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ABSTRACT 


A 1.5-meter- diameter ( a t  t h e  l o a d  w a t e r l i n e )  t e s t  p l a t f o r m  was used t o  

de te rm ine  t h e  i c e  l o a d s  and mot ions  l i k e l y  t o  be exper ienced  a  moored 

f l o a t i n g  p l a t f o r m ,  o f  c o n i c a l  h u l l  form, i n  a  l a y e r  o f  mushy i c e  r u b b l e .  

The t e s t  p l a t f o r m  was connected t o  a moor ing harness wh ich  s i m u l a t e d  t h e  

moor ing  system o f  an e x i s t i n g  p l a t f o r m ,  " Ku l luk . "  I n  o r d e r  t o  e v a l u a t e  t h e  

e f f e c t s  o f  p l a t f o r m  mot ions  on i c e  loads ,  a  p a r a l l e l  s e r i e s  o f  exper imen ts  

were conducted w i t h  t h e  t e s t  p l a t f o r m  r e s t r a i n e d ,  o r  f i x e d ,  f r o m  moving. The 

exper iments  were conducted u s i n g  t h e  I I H R  i c e  t o w i n g  tank .  

It was found t h a t  t h e  f o r c e s  r e q u i r e d  t o  moor o r  r e s t r a i n  t h e  c o n i c a l  

t e s t  p l a t f o r m  i n c r e a s e d  a lmos t  l i n e a r l y  w i t h  i n c r e a s i n g  t h i c k n e s s  o f  

r u b b l e  l a y e r .  When impacted by i c e  r u b b l e  t h e  moored p l a t f o r m  d r i f t e d  

h o r i z o n t a l l y  and changed i t s  t r i m ,  b u t  w i t h o u t  undergo ing  c y c l i c  mot ions.  The 

t e s t  p l a t f o r m  when moored exper ienced  i c e  l o a d s  which were up t o  26% l e s s  t h a n  

i t d i d  when i t  was r e s t r a i n e d  f rom movinq. 

The maximum i c e  l o a d s  t h a t  were exper ienced  by t h e  t e s t  p l a t f o r m ,  when 

e i t h e r  moored o r  r e s t r a i n e d ,  d i d  n o t  v a r y  s i g n i f i c a n t l y  a t  t h e  speed w i t h  

wh ich  t h e  l a y e r  o f  i c e  r u b b l e  impacted t h e  t e s t  

An i m p o r t a n t  f e a t u r e  o f  i c e - r u b b l e  impac t  w i t h  t h e  t e s t  was t h e  

accumu la t ion  o f  i c e  r u b b l e  t o  fo rm an " i c e  prow," a t  t h e  l e a d i n g  p e r i m e t e r  o f  

t h e  t e s t  program. The i c e  l o a d  e x e r t e d  a g a i n s t  t h e  t e s t  p l a t f o r m  i n c r e a s e d  

w h i l e  an " i c e  prow" developed, becoming more o r  l e s s  s teady when i t  had 

a t t a i n e d  i t s  e s u i l i b r i u m  e x t e n t .  
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I C E  LOADS AND MOTIONS EXPERIENCED BY A FLOATING, MOORED PLATFORM 

I N  MUSHY ICE RUBBLE 


I. INTRODUCTION 

A  moored, f l o a t i n g  p l a t f o r m  f o r  use i n  i c e- c o v e r e d  w a t e r s  i s  l i k e l y  t o  

encounter  and be impacted by f i e l d s  o f  moving i c e  r u b b l e ,  as i s  d e p i c t e d  i n  

f i g u r e  1. The r e s u l t i n g  i c e  l o a d s  e x e r t e d  a g a i n s t  a moored p l a t f o r m  are ,  

however, d i f f i c u l t  t o  p r e d i c t  because t h e i r  magni tudes a re  governed by b o t h  

t h e  p a t t e r n  o f  i c e - r u b b l e  accumu la t ion  around t h e  p l a t f o r m  and t h e  mot ions  

t h a t  t h e  p l a t f o r m  may undergo d u r i n g  impact .  I n  t u r n ,  t h e  p a t t e r n  o f  

r u b b l e  accumula t ion,  and p o s s i b l e  mot ions- - d isp lacements  as w e l l  as a c c e l e r a-

t i o n s - - o f  t h e  p l a t f o r m  a r e  i n f l u e n c e d  by t h e  r u b b l  e- s i z e  compos i t i on ,  t h i c k -

ness and speed w i t h  which t h e  f i e l d  o f  i c e  r u b b l e  moves around t h e  p l a t f o r m .  

p r i m a r y  aim o f  t i e  s tudy d e s c r i b e d  he re  was t o  determine t h e  e f f e c t s  

o f  t h e  t h i c k n e s s  and speed o f  a  moving f i e l d  o f  mushy i c e  r u b b l e  on t h e  i c e  

l o a d s  t h a t  t h e  f i e l d  may e x e r t  a g a i n s t  a moored, f l o a t i n g  p l a t f o r m .  An 

a d d i t i o n a l  a im o f  t h e  s tudy  was t o  i n v e s t i g a t e  t h e  e f f e c t  o f  p l a t f o r m  mot ions  

on i c e  l o a d s  t h a t  i t  exper iences  d u r i n g  i m p a c t  w i t h  a f i e l d  o f  mushy i c e .  

I n  o r d e r  t o  a t t a i n  t h e s e  aims, s e r i e s  o f  model t e s t s  were conducted w i t h  

t h e  t e s t  p l a t f o r m  i l l u s t r a t e d  i n  f i g u r e  2. The t e s t  p l a t f o r m  was shaped as an 

i n v e r t e d  cone w i t h  a d iamete r  o f  1.5 meters  a t  i t s  l o a d  w a t e r l i n e .  The cone 

was f l a r e d  t o  a  c y l i n d r i c a l  s k i r t  wh ich l i n e d  t h e  bot tom o f  t h e  p l a t f o r m .  The 

s k i r t  i s  des igned t o  p r o t e c t  t h e  moor ing c a b l e s  f o r  a f l o a t i n g  p l a t f o r m  f r o m  

d i r e c t  impact  f r o m  t h e  i c e .  A  moor ing harness wh ich  a c t e d  as a  l i n e a r  s p r i n g  

was used t o  s i m u l a t e  t h e  system o f  moor ing  c a b l e s  t h a t  wou ld  t y p i c a l l y  be used 

t o  moor a f l o a t i n g  p l a t f o r m  see Gaida e t  a l . ,  1981).  The moor ing  

harness enab led t h e  moored t e s t  p l a t f o r m  t o  surge, heave and p i t c h ,  w i t h o u t  

a p p r e c i a b l e  sway, yaw o r  r o l l .  

I n c i d e n t l y ,  t h e  t e s t  p l a t f o r m  r e p l i c a t e d ,  a t  an approx imate s c a l e  o f  

an e x i s t i n g  p l a t f o r m ,  " Ku l luk , "  which i s  used f o r  e x p l o r a t o r y  d r i l l i n g  

a c t i v i t i e s  i n  t h e  Sea. A  r e c e n t  a r t i c l e  i n  ARCTIC NEWS RECORD 

b r i e f l y  d e s c r i b e s  t h e  problems t h a t  r e s u l t e d  when " K u l l u k "  became sur rounded 

by r u b b l e  i c e  i n  t h e  b r a s h  s i z e  range. 
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11. HOORED 

Mot ion 

.. 
[ m l  I x )  [ c l  Ii} [ k l  I x }  

( i )  (ii) ( i i i )  ( i v )  

(i) ( i i ) ,  ( i i i )  

( i v )  

force/moment, force/moment, [m] 

[ c l  Ckl (x) 

(F) 

I n  o rde r  t o  i l l u m i n a t e  t h e  e f f e c t s  o f  p la t fo rm motions on the  i c e  loads 

t h a t  i c e  rubb le  cou ld  e x e r t  aga ins t  the t e s t  p la t fo rm,  model t e s t s  were a l so  

conducted w i t h  t h e  p la t fo rm f i x e d  so t h a t  i t  was r e s t r a i n e d  from surging, 

heaving and p i t ch ing .  The comparison o f  the i c e  loads experienced by the  t e s t  

p la t fo rm i n  t h e  moored and f i x e d  ( f u l l y  res t ra ined )  cond i t i ons  shed l i g h t  on 

the  in f luences o f  p la t fo rm motions on the fo rces  exer ted  by the  i c e  rubble. 

The present study i s  companion t o  an exp lora tory  study by Matsuishi  and 

Ettema on the dynamic behavior o f  a moored p l a t f o r m  cont inuously  i m -

pacted by f l o e s  of l eve l ,  annual i ce .  The two s tud ies  were conducted concur-

r e n t l y .  The s h e e t s  o f  urea i c e  t h a t  were used t o  model i c e  f l o e s  were f rag-

mented t o  produce i c e  rubb le  which was o f  a  r e l a t i v e l y  mushy consistency. 

ICE LOADS EXERTED AGAINST A  PLATFORM 

A moored p l a t f o r m  o f  con ica l  h u l l  form when loca ted  i n  a  f i e l d  o f  moving 

i c e  rubble experiences i c e  loads which can be resolved i n t o  ho r i zon ta l ,  

v e r t i c a l  and r o t a t i o n a l  components as shown i n  f i g u r e  3. 

A. Equations o f  o f  a  F loa t ing ,  Moored Platform. The equat ions o f  

motion f o r  a f l o a t i n g ,  cable-moored p l a t f o r m  can be w r i t t e n  i n  t he  f o l l o w i n g  

general form: 

+ + = I F }  , 

i n  which a term r e l a t e s  t o  p l a t f o r m  i n e r t i a ;  and terms and 

r e l a t e  t o  damping, and mooring p l u s  water- reac t ion  r e s t o r i n g  

and i c e  respec t i ve l y .  Also, = mass matr ix ,  

= damping mat r ix ,  = s t i f f n e s s  mat r ix ,  = displacement vector  

and = i c e  fo rce /  moment vector,  



fx fy 

iX e 

fx  fy 

111, Fx 

Fy M, 

klly (kll 

e 

Fx, Fy Mx 

m u l t i -  

i n  wh ich and = i c e  p r e s s u r e  i n  t h e  o r t h o g o n a l  x and y d i r e c t i o n s ;  

= moment arms a s s o c i a t e d  w i t h  t h e  o r t h o g o n a l  l i n e s  o f  a c t i o n  o f  i c e  and 

Y 


p r e s s u r e  a g a i n s t  t h e  h u l l ;  and, A = c o n t a c t  a r e a  between i c e  r u b b l e  and 

p l a t f o r m ;  

I n t e g r a t i o n  o f  t h e  i c e  p ressures  and a c t i n g  a g a i n s t  t h e  p l a t f o r m  

g i v e s  t h e  t o t a l  i c e  f o r c e s  and p i t c h  moment; f o r  t h e  h o r i z o n t a l ,  o r  surge. 

d i r e c t i o n  

f o r  t h e  v e r t i c a l ,  o r  heave, d i r e c t i o n  

and f o r  p i t c h  

As i s  d e s c r i b e d  i n  s e c t i o n  f o r  t h e  p r e s e n t  s tudy  t h e  i c e  f o r c e s  

and and t h e  p i t c h  moment were n o t  d i r e c t l y  measured d u r i n g  exper imen ts  

w i t h  t h e  moored p l a t f o r m .  I n s t e a d  t h e  moor ing  f o r c e  was measured = 

s t i f f n e s s  o f  moor ing  system i n  surge d i r e c t i o n ) .  A l s o  measured f o r  t h e  moored .. 
p l a t f o r m  were: surge d i sp lacement  and a c c e l e r a t i o n ,  y and y; heave d i s p l a c e-

ment and a c c e l e r a t i o n ,  x and;; p i t c h  a n g l e  and a c c e l e r a t i o n ,  and ;. 
When, f o r  t h e  p r e s e n t  s tudy t h e  t e s t  p l a t f o r m  was f i x e d  so t h a t  i t  c o u l d  

n o t  move, i n e r t i a  and damping f o r c e s  and moments were zero.  The i c e  f o r c e s  

and t h e  moment were c o u n t e r- a c t e d  by r e s t r a i n i n g  f o r c e s  i n  t h e  su rge  

and heave d i r e c t i o n s  and by  p i t c h  moment, wh ich were measured u s i n g  a  

a x i a l  l o a d  c e l l .  
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'The 

(e.g., Hel lman 

B. P r i o r  S t u d i e s  o n  I c e  Loads A g a i n s t  C o n i c a l  S t r u c t u r e s .  The l i t e r  -

a t u r e  on i c e  loads  exper ienced  by c o n i c a l  s t r u c t u r e s ,  e s p e c i a l l y  f l o a t i n g  

ones, i s  n o t  e x t e n s i v e  a l t h o u g h  i t  i s  b e g i n n i n g  t o  accumulate, i n  s t e p  w i t h  

t h e  r e c e n t  bu rgeon ing  o f  a c t i v i t i e s  r e l a t e d  t o  n a v i g a t i o n  as w e l l  as e x p l o r a -

t i o n  d r i l l i n g  th rough  i c e- c o v e r e d  waters .  No p u b l i s h e d  s tudy  has i n v o l v e d  

measurement o f  t h e  i c e  o r  moor ing f o r c e s  ( i t e m s  and i n  t h r o u g h  

as w e l l  as i n e r t i a  f o r c e s  o r  moments ( te rms  


Ral  
 and (1980, proposed a n a l y t i c a l  models f o r  

d e t e r m i n i n g  i c e  loads  a g a i n s t  f i x e d ,  c o n i c a l  s t r u c t u r e s .  F r e d e r k i n g  

F r e d e r k i n g  and Schwarz (1982) and Wessels (1984) p r e s e n t e d  r e s u l t s  f rom model 

t e s t s  on i c e  l o a d s  e x e r t e d  a g a i n s t  a v a r i e t y  o f  c o n i c a l  s t r u c t u r e s  some o f  

wh ich  were a b l e  t o  surge, heave and p i t c h .  A l l  these s t u d i e s  have shown t h a t  

l o w e r  i c e  l o a d s  o c c u r  f o r  a c o n i c a l  f o r m  wh ich  d e f l e c t s  i c e  and f a i l s  i n  

downwards f l e x u r e  r a t h e r  than  one which d e f l e c t s  i c e  upwards and o u t  o f  t h e  

water .  T h i s  i s  one reason why t h e  p l a t f o r m  " K u l l u k "  has t h e  fo rm o f  a 

w e r d- d e f l e c t i n g  cone, a l t h o u g h  d e t a i l s  o f  t h e  model t e s t s  and ana lyses  p e r-

formed f o r  t h e  d e s i g n  o f  "Kul l u k " have n o t  y e t  been ished.  

F r e d e r k i n g  F r e d e r k i n g  and Schwarz and Wessel s  

and Yashima and more r e c e n t l y  M a t s u i s h i  and Ettema (1985) o f f e r  

some da ta  and i n s i g h t  i n t o  t h e  dynamic b e h a v i o r  o f  moored p l a t f o r m s  o f  c o n i c a l  

h u l l  shape impacted by i c e  sheets.  c o l l e c t i v e  body o f  d a t a  show t h a t  a 

c o n i c a l  p l a t f o r m  which can surge, heave and p i t c h  exper iences,  l e s s e r  i c e  

f o r c e s  does a c o n i c a l  p l a t f o r m  wh ich  i s  r e s t r a i n e d ,  o r  f i x e d ,  f r o m  moving. 

However, e x c e p t  f o r  t h e  s tudy  by M a t s u i s h i  and Ettema, these  s t u d i e s  r e p o r t  

o n l y  measured va lues  o f  moor ing  o r  r e s t r a i n i n g  f o r c e s  b u t  do n o t  o f f e r  i n f o r -

mat ion  on t h e  magni tudes o f  p l a t f o r m  mot ions.  

There has y e t  t o  be conducted a n  e x t e n s i v e  s t u d y  o f  t h e  l o a d s  imposed by 

i c e  r u b b l e  i m p a c t i n g  a g a i n s t  a moored p l a t f o r m  o f  c o n i c a l  h u l l  form. Some 

work has been done on t h e  r e s i s t a n c e  encoun te red  b y  cones and s h i p  h u l l s  towed 

t h r o u g h  i c e  r u b b l e  M e l l o r  1980, Keinonen 1980, 1984).  General-

ly, however, t h e  t o p i c  o f  i c e  l o a d s  imposed by i c e  r u b b l e  has n o t  been t h e  

s u b j e c t  o f  much research.  The p r e s e n t  s tudy  i s  i n t e n d e d  t o  probe t h e  i n t e r a c -

t i o n  dynamics o f  a  f l o a t i n g  c o n i c a l  p l a t f o r m  i n  a  f i e l d  o f  i c e  r u b b l e .  
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EXPERIMENTS 

A. Exper imen ta l  Set-up. 

1. The I IHR I c e  Towing Tank. The exper iments  were conducted u s i n g  

20-m-long, 5-m-wide, and 1.3-m-deep i c e  t o w i n g  tank.  A schemat ic 

l a y o u t  o f  t h e  c o l d  room, i n  which t h e  i c e  tank  i s  housed, and i t s  c o o l i n g  

system i s  g i v e n  i n  f i g u r e  4. The c o o l i n g  system i s  composed o f  two compres-

sors  which p r o v i d e  c o o l a n t  t o  t h e  two c o o l e r  u n i t s  s i t u a t e d  a t  each end o f  t h e  

c o l d  room. The compressors a r e  i n  t u r n  c o o l e d  by w a t e r  pumped f rom a  200 m3 

sump. I f  t h e  sump exceeds a c e r t a i n  l i m i t i n g  temperature ,  a c o o l i n g  tower  

s i t u a t e d  ou t- doors  i s  opera ted  t o  c o o l  t h e  sump water .  

Fans i n s i d e  t h e  f o u r  c o o l e r  u n i t s  draw a i r  f rom t h e  c o l d  room and, a f t e r  

t h e  h e a t  exchange has occurred,  d i s c h a r g e  i t  i n t o  e i g h t  d u c t s  which e x t e n d  t h e  

whole l e n g t h  o f  t h e  c o l d  room. T h i s  c h i l l e d  a i r  i s  f o r c e d  th rough  an a r r a y  o f  

20-mm d iamete r  h o l e s  a l o n g  t h e  base o f  each duc t ,  thereby p r o d u c i n g  a  f l o w  o f  

c h i l l e d  a i r  o v e r  t h e  t o w i n g  tank .  The f o u r  d u c t s  a r e  a l t e r n a t e l y  a r r a y e d  so 

as t o  p r o v i d e  an even d i s t r i b u t i o n  o f  c o l d  a i r .  Ever;, two hours,  one p a i r  o f  

c o o l e r  u n i t s  i s  d e f r o s t e d  by e l e c t r i c a l  hea t ing .  Depending on t h e  ambient  a i r  

tempera tu re  o u t s i d e  t h e  c o l d  room, t h e  t o t a l  c o o l i n g  c a p a c i t y  o f  t h e  system 

v a r i e s  between 15 and 20 which enables an i c e  shee t  t o  grow a t  a r a t e  o f  

abou t  1.5 t o  2.0 mm p e r  hour. 

A push-blade was i n s t a l l e d  on t h e  5-m wide, 2.4-m l o n g  m o t o r i z e d  c a r -

r i a g e ,  shown i n  f i g u r e  5, f o r  d r i v i n g  t h e  mode l led  f i e l d s  o f  r u b b l e  i c e  a-

g a i n s t  t h e  model p l a t f o r m .  The depth o f  t h e  push-blade was k e p t  equal  t o  t h e  

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

c rease  i t s  th i ckness ,  a t  t h e  push blade, d u r i n g  t h e  t e s t .  The c a r r i a g e  runs  

a long  r a i l s  on t h e  t a n k ' s  w a l l s .  The l e v e l  o f  each r a i l  was a d j u s t e d  t o  a 

t o l e r a n c e  o f  1.5 a l o n g  i t s  l e n g t h .  An ang le  beam on one s i d e  o f  t h e  

b a s i n  g i v e s  t h e  l a t e r a l  guidance t o  t h e  c a r r i a g e  and c a r r i e s  t h e  rack  o f  t h e  

rack- and- p in ion  d r i v e  mechanism. The O.C.  mo to r  on t h e  c a r r i a g e  has a  maximum 

t o r q u e  o f  3 1  and a speed range o f  t o  1750 RPM. A gear box i n -

creases t h e  t o r q u e  t o  465 Nm and g i v e s  a reduced speed range o f  3.9 t o  117 

KPM. The e f f e c t i v e  r a d i u s  o f  t h e  p i n i o n  i s  0.06 m; consequent ly  t h e  c a r r i a g e  

has a  maximum d r i v i n g  f o r c e  o f  7750 N and a  v e l o c i t y  range o f  0.024 t o  



m/sec. m/sec, 

1000 

m/sec. sec, 

1:45-scale,  

" K u l l u k "  

a )  

b )  
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0.74 H i g h e r  v e l o c i t i e s ,  up t o  2.2 can be ach ieved  i f  a  1:5 gear  

box i s  coup led  t o  t h e  D.C. motor .  

I n  o r d e r  t o  measure t h e  v e l o c i t y  o f  t h e  c a r r i a g e ,  a wheel c a r r y i n g  a 

c i r c u l a r  a r r a y  o f  ho les  i s  mounted on t h e  d r i v e  s h a f t  o f  t h e  D.C. motor .  The 

passage o f  each ho le ,  as t h e  s h a f t  r o t a t e s ,  i s  sensed by a pho to  d e t e c t o r  

wh ich e m i t s  a l i g h t  th rough  t h e  h o l e .  The number o f  p u l s e s  c o u n t e d  d u r i n g  a  

t i m e  i n t e r v a l  i s  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  o f  t h e  c a r r i a g e .  The l e n g t h  o f  

t h e  t i m e  i n t e r v a l  i s  0.371 seconds so t h a t  pu lses  co r respond  t o  a  v e l o -

c i t y  o f  0.333 A f t e r  each i n t e r v a l  o f  0.371 t h e  number o f  p u l s e s  

i s  l a t c h e d  t o  a d i s p l a y  and t o  a d i g i t a l - a n a l o g  c o n v e r t e r  wh ich h o l d s  t h e  

v o l t a g e  d u r i n g  t h e  f o l l o w i n g  i n t e r v a l  u n t i l  t h e  n e x t  measurement i s  a v a i l -

ab le .  The mean v e l o c i t y  o f  t h e  p r e c e d i n g  i n t e r v a l  i s  t h e r e f o r e ,  d i s p l a y e d  and 

c a n  be sampled. 

2. The Test Platform. The t e s t  p l a t f o r m  s i m u l a t e d  approx ima te ly ,  a t  

t h e  moored p l a t f o r m  "Kul l u k . " The p r i n c i p a l  d imensions o f  t h e  

t e s t  p l a t f o r m  and a r e  l i s t e d  i n  t a b l e  1. F i g u r e  6 shows t h e  fo rm and 

p r i n c i p a l  d imensions o f  t h e  t e s t  p l a t f o r m .  I n  form, t h e  p l a t f o r m  was an 

i n v e r t e d  cone which f l a r e d  down t o  a f l a t - b o t t o m  c y l i n d e r .  The t r a n s i t i o n  

f r o m  c o n i c a l  t o  c y l i n d r i c a l  s e c t i o n  was rounded so  t h a t  i c e  r u b b l e  would  move 

smoothly around t h e  h u l l  w i t h o u t  becoming l o d g e d  i n  t h e  r e g i o n  o f  t h e  

t r a n s i t i o n  f r o m  cone t o  c y l i n d e r  forms. 

Moored p l a t f o r m s  a r e  a c t e d  upon by moor ing- cab le  t e n s i o n s  and f o u n d a t i o n  

r e a c t i o n  which i s  equal  t o  buoyancy l e s s  w e i g h t  o f  t h e  p l a t f o r m .  The equ iva-

l e n t  s p r i n g  s t i f f n e s s e s  o f  t h e  t e s t  p l a t f o r m  were: 

s t i f f n e s s  o f  moor ing c a b l e s  

s t i f f n e s s  o f  t h e  f o u n d a t i o n  r e a c t i o n  

f o r  heave; = = 17.3 

k = = 35.1 f o r  p i t c h  r o t a t i o n .  
P 
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Note t h a t  t h e  s u b s c r i p t s  a r e  p e r  c o n v e n t i o n  f o r  t h e  

fo rm o f  t h e  equa t ions  o f  mot ion  see Sarpkaya and 1981).  

The r a t i o s  o f  wa te r  depth  t o  t y p i c a l  l e n g t h s  o f  moor ing c a b l e s  a r e  i n  t h e  

range of  0.02 t o  0.05 (see Gaida e t  a l .  which r e s u l t s  i n  a  much s m a l l e r  

v e r t i c a l  component o f  t h e  moor ing  f o r c e s  compared t o  a  h o r i z o n t a l  component. 

As t h e  e q u i v a l e n t  s p r i n g  s t i f f n e s s  o f  moor ing cab les,  i s  an o r d e r  o f  

magni tude s m a l l e r  t h a n  t h e  e q u i v a l e n t  s p r i n g  s t i f f n e s s  o f  t h e  founda t ion ,  

t h e  c o n t r i b u t i o n  o f  moor ing c a b l e s  t o  v e r t i c a l  f o r c e  and p i t c h i n g  moment can 

be d is regarded.  However, t h e  maximum d r i f t  o f  a d r i l l i n g  p l a t f o r m  i s  r e -

s t r i c t e d  t o  w i t h i n  5% o f  wa te r  depth, i n  o r d e r  t o  p r o t e c t  d r i l l i n g  equ ip-

ment. A d d i t i o n a l l y ,  t h e  c a b l e s  a r e  p r e t e n s i o n e d  so as t o  i n c r e a s e  t h e  o v e r a l l  

s t i f f n e s s  o f  t h e  moor ing system. The c a b l e  moor ing system can, t h e r e f o r e ,  be 

i d e a l i z e d  as b e i n g  a  l i n e a r  h o r i z o n t a l  sp r ing .  

3. The t e s t  p l a t f o r m  was connected t o  an i n s t r u m e n t  

beam by way o f  t h e  l i n e a r  moor ing harness and a l o a d  c e l l  as  shown i n  f i g u r e s  

7  and 8. The mot ions o f  a cable-moored, f l o a t i n g  p l a t f o r m  were s i m u l a t e d  

u s i n g  a  moor ing harness which was compr ised o f  a  p a i r  o f  e l a s t i c  l e a f  s p r i n g s ,  

a  s p l i n e  bear ing,  s t r o k e  bear ings  and u n i v e r s a l  bear ings,  as shown i n  f i g u r e  

8. The h o r i z o n t a l  moor ing f o r c e  was measured u s i n g  a  490-newton NISHO DENKI 

LMC-3502-50 l o a d  c e l l  wh ich connected t h e  i n s t r u m e n t  harness t o  t h e  i n s t r u m e n t  

beam. Yawing and swaying o f  t h e  moored p l a t f o r m  were r e s t r i c t e d  by t h e  l o c a-

t i o n s  o f  two v e r t i c a l  rods a t  i t s  f o r e  and a f t  as shown i n  f i g u r e  7. The 

mm d iamete r  rods  were c o n s t r a i n e d  t o  s l i d e  i n  10.5-mm wide s l o t s  a s  shown i n  

f i g u r e  9. The moored, t e s t  p l a t f o r m  c o u l d  surge, heave and p i t c h .  

The heave and p i t c h  mot ions o f  t h e  moored 

record ing ,  w i t h  two l i n e a r  v o l t a g e  d isp lacement  

e l e v a t i o n  o f  t h e  p l a t f o r m  a t  two p o s i t i o n s .  

p l a t f o r m  were 

t ransducers  

measured by 

t h e  

V e r t i c a l  and 

measured w i t h  t h r e e  

h o r i z o n t a l  

(19.6 

a c c e l e r a t i o n s  

ASQ -
o f  t h e  moored p l

acce lerometers .  

a t f o r m  were 

F o r  a p a r a l l e l  s e r i e s  o f  exper iments  t h e  t e s t  p l a t f o r m  was f i x e d  t o  t h e  

i n s t r u m e n t  beam by way o f  a l o a d  c e l l  as i s  shown i n  f i g u r e  10. T h i s  cond i-

t i o n  o f  r e t r a i n t  was used t o  s i m u l a t e  t h e  impac t  o f  i c e  r u b b l e  w i t h  a f i x e d  

c o n i c a l  s t r u c t u r e  and, by comparison o f  r e s u l t s  w i t h  t h e  moored t e s t  p l a t f o r m ,  

t o  e l u c i d a t e  t h e  i n f l u e n c e  o f  p l a t f o r m  mot ions on i c e - r e l a t e d  f o r c e s .  
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The h o r i z o n t a l  and v e r t i c a l  r e s t r a i n i n g  f o r ces  and p i t c h i n g  moment o f  t h e  

f i x e d  p l a t f o r m  were measured u s i n g  a  196-newton and 98-newton-meter NISHO 

DENKI LMC-4107-20 l o a d  c e l l  connect ing t h e  p l a t f o r m  and t h e  i ns t rumen t  beam. 

The l o c a t i o n s  o f  t h e  measuring sensors and t h e  p o s i t i v e  d i r e c t i o n s  o f  

recorded data a r e  shown i n  f i g u r e  11. 

The o u t p u t  vo l tages  from t h e  l o a d  c e l l s ,  accelerometers  and t he  

c a r r i a g e  ve loc imeter  were scanned us ing  a d i g i t a l  vo l tmete r .  The d i g i t i z e d  

da ta  were s e r i a l l y  t r a n s m i t t e d  through a te lephone l i n k  t o  t h e  I IHR HP-1000 E 

computer system and were then s to red  on d i sk .  The band w i d t h  o f  t h e  da ta  

a c q u i s i t i o n  l i n k  was 120 Hz, a l though each channel was sampled a t  a  r a t e  o f  5 

o r  10 Hz. 

4. C a l i b r a t i o n  o f  t ransducers.  The zero l e v e l  and s e n s i t i v i t y  o f  each 

t ransducer  ( fo rce ,  moment, d isplacement and a c c e l e r a t i o n )  was determined 

be fo re  each t e s t .  

Each o u t p u t  vo l tage,  V, o f  t h e  l o a d  c e l l s  and accelerometers  was measured 

f o r  a c a l i b r a t i o n  s t r a i n ,  c rea ted  by an a m p l i f i e r .  The s e n s i t i v i t y  o f  

each transducer,  S, was c a l c u l a t e d  as 

i n  which C i s  a predetermined r a t i o  o f  s t r a i n  t o  f o r c e  o r  a c c e l e r a t i o n  exper-

ienced by t ransducer .  

The s e n s i t i v i t y  o f  13.03 and 12.92 were eva l -

uated by measuring t he  vo l t age  change f o r  a g iven  displacement o f  each t r ans-

ducer rod. 

The s e n s i t i v i t y  o f  t h e  c i r c u i t  f o r  t he  c a r r i a g e  v e l o c i t y  was determined 

by c o r r e l a t i n g  i t s  o u t p u t  vo l t age  w i t h  t h e  mean v e l o c i t y  o f  t he  c a r r i a g e  

(determined by use o f  a  s top  watch and a  l e n g t h  sca le ) .  

5. The P la t f o rm ' s  Na tu ra l  Per iods  o f  O s c i l l a t i o n .  F r e e - o s c i l l a t i o n  

t e s t s  were c a r r i e d  o u t  t o  determine t he  n a t u r a l  per iods  and l o g a r i t h m i c  decre-

ments o f  surge and p i t c h  f o r  t h e  t e s t  p l a t f o rm .  The recorded data a r e  shown 

i n  t a b l e  2. The p l a t f o r m ' s  n a t u r a l  p e r i o d  o f  heave was es t imated  from 
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U i t h  

0.IoC (-0.3O0C) 

(-0.3O0C). wet -  

T = w 
i n  w h i c h  = t h e  p l a t f o r m ' s  wa te r- p lane  a r e a  = = t h e  p l a t f o r m  

d iamete r  a t  t h e  l o a d  w a t e r l i n e ;  M = t h e  p l a t f o r m ' s  mass; A M = added mass, 

assumed t o  be 1.2 M ( f r o m  F a l t i n s e n  1975, Van Oortmerssen and = 

s p e c i f i c  w e i g h t  o f  wa te r .  

6. Tests. Openwater t e s t s  were conducted t o  check t h a t  t h e  

push- b lade which was used t o  d r i v e  t h e  l a y e r  o f  i c e  r u b b l e  d i d  n o t  cause 

a d d i t i o n a l  hydrodynamic f o r c e s  t o  be e x e r t e d  a g a i n s t  t h e  t e s t  p l a t f o r m .  It 

was f o u n d  t h a t  t h e  a d d i t i o n a l  hydrodynamic f o r c e s  e x e r t e d  a g a i n s t  t h e  p l a t f o r m  

i n  openwater were n e g l i g i b l y  smal l  f o r  t h e  range o f  speeds t h a t  were t e s t e d .  

The push- blade was p e r f o r a t e d  by many h o l e s  so  t h a t  i t  c o u l d  n o t  push a  s i g -

n i f i c a n t  surge o f  w a t e r  ahead o f  t h e  c a r r i a g e .  

Ice-Rubble 

1. Ice-Rubble Fields. The s i m u l a t e d  f i e l d s  o f  r u b b l e  i c e  were 5-m wide, 

o r  3.3 t imes t h e  d iamete r  o f  t h e  p l a t f o r m  a t  t h e  l o a d  w a t e r l i n e .  The f i e l d  

was s u f f i c i e n t l y  w ide such t h a t  t h e  s i d e- w a l l s  o f  t h e  i c e  tank  d i d  n o t  s i g -

n i f i c a n t l y  a f f e c t  t h e  t e s t  r e s u l t s .  

2. Ice Rubble. I c e  sheets  were grown f r o m  a 0.7-percent ,  by weight ,  

u rea  s o l u t i o n  a c c o r d i n g  t o  t h e  f o l l o w i n g  procedure.  t h e  c o o l e r  system 

o p e r a t i n g  a t  f u l l  c a p a c i t y ,  t h e  u rea  s o l u t i o n  was c o o l e d  t o  a  tempera tu re  o f  

a b o u t  above t h e  s o l u t i o n ' s  f r e e z i n g  tempera tu re  and t h e  a i r  i n  

t h e  room was c h i l l e d  t o  abou t  -12°C. Water c i r c u l a t i o n  system p r o v i d e d  neces-

s a r y  m i x i n g  o f  t h e  s o l u t i o n  t o  p r e v e n t  t h e  f o r m a t i o n  o f  t h e  unwanted i c e  

cover .  B e f o r e  b e i n g  wet-seeded, t h e  s u r f a c e  o f  t h e  u rea  s o l u t i o n  was screened 

t o  remove t h e  i c e  wh ich  had formed d u r i n g  t h e  s o l u t i o n  c o o l i n g  process.  Then, 

t h e  w a t e r  c i r c u l a t i o n  and t h e  b lowers  o f  t h e  c o o l i n g  u n i t s  were s h u t  o f f  and 

t h e  c o l d  room was fogged w i t h  a f i n e  sp ray  o f  w a t e r  d r o p l e t s .  The sp ray  was 

produced u s i n g  a  p r e s s u r i z e d  a i r  spray  gun and a  p r e s s u r i z e d  tank.  The w a t e r  

d r o p l e t s  f r o z e  i n  t h e  a i r  and s e t t l e d  o n t o  t h e  s u r f a c e  o f  t h e  w a t e r  wh ich  had  

by then  reached t h e  f r e e z i n g  tempera tu re  o f  t h e  s o l u t i o n  The 

seed ing  process p r e v e n t e d  t h e  unwanted f o r m a t i o n  o f  r e l a t i v e l y  l a r g e  i c e  

c r y s t a l s  and enab led a  m u l t i t u d e  o f  smal l  c r y s t a l s  t o  grow s i m u l t a n e o u s l y  o v e r  
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t h e  sur face  o f  t he  urea so lu t i on .  Eventual ly ,  a f t e r  growing through a  t r a n s i -

t i o n  l aye r ,  t he  i c e  grew w i t h  the columnar s t r u c t u r e  o f  thermal i ce .  

Each i c e  sheet was grown t o  about $5-percent o f  i t s  f i n a l  th ickness,  30 

mm. The room temperature was then ra i sed  so t h a t  the  a i r  temperature a t  an 

e l e v a t i o n  o f  about 10 mm above the  i c e  sheets was about 2 t o  and i c e  

sheet was warmed and weakened. The p r i n c i p a l  p r o p e r t i e s  o f  the  i c e  sheets a re  

l i s t e d  i n  t a b l e  3. 

The i c e  rubb le  was prepared by d i c i n g  a  30-mm t h i c k  urea i c e  sheet (1.35 

m p ro to type th ickness)  grown p r i o r  t o  each t e s t  ser ies.  The urea i c e  f rag-

ments were mustered i n  t h e  model- ice tank and groomed i n t o  a l a y e r  having a  

un i fo rm th ickness o f  e i t h e r  0.16, 0.32, 0.48 o r  0.80 t imes the  d r a f t  o f  t h e  

t e s t  p la t fo rm.  The sur face o f  t h e  s imulated i ce- rubb le  f i e l d  no t  

ref rozen.  

C. Tes t  Procedure. A t o t a l  o f  26 t e s t s  were conducted, o f  which 18 were 

w i t h  t he  t e s t  p l a t f o r m  moored ( f i g u r e  and 8  w i t h  t he  t e s t  p l a t f o r m  f i x e d  

from moving ( f i g u r e  10).  The t e s t  program i s  summarized i n  f i g u r e  12. For 

each t e s t  ser ies ,  t he  th ickness o f  t he  l a y e r  o f  i c e  rubb le  was kep t  con-

s tan t .  The l a y e r  was d r i ven  w i t h  a constant  speed i n  t he  range o f  0.02 t o  

0.20 m/s (0.26 t o  2.6 k t s  i n  p ro to t ype  sca le )  as i n d i c a t e d  i n  f i g u r e  12, and 

shown i n  t ab les  and A-2. A f t e r  each t e s t ,  the  l a y e r  o f  i c e  rubble was 

regroomed t o  i t s  o r i g i n a l  cond i t ion .  For some thicknesses o f  i ce- rubb le  

layer ,  th ree  t e s t s  were conducted t o  examine the  r e p r o d u c a b i l i t y  o f  t e s t  

r e s u l t s .  

The p o r o s i t y  o f  each l a y e r  o f  i c e  rubb le  was measured by removing a 

p o r t i o n  o f  each l a y e r  w i t h  a s i e v e- l i k e  c a n i s t e r  o f  known volume and weight.  

The p o r o s i t y  o f  t he  rubb le  i c e  l a y e r  be fore  each t e s t  was t y p i c a l l y  0.52. The 

average diameter o f  t he  i c e  fragments was s l i g h t l y  l ess  than 50 mm. The s i z e  

range o f  t he  fragments was f a i r l y  broad; va ry ing  from i n d i v i d u a l  c r y s t a l s  t o  

b locks o f  i ce .  

The r e l a t i o n s h i p s  between model and p ro to t ype  values o f  r u b b l e  i c e  speeds 

are g iven i n  f i g u r e  13, wh i l e  the r e l a t i o n s h i p s  between forces and moments o f  

model p l a t f o r m  and those o f  p ro to t ype  a re  shown i n  f i g u r e  14. 

The submerged depth o f  the  push-blade was equal t o  the  i n i t i a l  th ickness 
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o f  each l a y e r  o f  i c e  r u b b l e .  I n  t h i s  manner, i c e  r u b b l e  p r o t r u d i n g  beneath  

t h e  push-blade was swept hack b e h i n d  t h e  b lade,  and i n  e f f e c t ,  t h e  push- b lade 

s i m u l a t e d  an i c e  mass which,  d r i v e n  by w i n d  o r  o t h e r  i c e  masses, pushes a 

l a y e r  o f  i c e  rubb le ,  as i s  suggested i n  f i g u r e  15. 

I V .  RESULTS 

The p ressures  e x e r t e d  by i c e  r u b b l e  i m p a c t i n g  a g a i n s t  t h e  t e s t  p l a t f o r m  

a t t a i n e d  maximum va lues  when an i c e  r i d g e  o r  " i c e  prow" t e r m  suggested and 

used by e t  a l .  1973 and M e l l o r  deve loped around t h e  l e a d i n g  

p o r t i o n  o f  t h e  p l a t f o r m ' s  w a t e r l i n e  p e r i m e t e r .  The development o f  a prow o f  

i c e  r u b b l e  accumula ted a g a i n s t  t h e  p l a t f o r m  i s  i l l u s t r a t e d  i n  f i g u r e  16. 

Because t h e  accumu la t ion  o f  i c e  r u b b l e  around t h e  t e s t  p l a t f o r m  s i g n i f i -

c a n t l y  a f f e c t e d  t h e  i c e  l o a d s  t h a t  i t  exper ienced,  a d i s c u s s i o n  a b o u t  t h e  

i n f l u e n c e s  o f  r u b b l e  t h i c k n e s s  and speed on i c e  l o a d s  i s  b e s t  p r e f a c e d  by a 

b r i e f  d e s c r i p t i o n  o f  t h e  manner whereby i c e  r u b b l e  moved and accumula te  a round  

t h e  t e s t  p l a t f o r m .  

A. Observations on the and Accumulation o f  Ice  Rubble around 

the Test Platform. As a  l a y e r  o f  i c e  r u b b l e  was pushed t o w a r d  and a round  t h e  

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

p l a t f o r m  and, the reby ,  formed a r e l a t i v e l y  s t a t i o n a r y  zone, o r  prow o f  i c e  

rubb le .  The advanc ing f i e l d  o f  i c e  r u b b l e  was f o r c e d  t o  pass around t h e  

p l a t f o r m  w i t h  i t s  prow o f  i c e  r u b b l e .  The boundar ies  o f  t h e  prow d e l i n e a t e d  

shear  s u r f a c e s  between s t a t i o n a r y  i c e  and t h e  moving f i e l d  o f  i c e  r u b b l e .  

F i g u r e  shows s c h e m a t i c a l l y  t h e  manner whereby i c e  r u b b l e  moved and accumu-

l a t e d  around t h e  t e s t  p l a t f o r m .  

Wh i le  t h e  prow o f  i c e - r u b b l e  was forming,  and had n o t  y e t  reached i t s  

e q u i l i b r i u m  s i z e ,  t h e  i c e  l o a d  e x e r t e d  a g a i n s t  t h e  p l a t f o r m  i n c r e a s e d  monoton-

i c a l l y ,  as i s  i n d i c a t e d  i n  f i g u r e  17. Once t h e  prow had a t t a i n e d  i t s  e q u i l i -

b r ium s i z e  t h e  i c e  l o a d s  became more- or- less  s teady.  

Commensurate w i t h  i n c r e a s i n g  i c e  l o a d  were changes i n  t h e  p l a t f o r m ' s  

d i sp lacement  and t h e  f o r c e  r e q u i r e d  t o  moor t h e  p l a t f o r m .  Wi th  i n c r e a s i n g  i c e  

load,  t h e  moored p l a t f o r m  d r i f t e d  h o r i z o n t a l l y  and a l t e r e d  i t s  t r i m .  However, 
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d u r i n g  cont inuous impact w i t h  i c e  rubble,  t h e  moored p l a t f o r m  d i d  n o t  ex-

per ience  c y c l i c  motions. 

Measured forces, moments and motions o f  t h e  t e s t  p l a t f o r m  a r e  summarized 

i n  Appendix 1. Time h i s t o r i e s  o f  mooring force,  as w e l l  as heave displacement 

and p i t c h  angle a re  g iven i n  Appendix 2  f o r  t h e  moored, t e s t  p la t fo rm.  A lso  

g iven i n  Appendix 2 a re  the  t ime h i s t o r i e s  o f  the  h o r i z o n t a l  and 

v e r t i c a l  (heave) r e s t r a i n i n g  fo rces  t h a t  were recorded f rom t h e  t e s t  p l a t f o r m  

when i t  was f i x e d  from moving. 

The th ickness  o f  t h e  prow o f  accumulated i c e  rubb le  was measured a f t e r  

each t e s t .  As i s  p l o t t e d  i n  f i g u r e  18, i t  i s  ev iden t  t h a t  t h e  th ickness  o f  

t h e  i ce- rubb le  prow increased w i t h  i nc reas ing  l a y e r  th ickness.  It appears 

from f i g u r e  18 t h a t  the  maximum th ickness  o f  the prow asymptotes t o  about 

t w i c e  t h e  d r a f t  o f  t h e  p la t f o rm ;  d r a f t  = 0.187 m. Measured th icknesses o f  i c e  

rubb le  accumulat ion a t  va r i ous  l o c a t i o n s  around the  t e s t  p l a t f o r m  are  g iven i n  

Appendix 3. 

Measurements o f  t h e  p o r o s i t y  o f  t h e  i c e  prow o f  i c e  rubb le  showed t h a t  

the  prow had, on average, t y p i c a l l y  a p o r o s i t y  o f  about 11%l e s s  than d i d  the  

i n i t i a l  l a y e r  o f  i c e  rubble.  

B. The E f f e c t  o f  Thickness o f  Ice-Rubble Layer on Ice  Loads and 

The maximum mooring f o r c e  ( i n  t h e  surge d i r e c t i o n ) ,  and heave 

displacement, x, experienced by t h e  t e s t  p l a t f o r m  when moored increased w i t h  

i nc reas ing  th ickness  o f  i c e  rubb le  l a y e r  as shown i n  f i g u r e s  and 20, 

r espec t i ve l y .  The r e l a t i o n s h i p  between mooring f o r c e  and l a y e r  t h i ckness  i s  

shown i n  f i g u r e  19, i n  which i t i s  apparent t h a t  the  r e l a t i o n s h i p  i s  a lmost  

P i t c h  angle, , increased s l i g h t l y  w i t h  i n c r e a s i n g  th ickness  o f  l a y e r  

f o r  t h e  l a y e r  th icknesses up t o  90 mm (4.05 m i n  p ro to t ype  sca le )  as shown i n  

f i g u r e  21. Therea f te r  p i t c h  angle decreased and the  d i r e c t i o n  reversed d i r e c -

t i o n .  The s c a t t e r  o f  recorded p i t c h  angle was a l s o  g r e a t e s t  f o r  t h e  t h i c k e s t  

l a y e r  o f  i c e  rubb le .  

The equat ions f o r  p i t c h  moment, can be used t o  h e l p  e x p l a i n  t h e  

change o f  p i t c h i n g  d i r e c t i o n  and s c a t t e r  o f  r eco rd  f o r  t h i c k e r  rubb le  i c e  

layer ;  
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I c e  pressures aga ins t  t he  p la t fo rm and are h i g h l y  dependent on the  

submergence, accumulation and compaction o f  i c e  rubble around the p la t fo rm.  

Consequently, t he  s p a t i a l  d i s t r i b u t i o n  o f  i c e  pressure aga ins t  t he  p l a t f o r m  

may vary, espec ia l l y  over the bottom o f  the p lat form. Because p i t c h i n g  mo-

ment, M,, i s  p a r t i c u l a r l y  s e n s i t i v e  t o  the s p a t i a l  d i s t r i b u t i o n  o f  i c e  pres-

sure against  the p lat form, and, as i s  i n d i c a t e d  i n  i t s  r o t a t i o n a l  d i rec-

t i o n  may change i n  accordance w i t h  the  d i s t r i b u t i o n  o f  i c e  rubb le  accumulated 

around and beneath the p lat form. I t seems tha t ,  f o r  the t h i c k e s t  l a y e r  o f  i c e  

rubble, t he  d i s t r i b u t i o n  o f  i c e  ruhble and, commensurately, i c e  pressures were 

such t h a t  the d i r e c t i o n  o f  p la t fo rm p i t c h  d i f f e r e d  t o  t h a t  f o r  the t h i n n e r  

layers.  

When the t e s t  p l a t f o r m  was f i x e d  so t h a t  i t  was r e s t r a i n e d  from moving, 

the r e s t r a i n i n g  forces (surge and heave) and p i t c h  moment increased l i n e a r l y  

w i t h  increas ing  th ickness o f  i c e  rubble l aye r .  The r e l a t i o n s h i p s  between the 

maximum values of and M, and l a y e r  thickness are shown i n  f i g u r e s  22,Y' 
23, and 24, respect ive ly .  

C. The E f f e c t  o f  Speed o f  Ice-Rubble on I c e  Loads and P l a t f o r m  

The maximum values o f  mooring forces and heave displacements t h a t  

were experienced by the  moored t e s t  p la t fo rm remained cons tant  over t h e  range 

o f  impact speeds tes ted  (0.02 t o  0.20 i n  model scale, 0.26 t o  2.6 k t s  i n  

p ro to t ype  sca le ) .  These r e s u l t s  are por t rayed i n  f i gu res  25 and 26 f o r  

mooring fo rce  i n  the surge d i r e c t i o n ,  and heave displacement, x, 

respect ive ly .  

Presented i n  f i g u r e  27 are values o f  the p i t c h  angle t h a t  were assumed by 

the t e s t  p la t fo rm when i t  was i n  f u l l  con tac t  w i t h  a l a y e r  o f  moving i c e  

rubble. I t  i s  ev ident  t h a t  more data i s  needed t o  l u c i d l y  e x p l a i n  the i n -

f luence o f  l a y e r  speed on p l a t f o r m  p i t c h  angle. 

By i n f l u e n c i n g  the  s ize  o f  t he  i c e  prow formed ahead o f  t he  p lat form, 

and, r e l a t e d l y ,  by i n f l u e n c i n g  the d i s t r i b u t i o n  o f  i c e  rubble accumulated 

beneath the  p la t fo rm,  i t  i s  apparent t h a t  t he  p la t fo rm 's  angle o f  p i t c h  was 

a f f e c t e d  by the speed w i t h  which a l a y e r  o f  i c e  rubble moved around the t e s t  
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p l a t f o r m .  The speed e f f e c t  i s  d i f f i c u l t  t o  un rave l  f r o m  t h e  e f f e c t  o f  l a y e r  

th i ckness .  

The E f f e c t  o f  M o t i o n s  on I c e  Loads. I f  t h e  i n e r t i a  and 

damping terms a r e  neg lec ted  i n  ( 1 )  and i t  i s  p o s s i b l e  t o  compare t h e  

quas i- s teady l o a d s  exper ienced by t h e  moored t e s t  p l a t f o r m  ( f i g u r e s  1 9  and 

t o  t h e  loads  exper ienced by t h e  p l a t f o r m  when i t  was f i x e d  o r  r e s t r a i n e d  f r o m  

moving ( f i g u r e s  22 and 23) .  Tab le  4  i s  a  summary o f  t h e  comparison f o r  a 

moderate ly  h i g h  speed o f  r u b b l e  i c e  impact,  0.08 (1.04 k t s  i n  p r o t o t y p e  

s c a l e ) .  Appendix 1 c o n t a i n s  a  more d e t a i l e d  l i s t  o f  t h e  data .  

The h o r i z o n t a l  (moor ing)  and v e r t i c a l  r e s t o r i n g  (buoyancy) f o r c e s  t h a t  

were exper ienced by t h e  moored p l a t f o r m  were l e s s  than  t h e  h o r i z o n t a l  and 

v e r t i c a l  r e s t r a i n i n g  f o r c e s  exper ienced  by t h e  f i x e d  p l a t f o r m .  The d i f f e r e n c e  

between t h e  h o r i z o n t a l  i c e  loads  (moor ing f o r c e  and s u r g e - r e s t r a i n i n g  f o r c e )  

decreased w i t h  i n c r e a s i n g  l a y e r  t h i c k n e s s  o f  i c e  rubb le .  F o r  t h e  t h i n n e s t  

l a y e r  (16% o f  p l a t f o r m  d r a f t ) ,  t h e  i c e  l o a d  e x e r t e d  a g a i n s t  t h e  moored p l a t -

was 26% l e s s  than  t h a t  e x e r t e d  a g a i n s t  t h e  f i x e d  p l a t f o r m .  However, f o r  

t h e  t h i c k e s t  l a y e r  (80% o f  p l a t f o r m  d r a f t ) ,  t h e  i c e  l o a d  t h a t  was e x e r t e d  

a g a i n s t  t h e  moored p l a t f o r m  was o n l y  2% l e s s  than  t h a t  e x e r t e d  a g a i n s t  t h e  

f i x e d  p l a t f o r m .  

Other  than  s a y i n g  t h a t  t h e  p l a t f o r m ' s  f a c i l i t y  t o  move l e d  t o  a  r e d u c t i o n  

i n  t h e  v e r t i c a l  component o f  i c e  loads,  compared t o  t h e  l o a d s  e x e r t e d  when t h e  

p l a t f o r m  was f i x e d ,  t h e  i n f l u e n c e  o f  p l a t f o r m  mot ion  on ( i c e - r e l a t e d )  v e r t i c a l  

f o r c e s  f o r  v a r y i n g  impact  speeds and l a y e r  th i cknesses  i s  d i f f i c u l t  t o  d i s c e r n  

c l e a r l y .  Fo r  t h e  t h i n n e s t  l a y e r ,  t h e  v e r t i c a l  i c e  l o a d  e x e r t e d  a g a i n s t  t h e  

moored p l a t f o r m  was 19% l e s s  than t h a t  e x e r t e d  a g a i n s t  t h e  f i x e d  p l a t f o r m .  

F o r  i n t e r m e d i a t e  l a y e r  t h i c k n e s s e s  (32 t o  48% o f  p l a t f o r m  d r a f t ) ,  t h e  v e r t i c a l  

i c e  l o a d  e x e r t e d  a g a i n s t  t h e  moored p l a t f o r m  was about  38% l e s s  than  t h a t  

e x e r t e d  a g a i n s t  t h e  f i x e d  p l a t f o r m .  The d i f f e r e n c e  decreased t o  abou t  26% f o r  

t h e  t h i c k e s t  l a y e r .  

V. CONCLUSIONS 


The f o l l o w i n g  p r i n c i p a l  c o n c l u s i o n s  were 
 f r o m  t h e  s tudy:  



mm) 

m/s. 

(48% 

1. 	 When impacted by i c e  rubble,  t h e  moored t e s t  p l a t f o r m  d r i f t e d  h o r i -

z o n t a l l y  and a l t e r e d  i t s  t r i m ,  b u t  d i d  n o t  undergo c y c l i c  mot ions. 

2. 	 The mooring f o r c e  experienced by t h e  moored t e s t  p l a t f o r m  inc reased 

monoton ica l l y  as a "prow" o f  i c e  rubb le  developed around the  l e a d i n g  

per imeter  o f  t h e  p la t f o rm .  Once t h e  "prow" had reached an 

e q u i l i b r i u m  size, the  i c e  loads remained steady. 

3. 	 The h o r i z o n t a l  (surge)  r e s t r a i n i n g  f o r c e  and p i t c h - r e s t r a i n i n g  moment 

experienced by the  t e s t  p la t fo rm,  when r e s t r a i n e d  from moving, i n -

creased monoton ica l l y  and a t t a i n e d  a maximum steady va lue  i n  t h e  same 

manner as f o r  t h e  t e s t  p l a t f o r m  when i t  was moored. The v e r t i c a l  

(heave) r e s t r a i n i n g  fo rces  increased w i t h  smal l  f l u c t u a t i o n s  and 

a t t a i n e d  maximum value i n  a s i m i l a r  manner as d i d  the  h o r i z o n t a l  

r e s t r a i n i n g  force.  

4. 	 The maximum values o f  mooring fo rces  and heave displacements t h a t  

were experienced by t h e  moored t e s t  p la t fo rm,  and t h e  maximum r e-

s t r a i n i n g  f o r ces  and moments t h a t  were experienced by t h e  t e s t  p l a t -

form when r e s t r a i n e d  from moving, were almost l i n e a r l y  p r o p o r t i o n a l  

t o  the  t h i ckness  o f  t h e  i c e  rubb le  l aye r .  

5. 	 The maximum values o f  p i t c h i n g  angles t h a t  were experienced by t h e  

moored t e s t  p l a t f o r m  inc reased s l i g h t l y  w i t h  i nc reas ing  t h i ckness  o f  

i ce- rubb le  l aye r .  However, f o r  the t h i c k e s t  l a y e r  o f  i c e  rubb le  (150 

t h e  p i t c h i n g  angle changed d i r e c t i o n  and t h e  s c a t t e r  o f  data was 

great .  

6. 	 The maximum values o f  t h e  mooring f o r c e  and heave displacements t h a t  

were experienced by the  moored t e s t  p l a t f o r m  were gene ra l l y  cons tan t  

over  t h e  range of impact speeds, 0.02 t o  0.20 

7. 	 The maximum values of the p i t c h  angles o f  t h e  moored t e s t  p l a t f o r m  

impacted by t h e  i n te rmed ia te  th ickness  o f  p l a t f o r m  d r a f t )  o f  i c e  



19%, 

m/s. 

r ubb le  were cons tan t  over  t h e  whole range o f  impact speeds. However, 

f o r  both t he  t h i n n e s t  and t h i c k e s t  l a y e r s  (16 and 80% o f  p l a t f o r m  

d r a f t )  t h e  maximum p i t c h  angles inc reased  w i t h  i n c r e a s i n g  speed o f  

i c e  impact. 

8. 	 The mooring and heave r e s t o r i n g  f o r c e s  exper ienced by t h e  moored t e s t  

p l a t f o r m  were 26% and r e s p e c t i v e l y ,  sma l l e r  than  t he  r e s t r a i n i n g  

f o r ces  exper ienced by t h e  f i x e d  p l a t f o r m  f o r  a  moderately h i g h  speed 

o f  i c e  rubb le  impact, 0.08 However, as l a y e r  th ickness  i n -

creased, t h e  d i f f e r e n c e  between t h e  mooring and s u r g e- r e s t r a i n i n g  

f o r ces  decreased. I n  o t h e r  words, t he  h o r i z o n t a l  i c e  l oad  exe r ted  

a g a i n s t  t h e  moored p l a t f o r m  approached t h a t  exe r ted  a g a i n s t  t h e  f i x e d  

p la t fo rm,  as l a y e r  th ickness  increased. 
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Figure 1.  Layout of a f loat ing ,  moored platform i n  ice-covered waters. 



Figure 2. The test platform in a simulated field of mushy ice. 































































































































































































