s  b a s i s .  

* Abovefbelow w a t e r  sur face.  

TARLF 2 

nAYS Tn CnNSnLInATE SILT LAYER 

TARLE 4 

FACTnR OF SAFETY AFTER ONE YEAR AND AFTER FIVF YEARS* 

COEFFICIENT OF CnNSnLInATInN 
( f t 2 / d a y )  

1.4 3.5 20. 

18. 7. 1. 

71. 29. 5. 

160. 64. 11. 

786. 114. 20. 

ISLANn TOP ISLANO STRENGTH ICE nESICN LOAD LEVEL 
SllRFACE DIAMETER ( k i p s / f t )  -inn k i p s / f t  finn k i p s / f t  l n n n  k i p s / f t  

( f t )  1  y r  5  y r  1  y r  5 y r  1  y r  5  y r  1  y r  5 y r  

4nn ~ L . O  1250 2 . 9  4.2 1.5 2.1 c . 9  1.3 

5nn i n 5 0  1450 3.5 4.8 1.8 2.4 1.1 1.5 

fino 12217 1740 4.1 5.8 2.0 2.9 1.7 1.7 

xnn i 6 0 n  2 2 x 1  5.3 7.4 2.7 3.7 1.6 2.2 

SILT LAYER nEPTH ( f t )  

5  

i n  

15 

2n 

* A l l  i s l a n d  d e s i g n  and m a t e r i a l  p r o p e r t y  parameters  a r e  equa l  t o  base case va lues.  



FAILURE SURFACE 7 

FAILURE SURFACE , 
/ FREEZE FRONT 

FREEZE FRONT ABOVE ICE LOADING PLANE 

rFAILURE SURFACE ,FREEZE FRONT 

FREEZE FRONT BELOW ICE LOADING PLANE BUT ABOVE SILT LAYER 

FREEZE FRONT IN SILT LAYER 

Fig. 1 ORAVEL ISLAND FAILURE MODE 
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Flg. 6 ISLAND STRENGTH v s  DIAMETER 

IF DEPTH OF FREEZE IS ABOVE ICE LOADING PLANE: 

sToTAL = [(l+wl)Yd, Voll + ( l + w p ) ( Y d 2  - Y w )  vo12]Tan& 

IF DEPTH OF FREEZE IS BELOW ICE LOADING PLANE: 

STOTAL = [ ( i t  wl)Ydl Voll+(l+ wp)(Yd2 - Y W ) ( ~ o l 2 + ~ o l 3 ) ] ~ a n d j  

WHERE : 

w = WATER CONTENT 

Y d  =DRY DENSITY OF SOIL MATERIAL 

Yw = DENSITY OF WATER 

Fig. 2 

MODEL TO DETERMINE GRAVEL ISLAND STRENGTH 

200 300 400 500 

DISTANCE FROM ISLAND CENTER 

Fig. 4 FREEZE FRONT PROPAGATION WITH TIME 

Fig. 6 ISLAND STRENGTH vs HEIGHT 
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Fig. 7 ISLAND STRENGTH v s  SIDE SLOPE 
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Fig. I 1  ISLAND STRENGTH v s  
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Fig. 10 ISLAND STRENGTH v s  
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Fig. 14 ISLAND STRENGTH v s  INCREASE 
GROUND SURFACE TEMPERATURE 


