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CONFINED COMPRESSIVE STRENGTH OF SEA ICE 

ABSTRACT 

The c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  h a s  been measured  

f o r  bo th  v e r t i c a l  (A-type)  and l a t e r a l  iB-type)  c o n f i n e m e n t  con-  

d i t i o n s  f o r  s e a  ice f r a n  t h e  B e a u f o r t  S e a .  The r e s u l t s  show 

t h a t  t h e  c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  is e x t r e m e l y  s e n s i t i v e  to 

t h e  s t r u c t u r e  o f  t h e  ice. For g r a n u l a r  ice, t h e  c o n f i n e d  com- 

p r e s s i v e  s t r e n g t h  f o r  bo th  A  and 6 t y p e  conf inemen t  is 19% 

h i g h e r  t h a n  f o r  u n c o n f i n e d  compress i -E  s t r e n g t h .  For  co lumnar  

i c e ,  t h e  c o m p r e s s i v e  s t r e n g t h  f o r  A-type c o n f i n e m e n t  c a n  be f o u r  

t i m e s  a s  h igh  a s  t h e  s t r e n g t h  o f  unconf ined  o r  B-type c o n f i n e d  

c o m p r e s s i v e  s t r e n g t h .  These  r e s u l t s  a r e  e x p l a i n e d  i n  t e r m s  o f  

b a s a l - p l a n e  g l i d e  i n  t h e  ice. The r e s u l t s  o f  t h e  tests a r e  used  

t o  e v a l u a t e  t h e  c o e f f i c i e n t s  of  an n- type y i e l d  f u n c t i o n  from 

p l a s t i c i t y  t h e o r y .  The f u n c t i o n a l  form o f  t h e  y i e l d  s u r f a c e  f o r  

t h e  c a s e s  o f  p l a n e  s t r a i n  and p l a n e  s t r e s s  i n  t h e  p l a n e  o f  t h e  

ice cover  a r e  p r e s e n t e d  and compared to t h e  c o r r e s p o n d i n g  func-  

t i o n s  f o r  f r e s h w a t e r  ice. 

INTRODUCTION 

Fhen an ice s h e e t  i n t e r a c t s  w i t h  a s t r u c t u r e ,  t h e  

s t r e s s  f i e l d  i n  t h e  i c e  c a n  be complex. I n  c e r t a i n  s i t u a t i o n s ,  

i n  t h e  p l a n e  o f  t h e  ice c o v e r ,  t h e  i c e  c a n  be i n  a  c o n f i n e d  l o a -  

d i n g  s t a t e .  As s u c h ,  i n f o r m a t i o n  on t h e  behav iour  o f  ice under  

c o n f i n e d  c o n d i t i o n s  is e x t r e m e l y  i m p c r t a n t .  T h i s  is e s p e c i a l l y  

s o  s i n c e  columnar  ice is an a n i s o t r o p i c  m a t e r i a l  w i t h  p r e s s u r e  

s e n s i t  lve m e c h a n i c a l  s t r e n g t h s  which a r e  d i f f e r e n t  f o r  t e n s i o n  



and compression.  Because of this, m n  n i s e s  and Tresca  y i e l d  

f u n c t i o w  a r e  not a p p r o p r i a t e  t o  d e x r i k  i c e  behaviour under 

b i - a x i a l  s t r e s s  c o n d i t i o n s .  I n  s p i t e  o f  its impor tance ,  t h e  

conf ined  s t r e n q t h  has been t e s t e d  under l i m i t e d  c o n d i t i o n s  o n l y  

For f reshwater  i c e  / 1 , 2 / ,  s a l i n e  i c e  /3/ and model i c e  /9/ but  

not fo r  sea  i c e .  I n  t h i s  f i r s t  a t t m p t  t o  measure t h i s  p r o p e r t y  

under f i e l d  c o n d i t i o n s ,  t h e  c o n f i n e d  s t r e n g t h  of  s e a  i c e  has  

been determined for  d i f f e r e n t  c o n f i n i w  d i r e c t i o n s  and d e p t h s  i n  

t h e  ice s h e e t  ( i .e .  d i f f e r e n t  g r a i n  s i z e  and t y p e )  f o r  one mmi- 

n a l  s t r a i n  r a t e  and orre t empera ture .  The r e s u l t s  o f  t h e  t e s t s  

-have  been used to de te rmine  t h e  numerical  va lue  of  t h e  c o e f f i -  

c i e n t s  fo r  an n-type y i e l d  f u n c t i o n  p o s t u l a t e d  for  s e a  i c e .  

EXPERIMENTAL 

The i c e  t e s t e d  i n  t h e s e  exper iments  was o b t a i n e d  i n  

January 1982 from a r a f t e d  s o l i d  block of  i c e  which was i n  t h e  

rubble  f i e l d  around T a r s i u t  I s l a n d ,  Gulf/Domels c o n c r e t e - c a i s s o n  

i s l a n d  i n  t h e  Beaufor t  Sea. S i x  i c e  b l o c k s  were c u t  through t h e  

dep th  of t h e  i c e  and t r a n s p o r t e d  to a m a l l  l a b o r a t o r y  i n  t h e  

Dome Petroleum base camp i n  Tuktoyaktuk where t h e  f i n a l  sample 

trimming and t e s t i n g  was performed. The s t r u c t u r e  o f  t h e  i c e  

was t y p i c a l  of s e a  ice from t h e  B e a u f o r t  Sea. I n  t h e  upper 2-3 

cm there.was a  l a y e r  o f  f ine-gra ined  snow i c e  (1-2 mn g r a i n  d i a -  

m e t e r ) .  Below t h i s  t h e  g r a i n  s i z e  i n c r e a s e d .  With i n c r e a s i n g  

dep th  t h e r e  was a  g r a d u a l  change t o  a  columnar s t r u c t u r e  o f  

average g r a i n  d iameter  o f  7mm. The g r a i n s  were columnar below a 

dep th  of about 30 cm with d i s t i n c t  banding a long  t h e  l e n g t h  of 

t h e  core .  There was a very s t r i c t  columnar g r a i n  s t r u c t u r e  o f  

t h e  i ce  a t  dep ths  o f  30-50 an and an abrup t  change a t  about  50 

cm t o  a  6 cm t h i c k  band of  a  f i n e r - g r a i n e d  mix o f  g r a n u l a r  and 

columnar c r y s t a l s .  Below t h i s  t h e  i c e  became s t r i c t l y  columnar 

aga in .  

F igure  1 shows a photograph of  the  sub-press  used to 

c r e a t e  the  confinement  c o n d i t i o n s .  B a s i c a l l y  it c o n s i s t s  o f  an 



aluminum base t o  which one r e i n f o r c e d  s i d e  wall  is f i rmly  se- 

cured.  The o t h e r  s i d e  wall  is f r e e  of the  base and, by using 

s i x  screw-clamps ( t h r e e  per s i d e )  it provides f irm confinement 

of  t h e  ice .  The upper p l a t e n  was a t t a c h e d  t o  t h e  c i r c u l a r  

p l a t e n  of  the  S o i l t e s t  p r e s s  ( 0 .05  MN c a p a c i t y )  which was used 

t o  genera te  t h e  pressure .  S ince  t h e  c i r c u l a r  p l a t e n  of  t h e  

p r e s s  is on a swivel  head, t h i s  compensates for  any i r r e g u l a r i -  

ties i n  p a r a l l e l i s m  of t h e  sample. The use of  t h e  sub-press re-  

q u i r e s  c a r e f u l  sample p r e p a r a t i o n  s i n c e  t h e  sample has to be a 

s p e c i f i e d  s i z e .  For t h i s  sub-press,  t h e  upper p l a t e n  width is 

5.0  an and t h e  he ight  of t h e  conf in ing  wal l s  is 19.5 an. As 

such,  t h e  i c e  p i e c e s  were trimmed with a band saw t o  a width o f  

5.5  can and a he ight  of 19.2 cm. Using a p o r t a b l e  t a b l e  p l a n e r ,  

t h e  s i d e s  of t h e  samples were c a r e f u l l y  planed t o  a t h i c k n e s s  o f  

5.1-5.2 cm. The e x t r a  1-2 inn width of t h e  sample was used to 

compensate for  any s l i g h t  non-paral lel ism of t h e  sample. After  

FIGURE 1 : I C E  P I E C E  SANDWICHED BETWEEN 

CONFINING PLATES I N  SUB-PRESS 



c u t t i n g  and p l a n i n g  t h e  ice to s i z e .  it was c a r e f u l l y  packaged  

a r d  s t o r e d  o v e r n i g h t  i n  a  s m a l l  f r e e z e r  at  a  t e m p e r a t u r e  o f  

-11'C. During t e s t i n g ,  o n l y  a  m a l l  number o f  s a m p l e s  were 

t a k e n  to t h e  test l a b  a t  any one  t i m e  i n  o r d e r  to t r y  t o  k e e p  

them a t  t h e  warmer t e m p e r a t u r e  f o r  t h e  test. 

T h r e e  d i f f e r e n t  conf inemen t  c o n f i g u r a t i o n s  *re  used .  

S i n c e  t h e  spec imens  were c u t  so a s  to l o a d  them i n  t h e  h o r i z o n -  

t a l  d i r e c t i o n  o f  t h e  o r i g i n a l  ice s h e e t ,  c o n f i n e m e n t  is p o s s i b l e  

on  (A) t h e  v e r t i c a l  s i d e s  o f  t h e  sample ,  (8) t h e  t o p  a n d  

bo t tom o f  t h e  sample ,  and (C) o n  r o n e  o f  t h e  s i d e s  o f  t h e  sample  

(i.e. u n i - a x i a l  c o m p r e s s i o n ) .  These  t y p e s  o f  c o n f i n e m e n t  are 

d e s i g n a t e d  A-type, B-type and C-type r e s p e c t i v e l y  /2/. S i n c e  

t h e  ice m a c r o s t r u c t u r e  c h a n g e s  from a  g r a n u l a r  t y p e  to co lumnar  

t y p e  wi th  i n c r e a s i n g  d e p t h ,  t h i s  a l l o w s  a  o m p a r i s o n  o f  r e s u l t s  

o b t a i n e d  on  t h e s e  tr;o g r a i n  s t r u c t u r e s  f o r  d i f f e r e n t  c o n f i n i n g  

c o n f i g u r a t i o n s .  I n  a l l  cases, t h e  p r e s s  was set a t  a  nomina l  

c ross -head  r a t e  o f  4 x  lo-' nun - s - I .  T h i s  c o r r e s p o n d s  to a 

nominal  s t r a i n  r a t e  o f  2  x  lo-' s-' f o r  t h e  samples .  

TEST RESULTS 

F i g u r e  2  shows stress a s  a  f u n c t i o n  o f  t i m e  f o r  t y p e s  

A, B  and C conf inemen t  f o r  samples  w i t h  a  g r a n u l a r  s t r u c t u r e .  

The s t r e s s  was c a l c u l a t e d  u s i n g  o = P/A where P is t h e  a p p l i e d  

l o a d  and A is t h e  i n i t i a l  c r o s s - s e c t i o n a l  a r e a  o n  which it is 

a p p l i e d .  I n  a l l  t h r e e  c a s e s  a  d u c t i l e - t y p e  f a i l u r e  o c c u r r e d .  

For  q r a n u l a r  ice, r e s u l t s  of A and B  t y p e  c o n f i n e m e n t  a r e  

e q u i v a l e n t .  The r e s u l t s  o f  a l l  tests i n  t h i s  l a y e r  ( 2  A-type,  

2  B-type, 4 C-type)  show t h a t  t h e  a v e r a g e  y i e l d  s t r e s s  f o r  t h e  

c o n f i n e d  tests (5.1 MPa) is 19% h i g h e r  t h a n  t h a t  measured f o r  

t h e  unconf ined  ( u n i - a x i a l )  tests (4.3 m a ) .  T h i s  d i f f e r e n c e  

seems r e a s o n a b l e  s i n c e  t h e  c o n f i n e m e n t  w u l d  t e n d  to i n h i b i t  

d e f o r m a t i o n  i n  some g r a i n s  which,  w i t h o u t  con£  inemen t ,  would 

c o n t r i b u t e  to t h e  f a i l u r e  o f  t h e  i c e  sample .  T h i s  g r a n u l a r  ice, 

which has  a  r e a s o n a b l y  i s o t r o p i c  s t r u c t u r e ,  c a n  be compared t o  



t h e  plane s t r a i n  t e s t s  done on f reshwater  T-1 (snow) i c e  /2/. 

In  t h e s e  l a b o r a t o r y  t e s t s ,  for  a  s t r a i n  r a t e  of lo-' s-i and a t  

a  t empera ture  of  -1OQC, t h e  measured s t r e n g t h s  w r e  5.2 W a  and 

6.8 MPa f o r  t h e  unconfined and conf ined  t e s t  r e s p e c t l i r e l y .  The- 

c o n f i n e d  s t r e n g t h  was t h e r e f o r e  31% higher than  t h e  unconfined 

s t r e n g t h , i n  reasonable  agreement with t h a t  observed for  g r a n u l a r  

s e a  ice .  Note, however, t h a t  t h e  a b s o l u t e  va lues  of  t h e  y i e l d  

s t r e n g t h  for  t h e  f reshwater  i c e  a r e  h igher .  

F igure  2 a l s o  shows t h e  s t r e s s  as a  f u n c t i o n  of  t i m e  

f o r  t y p e s  A, B and C confinement for  samples with a  columnar 

s t r u c t u r e .  I n  t h i s  c a s e ,  both B and C-type f a i l e d  i n  a  d u c t i l e  

f a s h i o n  a t  comparable y i e l d  s t r e s s e s  ( i . e .  s t r e n g t h s )  of  2.0 

MPa, whereas type  A e x h i b i t e d  a  s i g n i f i c a n t l y  d i f f e r e n t  s t r e s s -  

t ime curve .  For A-type w n f i n e m e n t ,  t h e  s t r e s s  i n i t i a l l y  in-  

c r e a s e d  a t  t h e  same r a t e  a s  t h a t  observed  f o r  B and C-type 

1 samples,  but  a f t e r  a  load ing  t ime of  "15 s, t h e  load ing  s t r e s s -  

r a t e  decreased  a s  t h e  s t r e s s  i n c r e a s e d  t o  l e v e l s  3-4 t i m e t  

h igher  t h a n  for  t h e  B and C type  confinement.  These h igh  
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s t r e n g t h  w l u e s  for  t h i s  type  of confinerbent c l e a r l y  shows t h e  

a n i s t r o p i c  f a i l u r e  mode for  t h i s  co lumrar  i c e .  

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

by a p r e f e r r e d  basa l -p lane  o r i e n t a t i o n  and g r a i n  boundary d i r e c -  

t i o n  such t h a t  deformation is t~ d i ~ n s l o n a l  i n  t h e  p l a n e  o f  

t h e  i c e  cover.  I n  A-type conf inement ,  t h e  c o n f i n i n g  p l a t e s  and 

l o a d i r q  p l a t e n s  a r e  o r i e n t e d  so a s  u prevent  deformat ion  i n  

t h i s  plane. As such,  t h i s  deformat ion  is i n h i b i t e d  and t h e  i c e  

must deform i n  t h e  long d i r e c t i o n  o f  t he  g r a i n s .  S i n c e  t h e  

g r a i n  boundaries and b a s a l  p l a n e s  a r e  not o r i e n t e d  to accomno- 

d a t e  t h i s ,  an e l o n g a t i o n  of  t h e  c o l u r n s  r e q u i r e s  some type  o f  

non-basal g l i d e .  This  type  of  deformat ion ,  b w e v e r  , r e q u i r e s  

s t r e s s e s  much g r e a t e r  than  those  a s s o c i a t e d  with b a s a l  g l i d e  

/4/. Therefore ,  t h e  s t r e s s e s  r e q u i r e d  for  y i e l d  of  t h e  columnar 

i c e  with A-type confinement a r e  s i g n i f i c a n t l y  higher t h a n  f o r  

unconfined or B-type confinement where deformat ion  wi th  b a s a l  

g l i d e  is allowed. For s i m i l a r  r e a s o n s ,  t h e r e  is no s i g n i f i c a n t  

d i f f e r e n c e  i n  s t r e n g t h  between B and C-type confinement for  

columnar ice.  

The depth dependence of  t h e  r e s u l t s  o f  t h e  A, B and C 

type t e s t s  a r e  shown i n  F igure  3. T h i s  f i g u r e  c l e a r l y  shows t h e  

t r e n d s  d i scussed  above: viz. t h e  comparable r e s u l t s  for  B and 

C-type confinement for  g r a n u l a r  i c e ,  t h e  h igher  s t r e n g t h s  f o r  

both confined c o n d i t i o n s  as compared to t h e  u n i - a x i a l  c a s e  f o r  

t h e  g r a n u l a r  i c e ,  t h e  a m p a r a b l e  r e s u l t s  for  B and C t y p e s  con- 

finement for  t h e  columnar ice, and t h e  s i g n i f i c a n t l y  h i g h e r  

s t r e n g t h s  observed for  A-type confinement o f  t h e  columnar ice. 

I n  a d d i t i o n  t o  t h e s e ,  however, t h e r e  a r e  s e v e r a l  o t h e r  f e a t u r e s  

t o  note from t h i s  graph. With i n c r e a s i n g  depth ,  t h e  s t r e n g t h  

for  A-type compression i n c r e a s e s  whereas the  s t r e n g t h  f o r  B and 

C-type wmpress ion  decreases .  This  r e f l e c t s  t h e  change from a 

granular  s t r u c t u r e  to columnar s t r u c t u r e  with i n c r e a s i n g  depth .  

The most s t r i k i n g  f e a t u r e  o f  t h e  graph ,  however, is t h e  "dip" i n  

t h e  A-type s t r e n g t h  and t h e  r i s e  i n  t h e  8-type s t r e n g t h  f o r  

d e p t h s  of  46-56 an. T h i s  depth cor responds  t o  t h e  d e p t h  o f  t h e  



band of g r a n u l a r  i c e  observed in  t h e  examination of  - t h e  s t r u c -  

t u r e  of  t h e  i c e .  T h i s  d r a m a t i c a l l y  demons t ra tes  t h e  s e n s i t i v i t y  

of  y i e l d  s t r e s s  t o  i c e  s t r u c t u r e  and load w n d i t i o n s .  

FlaURE 8 : CONFINED COMPRESSIVE STRENGTH 

VERSUS DEPTH IN THE ICE SHEET 

APPLICATION OF RESULTS TO PLASTICITY THEORY 

P l a s t i c i t y  theory  p r o v i d e s  a means of  t h e o r e t i c a l l y  

p r e d i c t i n g  t h e  i c e  c r u s h i n g  f o r c e s  in  a dynamic i c e - s t r u c t u r e  

i n t e r a c t i o n .  T h i s  t h e o r y  was i n i t i a l l y  developed to d e s c r i b e  

t h e  deformation and f a i l u r e  of  meta l s ,  soils and rocks ,  and h a s  

r e c e n t l y  been a p p l i e d  to i c e  problems. As a b a s i c  p a r t  of  p las -  

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

s t r e n g t h  behaviour Of t h e  m a t e r i a l  wst be formulated.  The re-  

s u l t s  of t h e  p r e s e n t  t e s t s  can be used to h e l p  e v a l u a t e  t h e  

t y p e s  of  y i e l d  f u n c t i o n s  which a r e  most s u i t a b l e  f o r  & s c r i b i n g  

ice s t r e n g t h s ,  and i n  determining t h e  a p p r o p r i a t e  v a l u e s  of  t h e  

y i e l d  f u n c t i o n  c o e f f i c i e n t s .  Ra ls ton  and Minicke /5,7/ have 



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

a p p r o p r i a t e  y i e l d  f u n c t i o n s ,  and more r e c e n t l y ,  h a w  a p p l i e d  

t h i s  approach  to c a l c u l a t e  ice f o r c e s  on  i n d e n t e r s  /8/ and c o n i -  

c a l  s t r u c t u r e s  / 6 / .  T h e i r  a n a l y s i s ,  however ,  was based  o n  t h e  

tests r e s u l t s  on c o n f i n e d  f r e s h w a t e r  ice. For s e a  ice, t h e  

b r i n e  i n  t h e  ice r e d u c e s  t h e  s t r e n g t h .  T h i s  w i l l  a l t e r  t h e  

v a l u e s  of  t h e  y i e l d  f u n c t i o n  c o e f f i c i e n t s .  C o e f f i c i e n t s  approp-  

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

o b t a i n e d  from t h e  p r e s e n t  test r e s u l t s .  

I n  b r i e f ,  y i e l d  f u n c t i o n s  f o r  e l a s t i c - p e r f e c t l y  p l a s -  

t i c  m a t e r i a l s  are u s u a l l y  p r e s e n t e d  i n  t h e  form f ( o i j )  = 0  

where £ ( a i j )  is some a l g e b r a i c  c o m b i n a t i o n  o f  stress compon- 

e n t s  a i j .  For f<O, t h e  s t r e s s  s t a t e  is e l a s t i c ,  h h e r e a s  f o r  

f=O, t h e  m a t e r i a l  is a t  y i e l d  ( i .e .  i n  t h e  p l a s t i c  s ta te) .  

R a l s t o n  /5/ h a s  shown t h a t  f o r  ice, which is a n  a n i s o t r o p i c  

m a t e r i a l ,  a n  n-type y i e l d  f u n c t i o n  o f  t h e  f o l l o w i n g  form is ap- 

p r o p r i a t e  

where a 6  = 2  (a1+2a3)  and t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  a l ,  a3 , ,  

a 7  and a g  c a n  be d e t e r m i n e d  from t h e  u n i - a x i a l  c o m p r e s s i v e  

(C,) and t e n s i l e  (T,) s t r e n g t h s  and t h e  A ( aA)  and  B 

( aB)  t y p e  c o n f i n e d  s t r e n g t h s .  F o l l o w i n g  R a l s t o n ' s  /5/ a n a l y -  

sis y i e l d s  fou r  e q u a t i o n s  f o r  t h e  f o u r  unknown c o e f f i c i e n t s .  

S o l v i n g  t h e  e q u a t i o n s  u s i n g  t h e  s t r e n g t h  v a l u e s  f o r  s e a  ice o f  

Cx=2.2 m a ,  T,=0.5 MPa, aA=9.0 MPa and aB=2.2 MPa g i v e s  

a1=0.19 ~ p a - ' ,  a3=0.72 ma- ' ,  a 7 ~ 1 . 5 5  m a - '  and ag=-0.82 m a - ' .  

T h i s  r e s u l t  is a p p l i c a b l e  to s e v e r a l  problems.  One 

s u c h  problem,  t h a t  o f  t h e  i n d e n t a t i o n  o f  a n  i c e  s h e e t  by a  f l a t  

v e r t i c a l  i n d e n t e r  is o f  p a r t i c u l a r  i n t e r e s t  i n  ice mechan ics .  

T h i s  problem i n v o l v e s  tw l i m i t i n g  s i t u a t i o n s :  t h e  c o n d i t i o n  o f  

p l a n e  s t r a i n  c o r r e s p o n d i n g  to a  na r row i n d e n t e r  i n  a  t h i c k  ice 



s h e e t  and p l a n e  s t r e s s  c o r r e s p o n d i n g  to a wide i n d e n t e r  i n  a  

t h i n  ice s h e e t .  Based on t h e  a e n e r a l i z e d  y i e l d  f u n c t i o n  (equa-  

t i o n  ( 1 ) )  wi th  t h e  a p p r o p r i a t e  c o e f f i c i e n t s  and R a l s t o n ' s  /'5/ 

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

s t r a i n  i n  t h e  p l a n e  o f  t h e  ice s h e e t  is 

and f o r  p l a n e  s t r e s s  i n  t h e  p l a n e  o f  t h e  ice s h e e t  

! 
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FIGURE 4 : YIELD SURFACES FOR SEA ICE 

AND FRESHWATER ICE AT A COMPARABLE 

LOADING RATE AND TEMPERATURE 

T h e s e  y i e l d  f u n c t i o n  e n v e l o p e s  a r e  shown i n  F i g u r e  4. I n c l u d e d  

i n  t h i s  E igure  is t h e  c o r r e s p o n d i n q  p l a n e  s t r e s s  e l l i p s e  f o r  

f r e s h w a t e r  i c e  a t  t h e  same s t r a i n  r a t e  and t e m p e r a t u r e  based on  

F r e d e r k i n g ' s  /2/  r e s u l t s .  Comparing t h e  p l a n e  s t r e s s  e l l i p s e s  

f o r  s e a  ice and f r e s h w a t e r  ice it is c l e a r  t h a t  a l t h o u g h  t h e y  

a r e  q u a l i t a t i v e l y  s i m i l a r ,  they a r e  quantitatively wry d i f f e r -  



ent .  I n  any a n a l y s i s  of t h e  i n d e n t a t i o n  of  an indenter  i n  sea  

i c e  using p l a s t i c i t y  theory ,  t h e  use of t h e  y i e l d  f u n c t i o n  de- 

r ived i n  t h i s  a n a l y s i s  should g i v e  lmre r e l i a b l e  r e s u l t s .  
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