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Le comportement au po in t  de vue des  di3ormations e t  de l a  
r'es i s t a n c e  d'e 'chantil lons de g lace  columnaire g ranu la i r e  
o r i e n t ' e s  h o r i z o n t a l e m e n t  a  S t 6  mesurs  i n - s i t u .  Le s 
Cchant i l lons cy l indr iques  on t  dt'e plac'es e n t r e  l e s  plateaux 
d'une machine d ' e s s a i  e t  l e s  dchant i l lons  en  forme de  prisme 
e n t r e  des  plateaux en a c i e r  de f q o n  3 o b t e n i r  diff 'erentes  
r ig id i t ' e s  du mdcanisme de  l a  machine d 'essa i .  C e  d e r n i e r  a  un 

e f f e t  non n'egligeable s u r  les mesures de  r 'esistance lo rsque  les 
r ' e su l t a t s  son t  interpr'et 'es en  fonc t ion  des  taux  de  di3ormation 
nominale; mais, exprim& en taux de cont ra in tes ,  c e t t e  
in f luence  a  'etg presque totalement Climin'ee. La r 'es is tance de 

l a  g lace  g ranu la i r e  (2,5 - 4 MPa) a  CtS nettement sup'erieure 3 
c e l l e  de l a  g lace  g ranu la i r e  columnaire (1 - 2,5 MPa). M i s  3 
p a r t  l a  s t r i c t u r a - ~ . ~  -*A- ---y son t  t ous  

rompus lorsqv 10'~- 
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UNIAXIAL COMPRESSIVE STRENGTH AND 

DEFORMATION OF BEAUFORT SEA ICE 

Abstract  

S t rength  and deformation behaviour of ho r i zon ta l l y  o r i e n t e d  

specimens of g r anu la r  and co lumnargra ined  i c e  were measured i n  

t h e  f i e l d .  Cy l ind r i ca l  specimens were loaded on compliant 

p l a t e n s  and pr ismoidal  specimens on s t e e l  p l a t e n s  t o  provide a  

range of loading system s t i f f n e s s .  Loading system s t i f f n e s s  

proved t o  have a  s i g n i f i c a n t  e f f e c t  on s t r e n g t h  when t h e  r e s u l t s  

were i n t e rp re t ed  i n  terms of nominal s t r a i n  r a t e ,  but i n  terms of 

s t r e s s  r a t e  i t  was l a rge ly  eliminated. The s t r e n g t h  of t h e  

granular  i c e  (2.5 - 4 m a )  was s u b s t a n t i a l l y  higher  than t h a t  of 

columnar-grained i c e  (1 - 2.5 m a ) .  Regardless of g r a i n  

s t r u c t u r e ,  t h e  specimens a l l  f a i l e d  by y i e ld ing  a t  a s t r a i n  of 

about 3 x 

1 INTRODUCTION 

Increas ing  i n t e r e s t  i n  Arc t i c  regions has  r e su l t ed  i n  expanding 

demands f o r  knowledge of t h e  mechanical p r o p e r t i e s  of s e a  i c e ,  

information t h a t  is  e s s e n t i a l  i n  e s t a b l i s h i n g  design i c e  loads on 

o f f sho re  s t r u c t u r e s  and i n  t r a n s f e r r i n g  performance experience on 

e x i s t i n g  s t r u c t u r e s  t o  new loca t ions .  Measured mechanical 

p r o p e r t i e s  a r e  dependent on f a c t o r s  t h a t  can be d iv ided  i n t o  two 

ca t ego r i e s  t h e  physical  p rope r t i e s  of t h e  i c e  and the  

c h a r a c t e r i s t i c s  of t h e  t e s t  system. Phys ica l  p r o p e r t i e s  of i c e  

include g r a i n  s t r u c t u r e  and s i z e ,  temperature,  s a l i n i t y ,  poros i ty  

and a i r  content .  Tes t  system c h a r a c t e r i s t i c s  include b a s i c  



s t i f f n e s s  of t h e  load ing  frame, loading f i x t u r e s ,  and machine 

capaci ty .  A s  has been pointed out  by t h e  IAHR I c e  Test ing 

Methods Working Group 111, i t  i s  necessary t o  document a s  

completely a s  pos s ib l e  a l l  f a c t o r s  a f f e c t i n g  measured r e s u l t s .  

2  SAMPLE ACQUISITION AND SPECIMEN PREPARATION 

The i c e  used i n  t h i s  study was cu t  6  January 1982 from a r a f t e d  

block (- 5 m x 5 m x 0.8 m t h i ck )  i n  a  rubble  f i e l d  about 20 m t o  

t he  w e s t  of T a r s i u t ,  a  caisson-retained i s l and  about 40 km 

o f f sho re  i n  t h e  Beaufort  Sea. The rubble  had formed 4 January 

1982 so  t h a t  t h e  i c e  had only r ecen t ly  been exposed. Mean a i r  

temperature was about -35°C. Fur ther  d e t a i l s  of sample 

a c q u i s i t i o n  and t r a n s p o r t a t i o n  a r e  descr ibed i n  a  companion paper 

i n  t he se  proceedings 131. 

The upper 30 c m  of t he  i c e  cover comprised granular  ice with  a  

g r a i n  s i z e  i nc reas ing  from 1 mm a t  t h e  t op  t o  3  mm a t  a  depth of 

, 30 cm. The lower 50 cm of t h e  i c e  cover comprised columnar 

g r a i n s  of 5  t o  10 mm. A more complete d e s c r i p t i o n  of t h e  

phys ica l  c h a r a c t e r i s t i c s  of t h e  i c e  is a v a i l a b l e  141. Horizontal  

cores  7.56 cm i n  diameter were taken from depths  of 15-20 cm ( top  

specimens) and 60-65 cm (bottom specimens) t o  make c y l i n d r i c a l  

specimens f o r  u n i a x i a l  compression tests. The i c e  i n  t h e  top  

. specimens showed a  discont inuous columnar s t r u c t u r e ,  wi th  

columnar g r a i n s  about 1  cm long and 1-3 mm i n  diameter. Columnar 

i c e , i n  the  bottom.specimens (g ra in  diameter 8 mm) showed a  

tendency f o r  a  p r e f e r r ed  azimuthal o r i e n t a t i o n  of t h e  c-axis i n  

t h e  ho r i zon ta l  plane a t  an angle  of about 30 deg t o  t h e  a x i s  of 

t h e  specimen. 

Cy l ind r i ca l  specimens 23, 20, 15 and 10 cm long were c u t  t o  

optimize use  of t h e  a v a i l a b l e  p i eces  of core. No f u r t h e r  end 

prepara t ion ,  o ther  than brushing off loose  snow, was c a r r i e d  out .  

A s e t . o f  10 pr ismoidal  specimens from seven d i f f e r e n t  l e v e l s  i n  

t h e  i c e  was prepared f o r  un i ax i a l  compression tests. They were 



19.2 cm long by 5.5 cm wide by 5.1 c m  t h i ck  and t h e  ends were 

smoothed wi th  f i n e  emery paper t o  provide a polished f l a t  

surface.  S a l i n i t y  was i n  t h e  range 4.5 5 5X0, and i c e  dens i ty  

was 900 k 10 kg/m3. 

3 TEST PROCEDURE 

Tes t ing  was ca r r i ed  out  on a motorized 0.05 MN capac i ty  

compression t e s t e r  ( S o i l t e s t  CT-405), a screw-drive machine w i th  

ac tua to r  r a t e s  i n  t h e  range 0.2 t o  4 mmlmin. "Maraset" compliant 

p l a t e n s  were used t o  e l imina t e  t h e  e f f e c t  of i r r e g u l a r i t i e s  and 

t o  reduce r a d i a l  s t r e s s e s  a t  t he  ends of t he  c y l i n d r i c a l  

specimens. Two extensometers were f i x e d  d i r e c t l y  t o  t h e  

specimen, t h e i r  output  averaged t o  ob t a in  s t r a i n .  Continuous 

records of load versus  t i m e  and displacement versus  t i m e  were 

made. A t y p i c a l  record i s  presented i n  Figure 1, and d e f i n i t i o n s  

of y i e l d  s t r e s s ,  u, load ing  s t r e s s  r a t e ,  average s t r e s s  r a t e ,  
2 ' 

a s t r a i n  a t  y i e ld ,  E and s t r a i n  r a t e  a t  y i e ld ,  E a r e  
av ' Y '  Y '  

LOADING STRESS 

STRESS, 

RATE, bA,, 

STRAIN RATE AT YIELD, i 

T I M E ,  s 

1 - 5 1  1 I ! I I 1 

Z 1 . 0  - 
z 

I V) 

V) 

W P: 8 = -11°C 
+ V) 0 . 5 ~  s - 5 Olm Figcire 1. Stress- t ime 

and s t r a in - t  ime curves 
' f o r  test 1 on 

D $ y l i n d r i c a l  specimen: 
D 1 2 3 4 5 

%om = 2 x 10-4 s-1, 

S T R A I N .  test temperature -1 1°C 
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. 
i l l u s t r a t e d .  Nominal s t r a i n  r a t e ,  E is  nominal machine speed 

nom ' 
divided by specimen length. The prism specimens were loaded on 

s t e e l  p l a t ens  t o  o b t a i n  a s t i f f e r  loading system. Before 

t e s t i n g ,  a l l  specimens were s to red  i n  a ches t  f r e e z e r  a t  -11 2 

1°C. 

4 TEST RESULTS AND DISCUSSION 

Complete test r e s u l t s  a r e  tabula ted  i n  Table 1 ,  and s t r e n g t h  

versus  load ing  s t r e s s  r a t e  i s  p l o t t e d  i n  Figure 2. The r e s u l t s  

from the  top and bottom cores  f a l l  i n t o  d i s t i n c t l y  d i f f e r e n t  

groups t h a t  can be r e l a t e d  t o  g r a i n  s t ruc tu re .  The l a r g e r  

grained bottom specimens, wi th  p re fe r r ed  c-axis o r i e n t a t i o n  a t  30 

deg t o  t h e  specimen a x i s ,  had ha l f  t h e  s t r e n g t h  of t h e  more 

granular  top  specimens when t e s t e d  a t  comparable s t r e s s  r a t e s .  

Also presented on F igure  2 a r e  s t r e n g t h  r e s u l t s  a t  a s i n g l e  

nominal s t r a i n  r a t e  of 2 x s-l f o r  prism specimens a t  

d i f f e r e n t  l e v e l s  i n  t h e  i c e  cover; t h e  number i n  bracke ts  

following each datum point  r ep re sen t s  t he  average depth ( i n  cm) 

of each specimen. It may be seen  t h a t  t h e  test r e s u l t s  f o r  t h e  

prism specimens i n  t h e  upper p a r t  of t h e  i c e  cover agree  wi th  t h e  

va lues  f o r  t h e  t o p  cyl inders .  S imi l a r ly ,  t h e  prisms a t  depths  

between 40 and 60 cm have s t r eng ths  s i m i l a r  t o  those of t h e  

bottom cyl inders .  Specimens a t  depths  of 23 and 29 cm, where 

6 I I I I I I I ~ I  1 1  

---- 0 TOP CYLINDERS 
lo+ , -I  <("_ < B r  ,0-4 , - I  - B o n o M  cYLlNDERsI o 

5 - PRISMS 2 nm 2 ,  - 

rn n 

E 4 -  

a 

z 2 - Figure 2. Uniaxial  
> compressive s t r e n g t h  of 

hor i zon ta l l y  Beaufort 
- 

Sea, -l l°C. ( ) Depth 
o i n  cm of prism 

o r 1 1 1  I I I 1 1 1 1 1 ~  t I specimens; [ I Length 
0.006 0.01 0.02 0.04 0.06 0.1 0.2 0.4 

i n  c m  of c y l i n d r i c a l  
L O A D I N G  S T R E S S  R A T E ,  a;. MPa s-' specimens 



grain structure is columnar but grain size smaller than at 

greater depths, have strengths intermediate between those of the 

top and bottom cylinders. This points to the importance of grain 

TABLE 1 Uniaxial Compression Data Test Temperature: -11' f 1°C 

a Yield Loading Strain Time Strain Nominal 
Test No. Stress Stress at to Rate at Strain 

MPa Rate Yield Yield Yield Rate 
kPa s-l x lo3 .--I lo4 ,--I. lo4 

Cylindrical Specimens 

Prism Specimens 

* Specimen length, cm; ** B for bottom specimens, T for top 
specimens; ***No compliant platen; + Mean depth of specimen 
in ice cover, cm 



s t r u c t u r e  and g r a i n  s i z e  i n  determining s t rength .  It i s  a l s o  

noteworthy t h a t  s t r e n g t h  r e s u l t s ,  on a  s t r e s s  r a t e  b a s i s ,  a r e  

q u i t e  s i m i l a r  f o r  simply prepared specimens'on compliant p l a t e n s  

and f i n e l y  prepared prism specimens on s t e e l  platens.  

A power func t ion  can be f i t t e d  t o  t h e  s t r e n g t h  versus  load ing  

stress r a t e  r e s u l t s .  The expression f o r  t h e  top  specimens 

(granular  i c e )  i s  

with  a  c o r r e l a t i o n  c o e f f i c i e n t  r2 = 0.63. The expression f o r  t h e  

bottom specimens (columnar i c e )  i s  

with  a  c o r r e l a t i o n  c o e f f i c i e n t  r2 = 0.74. In both equa t ions  (1) 

and (2) a has u n i t s  of MPa and MPa s-l. These s t r e n g t h  
R 

equat ions can be expressed i n  terms of average stress r a t e  oav 

using the  r e l a t i o n  

w i th  a  c o r r e l a t i o n  c o e f f i c i e n t  r2 = 0.99. Equation (3) i s  

determined from t h e  s t r e s s  r a t e  d a t a  of a l l  t h e  top  and bottom 

specimens presented i n  Table  1 and can be used t o  convert  

equat ions ( 1 )  and (2)  from a loading s t r e s s  r a t e  b a s i s  t o  an  

average stress r a t e  basis .  The r eade r  should be caut ioned no t  t o  

ex t r apo la t e  t h e  preceding o r  fol lowing empir ica l  equat ions beyond 

t h e  range.of  t h e  experimental  da ta ;  such ex t r apo la t i on  could l ead  

t o  absurd conclusions.  

Expressing y i e l d  s t r e s s  of columnar-grained i c e  i n  terms of 

average s t r e s s  r a t e  g ives  

This  compares wi th  r e s u l t s  of tests on ho r i zon ta l l y  o r i en t ed  

specimens of co lumnargra ined  f i r s t - y e a r  s e a  i c e  from Pond I n l e t  

and Mould Bay which gave 121 

A number of f a c t o r s  such a s  g r a i n  s i z e  and b r i e n t a t i o n ,  specimen 

prepara t ion ,  t e s t  machine, e tc .  , d i f f e r  (between t h e  two d a t a  

sources ,  equat ions ( 4 )  and ( 5 ) ) ,  but over t h e  average s t r e s s  r a t e  

range of 1 0 ' ~  t o  10-1 MPa s'l s t r e n g t h  r e s u l t s  a r e  comparable. 



It has been pointed ou t  t h a t  t h e  s t r e n g t h  r e s u l t s  can be examined 

i n  terms of time t o  y i e l d  o r  f a i l u r e  i n  order  t o  v e r i f y  t h e  

s a t i s f a c t o r y  performance of a  t e s t  machine 121. This  has  been 

done i n  Fig. 3, which shows t h a t  t h e r e  is a t rend towards 

decreasing time t o  y i e l d  w i th  i nc reas ing  s t r eng th ,  a s  would be 

expected. The curves drawn through the  datum po in t s  a r e  

r eg re s s ion  l i n e s ,  bu t  s i n c e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  were 

q u i t e  low, no equat ions a r e  presented. ,. 

I n  Figure 1 i t  may be seen t h a t  a l though t h e  t e s t  .:ns run a t  a  

cons tan t  nominal s t r a i n  r a t e  of 2 x s-l, s t r a i n  r a t e  i s  f a r  

from constant.  Over t he  range of loe5 s-1 t o  s-1 t h e  s t r a i n  

r a t e  a t  y i e l d  i s  about 70% of t h e  nominal s t r a i n  r a t e .  Also 

shown (Figure l c )  is  a l i n e  represen t ing  the  dynamic e l a s t i c  

modulus determined from b r ine  volume 151. The h igher  measured 

s lope  a t  very small  s t r a i n s  suggests  experimental e r r o r  i n  t h e  

s t r a i n  measurements. 

Space l i m i t a t i o n s  preclude p l o t t i n g  t h e  s t r e n g t h  r e s u l t s  on a  

s t r a i n  r a t e  bas i s ,  but  c l o s e  examihation of t h e  d a t a  i n  Table  1 

i nd i ca t e s  t h a t  a t  a  given nominal s t r a i n  r a t e  t he re  is  a 

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  f o r  compliant and s t e e l  

platens.  A t  a nominal s t r a i n  r a t e  of 2 x 10'~ s'l t h e  s t r e n g t h s  

of g r anu la r  i c e  were 3.4 and 4.0 MPa f o r  compliant and s t e e l  

------- 4 TOP CYLINDERS 

BOnOM CYLINDERS 

c. 

Figure 3. Uniaxial  
compressive s t r e n g t h  vs 
time t o  y i e l d  of f i r s t -  
yea r  s e a  i c e  from t h e  

o 0 Beaufort Sea, -11°C. 
2 0  30 40 5 0  70 l o o  2 0 0  300 400 ( ) Depth i n  cm of 

Y I E L D  T I M E ,  t y ,  s prism specimens 



pla tens ,  r e spec t ive ly ,  and f o r  columnar ice, 1.6 and 2.1 MPa. 

Differences can be explained i n  terms of t e s t  system s t l f f n e s s .  

The r e s u l t s  f o r  c y l i n d r i c a l  specimens were examined t o  determine 

t h e  e f f e c t  of specimen l eng th  a t  t h e  nominal s t r a i n  r a t e  of 

2 x s-l, but no sys temat ic  in f luence  could be e s t ab l i shed .  

On t h e  o t h e r  hand, p l o t t i n g  r e s u l t s  on a  s t r e s s  r a t e  b a s i s  ( s e e  

datum poin ts  i n  square bracke ts ,  Fig. 2 )  confirmed t h e  p a t t e r n  of 

i nc reas ing  s t r e n g t h  w i th  i nc reas ing  s t r e s s  r a t e .  Examination of 

y i e l d  s t r a i n  and s t r e n g t h  showed considerable  s c a t t e r ,  wi th  no 

apparent  r e l a t i o n  between them. The average s t r a i n  a t  y i e l d  was 

2.75 + 1.35 x f o r  a l l  t h e  specimens; t h e r e  was no 

s i g n i f i c a n t  d i f f e r e n c e  between g ranu la r  and columnar ice. 

An inves t i ga t ion  was a l s o  made of t h e  s t i f f n e s s  of t h e  test 

machine and loading  system. S t i f f n e s s  f o r  t h e  whole system c a n .  

be q u i t e  d i f f e r e n t  from t h a t  of t he  b a s i c  test machine owing t o  

t h e  in f luence  of t h e  load  c e l l ,  p l a t ens ,  alignment j o i n t s ,  e t c .  

The c h a r a c t e r i s t i c s  of t h e  system were t he re fo re  determined by 

. loading a  specimen of known cons tan t  e l a s t i c i t y  and measuring t h e  

load,  movement of the.screw jack, and load frame de f l ec t i on .  The 

t e s t  machine, i t s  components, and t h e  po in t s  between which 

de f l ec t i ons  were measured a r e  shown i n  Figure 4a ( a  schematic of 

t h e  specimen and loading  system i s  presented i n  Figure 4b). 

L O A D I N G  J A C K  

D E F L E C T I O N  I I 

L O A D I N G  

' ( 1 3  
S Y S T E M  

K S P E C I M E N  

a 1  L O A D I N G  M A C H I N E  b l  T E S T  S Y S T E M  

Figure  4. Schematics of arrangements f o r  determining loading  
system s t i f f n e s s  



Loading system stiffness, Kas, is defined as 
AP = - .  (6) 
6 -6s 
j 

where AP is a load -increment, 6. is the corresponding 
J 

displacement increment of the screw jack, and 6s is the resulting 

deformation increment of the specimen. 6s is defined as 

AP a 
(7) 

where E is the elastic modulus of the specimen, 11 is its length, 

and A its cross-sectional area. Substituting equation (7) in 

( 6 ) ,  the following equation. for determining loadi~m system 

stiffness is obtained 

J~~ 

Tests were conducted in a cold room at -lS°C with an aluminum 

specimen (a = 200 mm, diameter = 76.2 mm, and E = 70 GPa) and 

compliant platens. The basic frame stiffness measured between 

the upper cross-head and screw-drive jack was about 

200 x lo6 N/m. The actual stiffness of the loading system, as 

calculated from equation (8) and measurements of load and screw- 

jack displacement, is presented in Figure 5. It may be seen that 

the stiffness of the loading system with compliant platens is not 

a constant, but a function of load and rate; loading system 

stiffness is substantially less than load frame stiffness. In 

tests with the aluminum specimen between steel platens, loading 

system stiffness was nearly constant (100 MN/m) for loads up to 

0.06 MN. 

I I I 

- 

- 

- - 

PLATEN DISPLACEhtNT RATE - 
0- 2.5 x mmls - 
A-- - 1.2 x mmls 

0- - - - - - - - 2.5 x mmls - 

t I \ 

LOAD. kN 

Figure 5. Loading 
system stiffness 
with compliant 
platens as a 
function of load and 
platen displacement 
rate, CT 405 test 
machine at -15OC 



Direc t  a p p l i c a t i o n  of load ing  system s t i f f n e s s  t o  t h e  

i n t e r p r e t a t i o n  of t he se  test r e s u l t s  is beyond the  scope of t h i s  

paper. It may be seen, however, t h a t  f o r  a given nominal s t r a i n  

r a t e  a s t i f f e r  loading system w i l l  impose higher  s t r e s s  r a t e s  on 

a specimen. This  could exp la in  t h e  h igher  s t r e n g t h s  measured f o r  

prism specimens on s t e e 1  p la tens  (high loading system s t i f f n e s s )  

than  f o r  c y l i n d r i c a l  specimens on compliant p l a t ens  (low loading  

system s t i f f n e s s )  a t  a given nominal s t r a i n  r a t e  of 

2 x 10-4 s'l. 
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