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Dans cette etude de synthbe, l'auteur ktudie le rale que jouent les champs de fragments 
ancrds au sol dans le transfext des charges de glace flottante sur les structures se trouvant en 
mer. Les etudes sur le terrain et en laboratoire fournissent de l'infonnation concernant la 
geomdme et la composition des champs de fragments, ainsi que certaines rnesures des 
contraintes. L'auteur examine les mdthodes employdes pour estimer la resistance A 
l'ancrage au sol, ainsi que d'autres analyses portant sur la stabilitk des champs de 
fragments. 
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ABSTRACT: T h i s  review examines t h e  r o l e  o f  grounded r u b b l e  f i e l d s  i n  

t r a n s f e r r i n g  f l  o a t i  ng i c e  loads  t o  o f f s h o r e  s t r uc tu res .  F i e l d  and 

1  abo ra to r y  s t u d i e s  p rov ide  i n f o r m a t i o n  concern ing rubb le  f i e l d s  geometry, 

composi t ion,  and some s t r e s s  measurements. Methods o f  e s t i m a t i n g  g round ing  

r e s i s t a n c e  and o t h e r  analyses . t h a t  dea l  w i t h  s t a b i l i t y  o f  r u b b l e  f i e l d s  a r e  

discussed. 



1. INTRODUCTION 

The processes o f  i c e  r u b b l e  format ion,  grounding, f r eez i ng ,  and 

response t o  a p p l i e d  f o r c e s  rema in  p o o r l y  understood. E a r l y  o b s e r v a t i o n s  o f  

r u b b l e  f i e l d s  i n  t h e  B e a u f o r t  Sea i d e n t i f i e d  two  p o s s i b l e  scenar ios :  

( a )  Grounded r u b b l e  can  t r a n s f e r  p a r t  o f  f l o a t i n g  i c e  f o r c e s  t o  t h e  berm, 

and t h u s  reduce 1  oads o n  t h e  s t r u c t u r e .  

( b )  Because a  r u b b l e  f i e l d ' s  w i d t h  i s  l a r g e r  t h a n  t h a t  o f  t h e  s t r u c t u r e ,  

f l o a t i n g  i c e  f o r c e s  wou ld  a c t  a g a i n s t  a  l a r g e r  a rea  and t h u s  e x e r t  a 

l a r g e r  t o t a l  f o r c e  o n  t h e  r u b b l e  f i e l d .  Therefore,  a  f r o z e n  r u b b l e  

f i e l d  would  i nc rease  t h e  f o r c e s  o n  t h e  s t r u c t u r e  t h a t  i t  surrounds.  

I n  c e r t a i n  o f f s h o r e  areas,  t h e  assessment o f  a  s t r u c t u r e ' s  s t a b i l i t y  

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

geometry, t h e  a b i l i t y  o f  grounded r u b b l e  t o  t r a n s f e r  h o r i z o n t a l  f o r c e s  

t h rough  i t s  k e e l  t o  t h e  berm, s p a t i a l  s t r e s s  d i s t r i b u t i o n s  i n  t h e  rubb le ,  

and i n t e g r i t y  o f  t h e  f i e l d u n d e r t h e a c t i o n o f  f l o a t i n g  i ce .  A v a i l a b l e  

1 i t e r a t u r e ,  however, p r o v i d e s  o n l y  sparse  i nformat i o n  conce rn i ng  t h e s e  

problems. A survey o f  f i e l d  obse rva t i ons  o f  grounded r u b b l e  geometry, 

morphology and s t r e s s  measurements; a  d i s c u s s i o n  o f  r e l e v a n t  l a b o r a t o r y  

s t ud ies ,  r u b b l e  mechanical  p r o p e r t i e s ,  and a v a i l a b l e  a n a l y t i c a l  methods 

w i l l  be covered i n  t h i s  rev iew.  

2.  FIELD STUDIES 

2.1 Geometry and morphology: 

Kry  (1977) gave a  d e s c r i p t i o n  o f  t h e  r u b b l e  f i e l d  t h a t  formed o n  t h e  

sha l l ow  s l oped  beach around t h e  a r t i f i c i a l  i s l a n d  a t  t h e  Ne tserk  l o c a t i o n  

d u r i n g  t h e  w i n t e r  o f  1975-76. The obse rva t i ons  were concerned w i t h  t h e  I 
geometry o f  t h e  r u b b l e  f i e l d ,  s a i l  p r o f i l e s  and rubb le  s e t t l e m e n t s  o v e r  t h e  

season. The measurements o f  F r e d e r k i n g  and \ / r i g h t  (1982) concen t ra ted  o n  a  

r a d i a l  l i n e  i n  t h e  r u b b l e  f i e l d  a t  t h e  Issungnak l oca t i on .  They o b t a i n e d  

p r o f i l e s  o f  s a i l  and k e e l  d imensions, temperature,  p o r o s i t y ,  s a l i n i t y ,  and I 
snow depth.  S t r e n g t h  o f  sma l l  i c e  samples we rea l someasu red .  I 



i 

The p reced ing  two  re fe rences  p resen t  t h e  most complete pub l i shed  

d e s c r i p t i o n  o f  r u b b l e  f i e l d s  t o  date.  McGonigal (1983) a l s o  r e p o r t e d  o n  a  

d e t a i l e d  program o f  r u b b l e  f i e l d  i n v e s t i g a t i o n s  a t  Issungnak. O the r  

s t u d i e s ,  a l t h o u g h  p r i m a r i l y  focussed on  s t a b i ' l i t y  o f  i s l a n d s ,  g i v e  some 

i n f o r m a t i o n  r e g a r d i n g  rubb le  f i e l d  geometry ( f o r  exampl e, S t r i l c h u k  1977, 

and Semeniuk 1977). Geometry d a t a  a r e  a v a i l a b l e ,  as  w e l l ,  f rom t h e  r u b b l e  

f i e l d s  a t  Amerk (Croasdale,  1985) and Kaubvik (F rederk  ing, 1988). These 

a r e  c a i s s o n  s t r u c t u r e s  s i t t i n g  on  submarine berms 10  m o r  more benea th  

w a t e r  l e v e l .  The t y p i c a l  f e a t u r e s  common t o  most r ubb le  f i e l d s  a r e  

summarized below. 

F i g u r e  1: Rubble f i e 1  d  a t  Kaubvik, 1987. 

Rubble  (around a r t i f i c i a l  i s l a n d s )  may become grounded o v e r  submarine 

berms i n  t h e  l a n d f a s t  i c e  zone o f  t h e  B e a u f o r t  Sea, where w a t e r  d e p t h  i s  

u s u a l l y  l e s s  t h a n  20 m. A photograph o f  t h e  r u b b l e  f i e l d  a t  Kaubv ik  i s  

s h w n  i n  F i g u r e  1. The e x t e n t  o f  grounded r u b b l e  f r om  t h e  i s l a n d  depends 

o n  t h e  bathymetry  ove?  t h e  berm and i c e  cove r  movements. As a n  example, 

t h e  boundary o f  t h e  r ubb le  f i e l d  a t  Kaubvik i s  superimposed on t h e  

ba thymet ry  con tou rs  i n  F i g u r e  2. The r u b b l e  extends t o  t h e  18 m d e p t h  

c o n t o u r  t c w a r d  t h e  e a s t  and west  b u t  ends a t  s h a l l a w e r  depths t w a r d s  t h e  

n o r t h  aria-south apparen t l y  because i c e  movements were smal l  f r om  t h e s e  

d i r e c t i o n s .  



F i g u r e  2: Boundary o f  t h e  r u b b l e  f i e l d  and w a t e r  dep th  con tours  a t  Kaubvik , 

A r u b b l e  f i e l d  beg ins  t o  f o rm  i n  t h e  f a l l  as a  r e s u l t  o f  seve ra l  I 

I 
sepa ra te  p i l e u p  events. The f i e l d  g r a d u a l l y  grcws t o  reach  i t s  maximum f 

I 

e x t e n t ,  u s u a l l y  by February.  D u r i n g  t h e  f i e l d ' s  growth, p a r t s  o f  t h e  

p i l e u p s  c a n  a p p a r e n t l y  be  d i s l o d g e d  and  moved by f l o a t i n g  i c e .  

Consequent ly,  s t eep  s a i l  s lopes  (sometimes near  v e r t i c a l  ) a  r e  o f t e n  
i 

observed. I n d i v i d u a l  p i l e u p s  j o i n  t o  f o rm  ova l  r i n g s  o f  " h i l l s "  and 

" v a l l e y s "  around t h e  i s l a n d  (see  F i g u r e  1). A t  t h e  o u t e r  edge o f  t h e  

f i e l d ,  a  t i d a l  crack separates t h e  grounded r u b b l e  f rom f l o a t i n g  ice.  

As an example o f  s a i l  and k e e l  geometry, t h e  r a d i a l  l i n e  p r o f i l e  a t  

Issungnak ( f r o m  F rede rk i ng  and Wr igh t ,  1982) i s  s h w n  i n  F i g u r e  3. Wh i l e  

t h i s  p r o f i l e  i s  t y p i c a l  o f  most r u b b l e  f i e l d s ,  s a i l  h e i g h t s  can be  h igher ,  

r each ing  10 m where l a r g e  i c e  movements occur. 

Temperature d i s t r i b u t i o n  i n  t h e  r u b b l e  u s u a l l y  causes w a t e r  t o  f reeze  

i n  t h e  vo ids  between i c e  b l o c k s  nea r  w a t e r  l e v e l .  Thus, a  s o - c a l l e d  

" conso l i da ted  l a y e r "  forms. Such a  l a y e r  con ta ins  s o l i d  i c e ,  w i t h o u t  

vo ids ,  and appears t o  have l a r g e r  s t i f f n e s s  and s t r e n g t h  t h a n  b u l k  rubb le .  
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F i g u r e  3: L o n g i t u d i n a l  r u b b l e  p r o f i l e  a t  Issungnak,  1980 ( f r o m  F r e d e r k i n g  

and Wr igh t ,  1982). 
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A v e r t i c a l  tempera tu re  and s a l i n i t y  p r o f i l e ,  a l s o  f r o m  Issungnak, i s  shown 

i n  F i g u r e  4. Est imates  o f  conso l i da ted  ( o r  f r o z e n )  l a y e r  t h i c k n e s s  

o b t a i n e d  by d r i l l i n g  boreho les  u s u a l l y  agree  w i t h  t h a t  o f  t h e  r e l a t i v e l y  

c o l d e r  l a y e r  o f  r u b b l e  nea r  w a t e r  l e v e l .  

The average consol  i d a t e d  l a y e r  t h i c kness ,  by January o r  February ,  

v a r i e s  between 2.5 m and 3 m (F rede rk i ng  and Wr igh t ,  1982; and Croasdale,  
! 

I 
1985). Below such  a  l aye r ,  tempera tu re  i s  r e l a t i v e l y  warm (above -5' C )  

l and i c e  o f f e r s  weak r e s i s t a n c e  t o  d r i l l i n g .  The v e r t i c a l  tempera tu re  

p r o f i l e  and c o n s o l i d a t e d  l a y e r  t h i c k n e s s  va ry  w i t h i n  a  r u b b l e  f i e l d  

a c c o r d i n g  t o  s a i l  he i gh t ,  s n m  depth,  and d a t e  o f  r u b b l e  p i l e u p .  

G e n e r a l l y ,  tempera tu res  near  w a t e r  l e v e l  a r e  h i g h  (and t h e  conso l i da ted  

l a y e r  i s  t h i n )  under  h i g h  s a i l s  and deep s n w  covers .  Except ions t o  t h i s  

genera l  t r e n d  may occu r  due t o  t h e  complex th ree-d imens iona l  geometry o f  

snow and s a i l  as  w e l l  as w ind  ac t i on .  

Rubb le  s e t t l e m e n t s  o v e r  w i n t e r  were measured a t  Netserk  by Kry (1977).  

Comparison o f  s t e r e o - p a i r  photographs showed t h a t  se t t l emen ts  o f  u p  t o  1 m 

occu r red  between November and February .  Repeated surveys  o f  t h e  r u b b l e  a t  

Kaubv ik  (F rederk ing ,  1988) s  h w e d  se t t l emen ts ,  between January and A p r i l ,  

2 6 3  



T E M P E R A T U R E .  O C  S A L I N I T Y ,  o l o o  

F i g u r e  4: V e r t i c a l  tempera tu re  and s a l i n i t y  p r o f i l e  ( a t  c o r e  5, F ig .  3 ) ,  

I s  sungnak 1980 ( f r o m  FrederJc i n g  and Wr igh t ,  1982). 

v a r y i n g  f rom 0.15 m i n  sha l l ow  w a t e r  areas t o  a  rnaximm o f  0.45 m i n  deep 

w a t e r  areas nea r  t h e  o u t e r  edge o f  t h e  f i e l d .  H o r i z o n t a l  d i sp l acemen ts  

were r e l a t i v e l y  smal l ,  w i t h  a  maximm o f  approx imate ly  0.35 m o v e r  t h e  same 

du ra t i on .  

2.2 S t  resses: 

Croasdale  (1985) measured normal s t r e s s e s  i n  t h e  r u b b l e  f i e l d  a t  Amerk 

( a l s o  see Sayed e t  a l . ,  1986). S t r a i n  gauged panels  were i n s t a l  l e d  a t  a  

number o f  l o c a t i o n s  i n  t h e  r u b b l e  f i e l d .  Only one panel, l o c a t e d  

approx imate ly  10  m f r om  t h e  f i e l d ' s  o u t e r  edge, responded t o  t h e  a c t i o n  o f  

f l o a t i n g  ice.  It measured a  maximm s t r e s s  o f  200 kPa. The co r respond ing  

f o r c e  p e r  u n i t  l e n g t h  was es t ima ted  t o  b e  500 kN/m. P a r t  o f  t h e  s t r e s s -  

t i m e  reco rd  ( f rorn  Croasdale,  1985) i s  shown i n  F i g u r e  5. The o t h e r  pane ls  

were i n s t a l l e d  f u r t h e r  i n s i d e  t h e  f i e l d  a t  d i s t ances  o f  more t h a n  7 5  m f r o m  

t h e  o u t e r  edge. Those pane ls  measured negl  i g i b l  e  s t resses .  E v i d e n t l y  



b 

grounding r e s i s t a n c e  was s u f f i c i e n t  t o  t r a n s m i t  a l l  o f  t h e  f l o a t i n g  i c e  

f o r c e s  t o  t h e  o u t e r  p a r t  o f  t h e  berm. 

A P R I L  
1 9 8 5  

F i g u r e  5: Normal s t r e s s  near  t h e  edge o f  t h e  r u b b l e  f i e l d  a t  Arnerk, 1985 

( f r o m  Croasdale, 1985). 

Severa l  s t r e s s  panels were a l s o  i n s t a l l e d  i n  t h e  r u b b l e  f i e l d  a t  

Kaubvik  d u r i n g  1986-87 w i n t e r  (Frederk ing,  1988). The maxirnrrn normal 

s t r e s s  measured nea r  t h e  f i e l d ' s  o u t e r  edge was 600 kPa. S t resses  a t  o t h e r  

l o c a t i o n s  i n s i d e  t h e  f i e l d  were n e g l i g i b l e .  

The low s t r e s s e s  i n s i d e  t h e  r u b b l e  f i e l d  ( a t  b o t h  Arnerk and Kaubvik  

l o c a t i o n s )  were t o o  s c a t t e r e d  t o  show any p a t t e r n  o f  s p a t i a l  s t r e s s  

d i s t r i b u t i o n .  The s i z e s  o f  a l l  s t r e s s  sensors used so f a r  a r e  sma l l  

compared t o  i c e  b l ock  dimensions. T h i s  can f u r t h e r  compl i ca te  a t t emp ts  t o  

c o r r e l a t e  t h e  s t r e s s e s  measured a t  v a r i o u s  p a r t s  o f  a  f i e l d .  

O t h e r  r e l e v a n t  s t r e s s  measurements were conducted i n  t h e  f l o a t i n g  i c e  

su r round ing  a  number o f  r u b b l e  f i e l d s .  A comprehensive rev iew o f  t h i s  

s u b j e c t  was g i v e n  by Sanderson (1984). Measurements a t  Kadluk were a l s o  

repo r ted  by Johnson e t  a l .  (1985). 



3. PHYSICAL MODELS 

3.1 Ho r i zon ta l  l o a d i n g  o f  grounded rubb l  e: 1 

I 
Experiments concern ing  grounded r u b b l e  s t a b i l i t y  were conducted by 

Wards (1984) ( o t h e r  t e s t s  were a l s o  r epo r t ed  by Wards i n  APOA r e p o r t  #186). 
I 
I 

H o r i z o n t a l  f o r ces  were a p p l i e d  t o  p r e c o n s t r u c t e d  r u b b l e  p i l e u p s  i n  a n  i c e  

bas in .  Two p i l e u p s  were used; t h e  f i r s t  c o n s i s t e d  o f  a  t r i a n g u l a r  s a i l  

and k e e l  w i t h  an  average s a i l  h e i g h t  o f  0.79 m, k e e l  d e p t h  o f  0.84 rn and 

w i d t h  o f  1.82 m. The second p i l e u p  a l s o  had a  t r i a n g u l a r  s a i l  and k e e l  

c r o s s - s e c t i o n  w i t h  an  average h e i g h t  o f  0.43m, dep th  o f  0.87 m and w i d t h  o f  

2.42 m. Two t ypes  o f  t e s t s  were conducted as i l l u s t r a t e d  i n  F i g u r e  6  ( a ) .  

A b a r r i e r  supported t h e  p i l e u p  d u r i n g  t h e  " cons t ra i ned "  t e s t s .  The 

"uncons t ra ined"  t e s t s  were conducted w i t h o u t  a  l a t e r a l  suppo r t  t o  

de te rmine  t h e  maximm ground ing  shea r  res is tance .  

uncons t ra ined  t e s t s  gave f r i c t i o n  c o e f f i c i e n t  v a l u e s  ( t a k e n  as  t h e  

r a t i o  o f  shear  t o  normal f o r c e s  on  t h e  berm) o f  0.63 and 1.58. Cons t ra i ned  

t e s t  r e s u l t s  a r e  expressed as  t h e  r a t i o  o f  t h e  h o r i z o n t a l  f o r c e  a c t i n g  o n  

t h e  berm t o  t h a t  a c t i n g  o n  t h e  b a r r i e r .  T h i s  r a t i o  decreased w i t h  t i m e  

d u r i n g  each t e s t .  F o r  t e s t s  per formed u s i n g  t h e  f i r s t  p i l e u p ,  t h e  r a t i o  

v a r i e d  f r om 0.29 t o  0.09 d u r i n g  one t e s t  and f r om 0.26 t o  0.24 d u r i n g  

ano the r  t e s t .  A t e s t  per formed u s i n g  t h e  second p i l e u p  r e s u l t e d  i n  r a t i o s  

s t a r t i n g  a t  1.44 and dec reas ing  t o  0.31 by t h e  end o f  t h e  t e s t .  

I n f o r m a t i o n  rega rd i ng  r u b b l e  de fo rma t i on  and rubb le /bed  c o n t a c t  

c o n d i t i o n s  i s  no t  a v a i l a b l e ,  wh i ch  1  i m i t s  p o s s i b l e  i n t e r p r e t a t i o n  o f  t h e  

measurements. De fo rmat ion  o f  t h e  p i l e u p  may have improved t h e  r u b b l e  

c o n t a c t  w i t h  t h e  b a r r i e r  as  a  t e s t  progressed and t h u s  reduced t h e  p o r t i o n  

o f  t h e  h o r i z o n t a l  f o r c e  t r a n s m i t t e d  t o  t h e  berm. The l a r g e r  g round ing  

r e s i s t a n c e  o f  t h e  second p i l e u p  ( i n  s p i t e  o f  i t s  l o w e r  s a i l )  was p robab ly  

caused by i t s  1  a r g e r  w i d t h  wh i ch  m i g h t  have produced a  1  a r g e r  c o n t a c t  a rea  

w i t h  t h e  berm. 

One s i g n i f i c a n t  c o n c l u s i d n  t h a t  can  be i n f e r r e d  f r o m  t h e  r e s u l t s  i s  

t h a t  a  grounded r u b b l e  p i l e u p  does n o t  behave as a  r i g i d  b l o c k .  A " r i g i d  
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F i g u r e  61 Schematics o f  i c e  b a s i n  exper iments  ( a )  Ward (1984), ( b )  Timco e t  

a l .  (1989) 

t h e  normal f o r c e  (on  t h e  bed) m u l t i p l i e d  by a f r i c t i o n  c o e f f i c i e n t .  Such 

a n  approach cannot e x p l a i n  t h e  v a r i a t i o n s  o f  g round ing  r e s i s t a n c e  d u r i n g  

each t e s t  and between va r i ous  t e s t s .  

Ano ther  program was recen t l y  conducted by Timco e t  al .  (1989) t o  

measure g round ing  f o r c e s  d u r i n g  a c t i v e  r u b b l e  p i l e u p ,  and d u r i n g  l o a d i n g  o f  

a n  e x i s t i n g  conso l i da ted  rubb le  p i l eup .  A two-dimensional chute, 

2 67 



i ns t rumented  t o  measure f o r c e s  on  a  berm and a  v e r t i c a l  back board, was 

used i n  a  model i c e  b a s i n  as  i l l u s t r a t e d  i n  F i g u r e  6 ( b ) .  

R e s u l t s  i n d i c a t e  t h a t  t h e  r a t i o  o f  h o r i z o n t a l  t o  v e r t i c a l  f o r c e s  

a c t i n g  on t h e  berm, q, depends on  w a t e r  depth,  p i l e u p  s i z e ,  and 1  eng th  o f  

t h e  p i l e u p  between t h e  v e r t i c a l  s t r u c t u r e  and f l o a t i n g  i ce .  As a n  example, 

t h e  l o a d  a p p o r t i o n i n g  r a t i o  (q) i s  p l o t t e d  versus t h e  r a t i o  o f  v e r t i c a l  

f o r c e  o n  t h e  berm ( V B )  t o  t h e  h o r i z o n t a l  f o r c e  (HT) ,  i n  F i g u r e  7. The 

shown curves represen t  v a r i o u s  t e s t  r uns  t h a t  cor respond t o  two  v a l u e s  o f  

r u b b l e  l e n g t h  ( L )  t o  w a t e r  d e p t h  ( d )  r a t i o .  The t e s t s  were a l s o  conducted 

u s i n g  rough and smooth berms. 
- 

+ EQUATION ( 1 ) 

(a) ROUGH BERM 

I I 

t - EQUATION (1) 

WITH (P 125' 

- 

- 

i 

(b) SMOOTH BERM 

I 1 

F i g u r e  7: Force  a p p o r t i o n i n g  11 versus v e r t i c a l '  t o  h o r i z o n t a l  f o r c e  r a t i o  

( V B / H T )  f o r  ( a )  r o u g h  berm, L / d  = 4.5 and ( b )  smoo th  berm, 

L l d  = 4.5 f o r  t e s t  #2 and #4, L /d  = 9  f o r  t e s t  #7 ( f r o m  Timco e t  

a l . ,  1989) 

Again, these  t e s t s  i n d i c a t e  t h a t  grounded r u b b l e  behav iou r  i s  more 

complex t h a n  t h a t  o f  a  r i g i d  b l ock .  The measurements s h w  t h a t  g round ing  

r e s i s t a n c e  can be ove res t ima ted  i f  s imp ly  t a k e n  as t h e  v e r t i c a l  f o r c e  o n  

t h e  berm m u t i p l i e d  by a  f r i c t i o n  c o e f f i c i e n t .  
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) 

3.2 Growth o f  t h e  conso l i da ted  1  ayer: 

D e f i n i t i o n  and d e s c r i p t i o n  o f  t h e  cons01 i d a t e d  1 aye r  were g i v e n  

e a r l i e r  i n  t h i s  rev iew ( s e c t i o n  2.1). Timco and Goodr ich  (1988) measured 

t h e  r a t e  o f  c o n s o l i d a t i o n  ( o r  f r e e z i n g )  o f  i c e  rubble.  Experiments were 

conducted i n  a  model i c e  b a s i n  t o  examine t h e  i n f l u e n c e  o f  b lock  s i ze ,  a i r  

temperature,  and w ind  c h i l l  on f r e e z i n g  ra te .  The r e s u l t s  showed t h a t  

f r e e z i n g  r a t e  o f  i c e  r u b b l e  i s  approx imate ly  t w i c e  as h i g h  as t h a t  o f  1  eve1 

i ce. 

4.  MECHANICAL PROPERTIES OF I C E  RUBBLE 

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

p r e r e q u i s i t e  f o r  a n a l y s i s  o f  r u b b l e  f i e l d  behaviour.  The ma in  f e a t u r e s  o f  

t h e s e  p r o p e r t i e s  a r e  b r i e f l y  reviewed. More d e t a i l e d  i n f o r m a t i o n  can b e  

found i n  t h e  c i t e d  re ferences.  

Prodanov ic  (1979) t e s t e d  submerged r u b b l e  samples i n  a  d i r e c t  shea r  

box. H i s  r e s u l t s  i n d i c a t e d  t h a t  t h e  bu l k  r u b b l e  obeys t h e  MohrCoulomb 

c r i t e r i o n ,  unde r  a  c e r t a i n  range o f  s t r esses  and d isp lacement  ra tes .  O the r  

exper iments  by T a t  i n c l  aux and Cheng (1978), Ke i  nonen and Nyma n  (1978), 

Hel lman (1984),  and Fransson and Sandkv is t  (1985) were i n  agreement w i t h  

t h i s  conc lus ion.  Gale e t  a l .  (1985) used b o t h  d i r e c t  shear  and a  sma l l  

t r i a x i a l  c e l l  t o  t e s t  sma l l  r ubb le  samples. 

Ur roz  and Ettema (1987) used a  " t r u e "  s imp le  shea r  apparatus t o  t e s t  

f l o a t i n g  rubble.  T h e i r  set -up overcame many o f  t h e  problems assoc ia ted  

w i t h  d i r e c t  shear  t e s t s .  Sayed (1987) t e s t e d  d r y  r u b b l e  i n  a  p l ane  s t r a i n  

apparatus, and examined s t r a i n  r a t e  and temperature i n f l u e n c e  on t h e  

s t r eng th .  I n  a n o t h e r  r e l a t e d  s tudy ,  E t  tema and Schaefe r  ( 1  986) measured 

freeze-bonding s t r e n g t h  between i c e  b locks.  The shear  f o r c e  a t  t h e  c o n t a c t  

was found t o  depend on  f r e e z i n g  t ime,  temperature and normal s t ress .  

The ma in  outcome o f  t h e  above exper iments i s  t h a t  bu l k  r u b b l e  obeys 

. t h e  Mohr-Coulomb c r i t e r i o n .  Values o f  t h e  ang le  o f  i n t e r n a l  f r i c t i o n  v a r y  

f r o m  30' t o  50', and cohesion i s  n e g l i g i b l e .  S t r e n g t h  decreases w i t h  

i n c r e a s i n g  s t r a i n  r a t e s  (Urroz and ~ t t e m a ,  1987, and Sayed, 1987), and w i t h  

dec reas ing  tempera tu re  (Sayed, 1987). These r e s u l t s  a r e  t r u e  f o r  a  range 



o f  s t resses  and de fo rma t i on  modes t h a t  appear t o  be r e l e v a n t  t o  f i e l d  

cond i t i ons ,  i.e. de fo rma t i on  c o n s i s t s  o f  b lock  re-arrangement, b l ock  

f r a c t u r e  and s l i g h t  i c e  crushing.  It shou ld  be no ted  t h a t ,  u n d e r  c e r t a i n -  

c o n d i t i o n s  (e.g. h i g h  c o n f i n i n g  s t r esses ) ,  t h e  bu l k  r u b b l e  may f r e e z e  and 

deform as a  s i n g l e  b l ock  o f  s o l i d  i ce ,  wh ich  i s  n o t  i n  accordance w i t h  

f i e l d  observat ions.  

A l l  da ta  on mechanical  p r o p e r t i e s  a r e  f r om sma l l  s c a l e  l a b o r a t o r y  

t e s t s .  U n c e r t a i n t i e s  remain rega rd ing  t h e  e x t r a p o l a t i o n  o f  sma l l  s c a l e  

d a t a  t o  f i e l d  cond i t i ons .  Also, no i n f o r m a t i o n  i s  a v a i l a b l e  concern ing  t h e  

p r o p e r t i e s  o f  f r o z e n  ( c o n s o l i d a t e d )  rubble.  

5. ANALYTICAL METHODS 

5.1 Grounding res is tance :  

Only very  l i m i t e d  p rogress  has so  f a r  been achieved i n  m o d e l l i n g  l o a d  

t r a n s f e r  th rough  t h e  k e e l  o f  a  grounded p i l e u p  t o  t h e  berm. A s i m p l e  

method f o r  e s t i m a t i n g  g round ing  res i s tance ,  however, has been i n  use. It 

assumes t h a t  t h e  h o r i z o n t a l  f o r c e  a t  t h e  rubble/berm i n t e r f a c e  i s  equa l  t o  

a  f r i c t i o n  c o e f f i c i e n t  m u l t i p l i e d  by t h e  normal f o r c e  ( see  f o r  example K ry ,  

1977). The h o r i z o n t a l  f o r c e  p e r  u n i t  a rea  o f  t h e  berm wou ld  b e  g i v e n  by 

whe re  p i s  a  f r i c t i o n  c o e f f i c i e n t ,  y i s  t h e  s a i l ' s  bu lk  u n i t  we igh t ,  q i s  
s  

t h e  k e e l ' s  b u l k  u n i t  w e i g h t ,  yw i s  w a t e r  u n i t  weight ,  HS i s  t h e  average 

s a i l  h e i g h t ,  and H i s  t h e  average k e e l  depth. The f r i c t i o n  c o e f f i c i e n t  p 
k  

i s  u s u a l l y  cons idered t o  be  equal  t o  t a n  4, where 4 i s  t h e  a n g l e  o f  

i n t e r n a l  f r i c t i o n  o f  b u l k  rubble.  T h i s  method has been e l u c i d a t e d  i n  

numerous pub1 i c a t i o n s .  S i  nce t h e  approach i s  obvious, a  1  i s t i n g  of  t h a t  

l i t e r a t u r e  i s  n o t  g i v e n  here. 

In a  r e p o r t  by Canada Mar i ne  Eng inee r i ng  Ltd.  e t  a l .  (1986), seve ra l  

c a l c u l a t i o n  methods were given. It i n c l u d e s  a  f i n i t e  e lement  a n a l y s i s  o f  

1  a t e r a l  r u b b l e  1  oading. P r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  e x t e n s i v e  

computing w i l l  be r e q u i r e d  t o  d e a l  w i t h  t h i s  problem. A v a i l a b l e  1  i m i t e d  

r e s u l t s ,  however, g i v e  va lues  o f  f o r c e s  on t h e  berm and t h e  s t r u c t u r e  t h a t  



do n o t  appear t o  e x h i b i t  t h e  t rends  observed i n  t h e  f i e l d  (Croasdale, 1985; 

and Frederk ing,  1988) o r  t h e  l a b o r a t o r y  (Ward, 1984; and Timco e t  a l .  

1989). 

Ano ther  f i n i t e  element a n a l y s i s  by Evg i  n  and Morgenstern (1984) 

examined t h e  s t a b i l i t y  o f  o f f s h o r e  caissons. The a n a l y s i s  showed t h a t  t h e  

r e l a t i v e  s t i f f n e s s  o f  r ubb le  kee l ,  compared t o  t h a t  o f  t h e  f rozen  r u b b l e  

l a y e r ,  can have s i g n i f i c a n t  e f f e c t  o n  l o a d  t r a n s f e r  t h rough  t h e  rubble.  

5.2 S t r e s s  d i s t r i b u t i o n  i n  r u b b l e  f i e l d s  

Geometry o f  most r ubb le  f i e l d s  and l o a d i n g  c o n d i t i o n s  a t  t h e i r  

boundar ies  would g i v e  r i s e  t o  complex s t r e s s  d i s t r i b u t i o n s .  I n  a d d i t i o n  t o  

es t ima tes  o f  l o c a l  grounding res is tance ,  knowledge o f  s p a t i a l  s t r e s s  

v a r i a t i o n s  i s  needed t o  examine s t a b i l i t y  o f  t h e . - s t r u c t u r e  and t h e  r u b b l e  

f i e l d .  

The a n a l y s i s  o f  Sayed and F r e d e r k i n g  (1984) t r e a t s  t h e  bu lk  r u b b l e  a s  

a  Mohr-Coulomb m a t e r i a l  a t  c r i t i c a l  equ i l i b r i um.  S o l u t i o n s  o f  t h e  

e q u i l i b r i u m  equat ions  and y i e l d  c o n d i t i o n  gave s t r e s s  d i s t r i b u t i o n s  f o r  a  

range o f  boundary geometr ies and grounding forces. 

Ano ther  s i m p l e r  approach cons iders  t h e  e q u i l i b r i u m  o f  a  r i g i d  body, 

r e p r e s e n t i n g  t h e  rubble.  D e t a i l s  o f  complex geometr ies can be  t a k e n  i n t o  

account,  and r e s u l t i n g  f o r ces  can be checked f o r  f a i l u r e  cond i t i ons .  

C a l c u l a t i o n s  based o n  t h i s  approach were desc r i bed  by A1 l y n  and Wasi lewski  

(1979),  A l l y n  (1982), and Canada Mar ine  Eng inee r i ng  Ltd.  e t  a l .  (1986). 

A t  present ,  t h e r e  a r e  no a v a i l a b l e  d a t a  p e r t a i n i n g  t o  t h e  s p a t i a l  

s t r e s s  d i s t r i b u t i o n  f r om e i t h e r  f i e l d  obse rva t i ons  o r  l abo ra to r y  t e s t s .  

The models and c a l c u l a t i o n s  cannot be corroborated.  

A ca tegory  o f  s t u d i e s  addressed t h e  r e l a t e d  problem o f  f o r ces  due t o  

f l o a t i n g  rubble.  M e l l o r  (1980) cons idered b rash  i c e  t o  deform as a  

Mohr-Coulomb m a t e r i a l  and u t i l i z e d  s o i l  mechanics f o m l a s  t o  e s t i m a t e  t h e  

r e s i s t a n c e  t o  ships.  Krankala and Maattanen (1984) used a  s i m i l a r  approach 

t o  c a l c u l a t e  t h e  f o r c e s  on s t r u c t u r e s  due t o  moving rubb le  f i e l d s  and 

r idges .  Gurshunov (1987) used a  method based on  " r i g i d  body e q u i l i b r i u m "  

t o  s tudy s t r u c t u r e - f l o a t i n g  rubb le  f i e l d  i n t e r a c t i o n .  



5.3 Rubble consol  i d a t  i o n  

Kry (1977)  d iscussed  t h e  problem o f  consol  i d a t e d  1  a y e r  growth. Canada 

Mar i ne  Eng ineer ing  Ltd.  e t  a l .  (1986) l a t e r  developed a  model t h a t  t a k e s  

i n t o  account t h e  i n f l u e n c e  o f  w ind  v e l o c i t y ,  snow depth,  and s a i l  he igh t .  

P r e d i c t e d  conso l i da ted  ' layer  t h i cknesses  agreed w i t h  f i e l d  measurements. 

6. CONCLUDING REMARKS 

F i e l d  and l a b o r a t o r y  d a t a  rega rd ing  grounding r e s i s t a n c e  and s t r e s s  

d i s t r i b u t i o n  i n  r u b b l e  f i e l d s  a r e  very  l i m i t e d ,  and can o n l y  b e g i n  t o  

i n d i c a t e  t h e  c o m p l e x i t i e s  o f  r u b b l e  behaviour. It can b e  seen from f i e l d  

measurements, nonet heless, t h a t  grounded rubb le  f i e l d s  reduce t h e  1  oads 

a c t i n g  on  t h e  s t r u c t u r e s ,  r a t h e r  t h a n  i nc rease  them. 

The s imp le  method, c u r r e n t l y  i n  use ( e q u a t i o n  I ) ,  appears t o  

overes t imate  g round ing  r e s i s t a n c e  t o  a p p l i e d  h o r i z o n t a l  1 oads. More 

e l a b o r a t e  m o d e l l i n g  and measurements a r e  needed i n  o r d e r  t o  o b t a i n  

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

As f o r  s p a t i a l  s t r e s s  d i s t r i b u t i o n ,  a  number o f  c a l c u l a t i o n  methods 

a  r e  a1 ready ava i l ab le .  F u r t h e r  re f inements  o f  i n p u t  r u b b l e  geometr ies o r  

parameters a r e  u n l  i k e l y  t o  s u b s t a n t i a l l y  improve p r e d i c t i o n s  o f  t h e  " r i g i d  

body models". F i e l d  and l a b o r a t o r y  data,  however, a r e  needed t o  v e r i f y  t h e  

b a s i c  assumptions. 

Some 1 i m i t e d  i n f o r m a t i o n  f r om model i c e  b a s i n  t e s t s  i s  now a v a i l a b l e .  

F u r t h e r  t e s t s  a r e  needed t o  examine t h e  a p p r o p r i a t e  s c a l i n g  laws  and t h e  

e f f e c t s  o f  r ubb le  conso l i da t i on .  Other  f a c t o r s  r e q u i r i n g  s tudy i nc l ude :  

r u b b l e  geometry, th ree-d imens iona l  e f f e c t s  and t h e  t y p e  o f  r ubb le l be rm  

i nte r face .  

An e f f o r t  t o  compi le  and ana lyze  da ta  a v a i l a b l e  i n  a  number o f  t h e  

A r c t i c  P e t r o l  eun Opera to rs  A s s o c i a t i o n  (APOA)  r e p o r t s  woul d  produce a  

manageab le  and u s e f u l  r e f e r e n c e .  F u r t h e r  f i e l d  and  l a b o r a t o r y  

i n v e s t i g a t i o n s  shou ld  i nc l ude ,  i n  a d d i t i o n  t o  s t r e s s  measurements, r u b b l e  

c h a r a c t e r i z a t i o n  and o b s e r v a t i o n  o f  de fo rmat ion  modes i n  o r d e r  t o  g a i n  an  

unders tand ing  o f  t h e  re1  evant processes. 
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