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On a  proc'ed6 dans l a  r6gion extr6me nord de l l A r c t i q u e  3 des 

e s s a i s  i n  s i t u  de compression sous G t r e i n t e  l a t ' e r a l e ,  s u r  de l a  

g l a c e  de mer 3 g r a i n s  columnaires de deuxierne ann6e de t e x t u r e  

e t  s t r u c t u r e  or tho t rop iques .  La charge e t  l a  c o n t r a i n t e  

l a t 6 r a l e  ont  6 t 6  appl iqu6es dans un p lan  pe rpend icu l a i r e  au 

grand axe des  g r a i n s  columnaires.  Les charges  a x i a l e s  e t  de 

c o n t r a i n t e  l a t z r a l e  on Gt6 rnesurGes en m6me temps que l e s  

d6formations a x i a l e s  e t  l a t g r a l e s .  En imposant une 6 t r e i n t e  

l a t G r a l e ,  on augmente consid6rablement l a  r 6 s i s t a n c e  mGcanique, 

mais on r z d u i t  de f a ~ o n  s i g n i f i c a t i v e  l e  c o e f f i c i e n t  de 

s e n s i b i l i t ' e  de l a  r 'es is tance.  On a c o n s t a t 6  que l a  r 6 s i s t a n c e  

de c e t t e  g l a c e  de mer en pr6sence d'une 6 t r e i n t e  l a t 6 r a l e  6 t a i t  

comparable 3 c e l l e  d t 6 c h a n t i l l o n s  de g l ace  d 'eau douce 3 g r a i n s  

columnaires  fabr iqu6e  en l a b o r a t o i r e  e t  soumise aux e s s a i s  dans 

des  cond i t i ons  i d s a l e s .  L t6 tude  a  d6montr6 q u ' i l  S t a i t  

p o s s i b l e  d ' e f f e c t u e r  i n  s i t u  des  'etudes f i a b l e s  e t  6 labor6es  de 
l a  r s s i s t a n c e .  



CONFINED STRENGTH AND DEFORMATION OF SECOND-YEAR 
COLUMNAR-GRAINED SEA ICE IN MOULD BAY 

ABSTRACT 

N. K. Sinha 
Division of Building Research 

National Research Council of Canada 
Ottawa, Ontario. Canada 

Second-year columnar-grained sea ice with 
orthotropic texture and fabric has been tested in the 
field in the High Arctic under confined compressive 
loading conditions. Both load and confinement were 
applied in the plane at right angles to the long axis 
of the columnar grains. Axial and confining loads were 
measured along with the measurements of axial and 
lateral strains. The confinement increases the 
strength considerably but significantly decreases the 
rate sensitivity of strength. The confined strength of 
this sea ice has been found to be comparable to the 
confined strength of laboratory-made fresh water 
columnar-grained ice tested under ideal conditions. 
The investigation showed that reliable and fairly 
sophisticated strength studies can also be carried out 
in the field. 

INTRODUCTION 

Mould Bay, Prince Patrick Island, N.W.T., Canada 
proved to be an ideal study site for investigations 
related to the aging of Arctic sea ice (Sinha, 1983a; 
1984; Bolt and Digby, 1984; Troy et al, 1984; Digby, 
1984). The ice cover that formed in the 1981-82 growth 
season survived the summer melt season of 1982 and 
remained essentially intact in the bay, then went 
through a second growth season in the winter o_f 
1982-83. Detailed documentation of the physical, 
chemical and microwave properties of the ice was 
carried out four times: in October 1981, in June-July 
1982, in April-by 1983 and in March-April 1984. 
The weather conditions, ice thickness and snow 
thickness were monitored on an almost continuous basis. 
The High Arctic Weather Station (76ON; 119"20'W) 
situated on the eastern shore of Mould Bay was used as 
the base camp for a Canadian multi-departmental joint 
investigation known as the Badarsat Project. 

During the field trip of April-May 1983, 
observations were made on rate sensitivity of uniaxial 
unconfined and confined compressive strength and 
deformation of columnar-grained ice in the bay. This 
paper describes results obtained on the confined 

compressive strength of the ice with both load and 
confinement applied in the   lane of the ice cover. 
i.e., perpendicular to the columns. The paper also 
brings out the numerous problems that were encountered 
during field tests. 

ICE CEARACTERISTICS 

Mould Bay, which is about 30 km long and more than 
10 km wide at some locations, was covered with an 
extremely uniform flat sheet of new ice during the 
1981-82 growth season. Detailed descriptions of the 
young sea ice cover of October 1981, including a SLAR 
(Side Looking Airborne Radar) image, has been given in 
Sinha (1984). The thickness of the ice cover during 
the 3rd week of October 1981 was 0.4 * 0.05 m. 
Examination of the ice at the various stations 
established along an east-west experimental line showed 
a predominantly columnar-grained structure except for 
the ice cover near the eastern shore that consisted 
almost entirely of congealed, frazil slush type ice. 
This ice cover stayed intact and grew to a total 
thickness of 2.0f 0.20 m at the end of the growth 
season. Reexamination in June-July 1982 revealed that 
the ice was columnar-grained through the entire depth 
of the ice cover. During the summer of 1982 
considerable melting of the ice cover occurred, and 
several leads formed across the bay. Eowever, the ice 
cover as a whole survived, except near the shore lines, 
and entered the new growth period of 1982-83. 
Measurements carried out during the April-May 1983 
trip revealed that the thickness of the second-year ice 
on top of the new ice was less than a metre. 

For the tests to be reported here, ice was 
obtained from Station $3, about 2 km from the eastern 
shore. The total ice thickness at this site was 1.87 m 
on April 9, 1983. Samples were obtained during 
previous strength tests on young ice at essentially the 
same location in October 1981 (Sinha, 1984) and on. 
mature first-year ice in June-July (Sinha, 1983a). 
Vertical cores of 76 mm diameter and full depth of the 
ice cover were obtained for microstructural and 
salinity analysis. Large blocks of ice cut with a 
chain saw were obtained for strength tests. The air 



temperature during t h i s  t r i p  ranged from -46OC t o  
-20°C. I c e  samples were usual ly wrapped with 
i n s u l a t i o n  and shock-abeorbing mate r ia l s  soon a f t e r  
recovery t o  prevent damage from sudden temperature 
changes during the  r e t u r n  t r i p  t o  t h e  base camp. 

The densi ty p r o f i l e  given by curve 'a '  of Figure 1 
was obtained by s l i c i n g  t h e  0.1 m wide and 0.04 m th ick  
v e r t i c a l  block shown i n  the  photograph. Although the  
top  layer  of t h e  i c e  was very porous, t h e  dens i ty  
increased rap id ly  with depth. For t h i s  reason t h e  top  
0.05 m of t h e  i c e  was discarded when specimens f o r  
s t reng th  t e s t s  were prepared. Curve 'b' shows the  
dens i ty  obtained from t h e  mass and volume of a s e t  of 
samples used f o r  determining the s t rength.  The average 
dens i ty  of t h e  i c e  (obtained from 16 specimens t e s t e d )  
was found t o  be 910.3 f 4.1 k p  m3 ( a i r  volume of 
8.2 2 4.5 XO) a t  -10°C; t h e  highest  and t h e  lowest were 
915.9 kg- m3 and 905.0 k p  m3 respect ively.  The a i r  
volume was estimated using 917.8 kpm* a s  t h e  dens i ty  
of pure i c e  a t  -10°C. 

The i c e  was columnar-grained through i ts e n t i r e  
depth, including the old icelnew i c e  in te r face ,  the  
mean c-axis of the  g ra ins  tending t o  be i n  t h e  
hor izon ta l  plane (?So), p a r a l l e l  t o  the  surface of t h e  
i c e  cover (Figure 2). The mean c-axis of the g ra ins  i n  
the  hor izon ta l  plane (see Figure 2)  tended t o  be 
p a r a l l e l  (215") t o  the  a x i s  of the c h a ~ e l  o r  the  bay, 
s i m i l a r  t o  previous observations i n  Mould Bay (Sinha, 
1983a; 1984). This type of anisptropy i n  the  f a b r i c  of 
columnargrained i c e  is q u i t e  common (Weeks and Gow 
1978; 1980; Sinha, 1983b; Nakawo and Sinha, 1984). The 
present  observat ions i n d i c a t e  t h a t  t h e  aging processes 
t h a t  l ed  t o  the  complete desa l ina t ion  i n  the  o ld  i c e  
d i d  not a f f e c t  t h e  t e x t u r e  and t h e  f a b r i c  of the  ice. 
I n  f a c t ,  even the  a i r  porosi ty  is  comparable t o  t h a t  
obtained d i r e c t l y  by Nakawo (1983) i n  f i r s t  year  i c e  
grown under s imi la r  growth r a t e  a s  t h i s  i c e  cover. The 
i c e  cover did not appear t o  r o t a t e  i n  t h e  bay during 
the  melt season more than the  experimental uncertainty 
(5  t o  l o 0 )  of marking t h e  o r i e n t a t i o n  of the  a x i s  of 
the  bay on a block of ice. 

Figure 2b shows t h a t  i t  i s  d i f f i c u l t  t o  def ine  a 
grain,  l e t  alone determine a representat ive gra in  s ize .  
The i c e  could bes t  be described i n  terms of fami l ies  of 
sub-grains l ined  up with t h e i r  c-axis or iented i n  a 
general  d i rec t ion .  The bubbles a r e  very i r reg t i l a r  i n  
shape (Figure 1 )  and they a r e  present a t  the  sub-grain 
boundaries a s  shown i n  Figure 2c. The sub-grain 
boundaries i n  the micrographs were developed by a 
microtoming and e tch ing  technique described e a r l i e r  
(Sinha, 1977). The microstructural  examinations were 
performed i n  t h e  f i e l d  soon a f t e r  recovery of t h e  
samples. 

Since t h e  i c e  was or tho t rop ic  i n  t ex ture  a s  well  
a s  i n  f a b r i c ,  the  coordinates 5 and 5 were chosen i n  
t h e  plane of the  i c e  cover (hor izon ta l  plane) and y 
p a r a l l e l  t o  the a x i s  of the columnar g ra ins  ( i n  the  
v e r t i c a l  plane). Furthermore i t  was decided, f o r  
s impl ic i ty ,  t o  make x, p a r a l l e l  t o  the mean c-axis o r  
[0001] a x i s  o r i e n t a t i o n  of t h e  grains .  Rectangular 
specimens f o r  t e s t i n g  were prepared with t h e i r  major 
axes (along which load was a l s o  appl ied)  a t  angles  a 
a n d y  with xl and % respect ively.  Consequently 
o r i e n t a t i o n  of t h e  a x i a l  load with respect  t o  t h e  i c e  
cover, hence the  c-axis, is  described by the angles a 
a n d y .  The present  repor t  concerns only 
horizontal ly-oriented samples (y = 90"). 

EXPERIMENTAL KETHODS 

The t e s t s  were conducted i n  a mobile t r a i l e r  a t  
-10f  0.5"C. Surface temperatures of the  specimens 

FIG. 1 Ver t ica l  densi ty and s a l i n i t y  p r o f i l e  i n  
second-year s e a  i c e  a t  S ta t ion  3 i n  Mould Bay, 
Apri l  1983. 

were measured both before and a f t e r  t e s t i n g ,  using a 
thermistor  system. 

Tes t s  were c a r r i e d  out  on l a r g e  pr ismatic  samples 
with dimensions of 50 x 101 x 250 mm, t h e i r  long 
dimensions p a r a l l e l  t o  t h e  sur face  of t h e  i c e  cover 
(y a 90'). Two types of specimens were prepared with 
a = 0' a n d a  = 45". A portable  band saw kept  i n s i d e  
the cold room a t  -10°C was used t o  prepare the  samples. 
The specimen sur faces  were f in i shed  by hand with medium 

grade sandpaper on a f l a t  surface. The top and bottom 
end surfaces (50 x 101 mm) and the two s i d e  faces  
(50 x 250 mm) were prepared manually, a s  ca re fu l ly  a s  
possible  t o  make c e r t a i n  t h a t  they were f l a t  and a t  
r i g h t  angles  t o  the  101 x 250 faces. F ina l  f i n i s h  was 
given by wiping with a t i s s u e  paper s l i g h t l y  moistened 
with alcohol. Finished specimens were weighed i n s i d e  
the cold room, with a balance capable of measuring t o  
an accuracy of 0.01 gm, and t h e i r  dimensions measured 
with a vernier  ca l ipers .  On the  average, the  
specimens' f i n a l  dimensions d id  not vary from t h e  
desired s i z e  by more than 0.2 mm. (The bes t  was 
0.05 mm but t h e  worst was 0.45 mm.) Each specimen was 
photographed and s to red  separa te ly  i n  a p l a s t i c  bag 
from which t h e  a i r  was sucked out  a s  much as possible. 

The t e s t  specimens were prepared from three l a r g e  
blocks, approximately 200% 400 mm i n  t h e  hor izon ta l  
plane and about 800 Imn deep, covering the  f u l l  depth of 
t h e  second-year ice. After  discarding t h e  top porous 
50 mm of the  i c e  and the  new i c e  a t  the  bottom, each 
block provided s u f f i c i e n t  depth f o r  seven specimens. 
Although c rys ta l lographica l ly  the  samples from t h e  same 
block were very s imi la r ,  t h e  bubble s t r u c t u r e s  varied 
grea t ly  because of layering. This i s  i l l u s t r a t e d  by 
t h e  photographs of f in i shed  specimens numbered 119 t o  
125 presented i n  Figure 3. Each photograph is of the 
top  hor izon ta l  sur face  of t h e  samples with respect  t o  
t h e i r  o r i g i n a l  pos i t ion  i n  the  i c e  cover. Because of 



FIG. 2c Optical micrograph of an etched horizontal 
section showing the oriented subgrains and 
cross-sections of irregularly-shaped air 
bubbles. 

PIG. 2a Vertical section showing columnar grains. 

the layer variation in bubble concentration, the 
density varied from sample to sample. The seven 
samples presented in Figure 3 were oriented with 
a = 45" and their densities are given by curve 'b' in 
Figure 1. Note the crack orientations after the test. 

A comercia1 test machine (Soiltest CT-405) with a 
design load capacity of 50 kN was used to perform the 
tests (Figure 4). 'It is a conventional screw-driven 
machine capable of Pelivering a constant actuator 
displacement rate, xl., up to 7 x 10-2 mm 8-1, or a 
nominal strain rate, E = kl/g, up to 2.8 x lo* 6-I 
for a specimen length, kl, of 250 mm. Each specimen was 
tested between a pair of 25 mm thick polished aluminum 
subplatens having planer dimensions of 60 x 100 mm with 
load applied in the 5 direction across the 50 x 101 mm 
faces. The top subplatene reacted against the test 
frame through a calibrated load cell. The bottom 
subplaten was supported by a polished 150 mm steel 
platen, normally used for unconfined tests, attached to 
the actuator. Note that the subplatens are 1 mm 
shorter than the specimen width. This provided a 
0.5 mm clearance on either side between the subplatens 
and the confining platens. The stress, ul, was 
estimated from the axial loads and the areas of the end 
surfaces of the specimens. Axial specimen deformation 
was measured with a pair of specially designed gauges, 
of 150 mm in gauge length (Sinha, 19811, mounted 
directly on the central areas of the two 101 x 250 mm 
faces of the specimen. 

A specially-designed subpress (Figure 4) was used 
to a ~ ~ l v  confinement across the 50x 250 mn faces. - -  - 
i.e. almg the 5 direction. This was accomplished by 
a pair of 25 mm thick aluminum platens. One of these 

PIG. 2b Horizontal thin section at a depth of 368 mm platens was fixed to the subpress frame, consisting of 
from the surface. The arrow indicates the six stainless steel solid rods of 32 mm diameter. The 
long axis of Mould Bay. other platen was centrally attached to a movable 51 mm 



lateral direction during testing. A pair of 
displacement gauges were mounted between the two side 
platens to record the lateral deformation. Output from 
the two load Cells and the four displacement gauges was 
recorded separately using strip chart recorders and a 
magnetic tape with a digital data logging system 
capable of working at subzero temperatures. The chart 
recorders were kept in heated and well insulated boxes 
that also housed the load cell electronics and the 
power supply for the DCDTs (direct current displacement 
transducer) of the displacement gauges. Calibration of 
these gauges was checked after every few tests to 

maximum load ievel would exceed the machine's-design 
capacia :OJ nominal strain rates greater than 

FIG. 3 A set of specimens witha - 4S0 andy = 90' 1 x  10 though it is capable of operating at a 
photographed before (top raw) and after (bottom noninal strain rate of 2.8 x lo* s-l (Sinha, 1984). 
row) the tests. Based on previous experience (Sinha, l383a) it was 

decided not to exceed the machine ca~acity by more than 

FIG. 4 Test machine and the confining frame 
photographed during a test in the field. 

diameter threaded stainless steel rod and reacted 
against the frame through a calibrated load cell and a 
threaded locking mechanism. This arrangement was 
essential for moving the platen back and forth for 
final adjustments to ensure a good initial contact with 
the 50 x 250 an faces, contact being ensured by a 
preload of about 0.05 MNoR?. The subpress was designed 
to keep the side platens parallel to each other during 
testing. In order to ensure that the lateral 
deformation was symmetric about the axis of loading, 
the entire subpress was installed on a carriage, as can 
be seen in Figure 4, cepable of moving freely in the 

about 150%, in other words a total load livei of 75 kN. 
The operating range was decreased to a maximum nominal 
rate of about 5 x lo* s4 . The machine started 
slipping and failing to turn the loading screw when the 
total load exceeded about 35 kN for rates less than 
5 x lod s-I . This problem had not been experienced 
previously and examination showed that it was caused by 
the test machine's design. Experimental rates were 
therefore limited by these boundaries and all the 
failures were noted to be of the upper yield type as 
defined and discussed in detail in Sinha (1981). 

An example of axial stress, ul, and the 
corresponding strain, E , for a confined test at a 
nominal rate of 4.4 x lb* 8-1 is shown in Figures 
5a and 5b respectively. In this case the specimen was 
unloaded soon after reaching the upper yield or failure 
stress, a f, of 14.8 m m *  at a failure time, tf, of 
315 seconas. Note that the total load on the specimen 
exceeded the design capacity of the machine halfway to 
failure time. It can be seen that the strain rate in 
the specimen increased rapidly for about 110 seconds 
and thereafter increased very slowly, practically 
constant and equal to the nominal rate. This can be 
seen from the broken line corresponding to the 
constant, 2,. The major transition in the strain rate 
occurred after the load level exceeded about half the 
design capacity of the machine. The average axial 
strain rate to failure, 2 - E lf Itf, where E lf is the 
axial strain at upper yieidf was comparable but 
somewhat less (10%) than 2 ,. This observation sharply 
contrasts with the measurements carried out on ice in 
uniaxial unconfined loading under truly constant 
cross-head rates (Sinha, 1981; 1984). For constant 
cross-head rates, the average strain rates were found 
to be a fraction of the nominal rate. However, 
measurements by the author (unpublished) during 
closed-loop controlled constant strain rate experiments 
with the controlling gauge mounted directly on the 
specioen, indicated that the cross-head rate should 
indeed decrease, instead of being constant, during the 
pre-upper-yield period to maintain a constant 
deformation rate in the specimen. This observation 
indicates, therefore, that the machine could not 
maintain a constant cross-head rate during the later 
part of the test in Figure 5. No measurements of the 
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FIG. 5a Stress history for a confined and an 
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FIG. 5b Strain history for these tests. 

FIG. 5c Front and side views of specimen No. 118 
before (left) and after (right) test. Note 
the cracks in the front view and the 
irregularities in the side view after test. 

cross-head rates during these tests were made to 
substantiate this statement, but a previous test eeries 
(Sinha, 1983a) with this machine involving high loads 
on vertically oriented (y = 0) samples of first-year 
ice from the same location lends some support. 

The example shown in Figure 5 represents the worst 
case in the present series. The purpose of presenting 
this experiment is to bring out some common problems, 
as dicussed above, that may be overlooked. Moreover, 
it also demonstrates a critical experimental problem 
involving confinement, which is comon (Blanchet and 
Hamza, 1983; Timco and Frederking, 1983). This 
concerns the quality of specimen preparation and is 
indicated by the al - t curve exhibiting a hump at 
abut 70 ueconds. This hunp vas thought to be cauaed 
by imperfections in the specimen geometry causing 
il~perfect contact batwean the specimen side8 and the 
confining platens at the beginning of the test. 
Examination of the pre-test aimensions of the specimen 
of Figure 5 showd that it had the worst dimensional 
variations of all the specimens teeted in this seriee. 
The width of this sample near the top and the bottom 
was 101.50 mm and 101.55 mm respectively but was 
101.10 m in the central area. It is therefore highly 
possible that the quality of confinement was leas than 
desired, particularly in the central area, in the 
beginning and the loading was more like an unconfined 
situation until the lateral deformation in the specimen 
resulted in better contact. To test this hypothesis, a 
comparison was made with the uunonftned loading results 
obtained on a second-year sea ice specimen of similar 
orientation, from Station 63, at the s a w  nominal rate. 
It can be seen in Figures 5a and Sb that both the 
unconfined and the confined tests essentfally followed 
the aaae stresa or defonnstion hietory during the 
initial loading period for about 30 seconds. Note the 
timing and the stress level of the upper yield point in 
the unconfined tests and of the atreas hump in the 
confined test. It should perhape be mentioned here 
that the strain rate continually varied during the 
prrfailure time In the unconfined test and that the 
average strain rate to the upper yield point is about 
one third o f  the nominal rate similar to previous 
observatione in laboratory teete (Sinha, 1981). The 
differences in the failure stresees and etrains in the 



two tests are also particularly noticeable. The 
maximum stress in the confined test is about three 
times the corresponding stress in unconfined tests but 
the failure strain in the former is almost one order of 
magnitude larger than in the latter. 

Figure 6 presents a complete set of results of a 
test carried out at a nominal rate of 1.7 x lo* s-I. 
In contrast to the previous example, the strain rate 
varied continuously through the entire test, yielding 
an average rate equal to about half of dn. Results 
shown in Piguree 5 and 6 demonstrate that 2 cannot be 
used for any serious investigation, althougf: it is 
still practiced commonly. It is planned to present 
elsewhere a detailed study on the subject of nominal 
strain rates and the corresponding actual strain rates 
under confined and unconfined tests on first year, 
second year and multi-year ice samples. The stress and 
strain responses measured during unloading and after 
complete removal of the axial load (Figure 6) are 
particularly interesting. Note the quick recovery of 
the axial strain soon after unloading in the axial 
direction and the emergence of a residual lateral 
stress which then relaxed very slowly. 

FAILURE STRESS AND TIME 

Figure 7 showa that o lf increases with the 
decrease in tf and that the value of a for the specimen 
has no effect on this dependence. The dependence of 
ulf on tf may be given by 

'0 p o  J 
where to is the unit or reference time (a 1 s) and uo 
is the unit or reference stress (= 1MN.m4). 
Regression analysis of all the results gave 
C = 2.16 x 1@ and 0 = 3.31 with a correlation 
coefficient of 0.81. The numerical value of the stress 
exponent 0 obtained here is greater than the 
corresponding value, 2.48, obtained under unconfined 
loading conditions (a = On, y = 90') for the young sea 
ice cover at the same location in October 1981 using 
the same test machine (Sinha, 1984) and a value of 2.57 
obtained for unconfined tests on mature first-year ice 
in the eastern Arctic (Sinha, 1983b) using a very small 
machine and horizontal samples (y = 90') witha = 0' 
and 90'. 

STRESS-RATE DEPENDENCE 

Since strength of ice is sensitive to rate of 
loading, and since load, hence stress for small strain, 
and time can be measured easily and accurately without 
much additional effort, it was shown (Sinha, 1981; 
1983a; 1983b; 1984) that the simplest evaluation of the 
rate sensitivity of strength is obtained by the average 
stress rate, defined as 

where = '2 is the unit stress rate 
t 

(3  1 m m *  :+ 1. 
Substituting tf/to from (1) in (2) and rearranging 

gives 

with the values of C and 0, determined earlier. The 
results are shown in Figure 8. 

The dependence of the unconfined upper yield 
stress on average stress rate for the same ice in Mould 
Bay when it was only one month old and had a salinity 
of 5x0, tested with the same machine and orientation, 
y = 90°, a - 0' (Sinha, 1984) is also shown in Figure 8 
along with unconfined results obtained on transversely 
isotropic, fresh water columnar-grained, S-2 ice with 
load applied, under constant cross-head rates, at right 
angles to the axis of the columns. These results show 
clearly the effect of confinement on the rate 
sensitivity of strength as measured by the stresslate 
exponent. Note the significant difference between the 
stress-rate exponent (0.23) for the confined tests on 
secon+year ice and for the unconfined tests (0.30) on 
pure fresh water (distilled) ice. Note also that there 
is practically no difference between the stress rate 
exponent (0.30) for the fresh water ice and young sea 
ice (0.29). The presence of brine does not appear to 
affect the rate sensitivity but the loading boundary ( 

condition does. 
If S-2 ice is used as the basis for comparison, 

then Figure 8 shows that the confined strength of 
second-year sea ice is 3.5 times greater than the 
unconfined strength of pure ice, when the stress rate 
is 1 x lo1 MN. m7 s 1  , which is about the middle of 
the experimental range of loading rates. 

STRAIN-RATE DEPENDENCE 

For the present test series, the average strain 
rate method was deemed preferable (as discussed in 
Sinha, 1982; 1983b). The dependence of axial upper 
yield stress, o l  , on the average axial sttain rate, 
d laf - r lf/tj, wfiere E ibis the strain at upper yield, 
is shown n igure 9. ain the anglea for the 
specimen appears to have no effect on strength. The 
strain rate dependence may be represented by 

where 2 is the unit or reference strain rate 

(= 1 Regression analysis of all the results gave 
P = 81.9 and p - 0.18 k 0.03 with a correlation 
coefficient of 0.84. 

The line of best fit given by Equation (4) is 
shown in Figure 9 along with that for the unconfined 
results obtained in October 1981 (Sinha, 1984). It 
also showe two sets of unconfined results on 
laboratory-made columnargrained S-2 ice made from 
distilled water. These sets, because of the purity of 
the ice and test conditions, could be used as the 
benchmark for the present study. One set was obtained 
with a conventional machine with constant cross-head 
ratee and analyzed on the basis of 2 laf (Sinha, 1981) 
and the other set obtained with a closed-loop machine 
at 'truly' constant strain rates with the controlling 
displacement gauge mounted directly on the specimens 
(Sinha, 1982) and failure strain less than about 
1 x I @ .  As in the case of stress-rate analysis, it 
can be seen here that the rate sensitivity given by the 
strain rate exponent is essentially the same for both 
saline and fresh water ice for unconfined tests but is 
significantly lower in the case of confined tests. 
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FIG. 9 Dependence of a x i a l  upper y ie ld  o r  f a i l u r e  
s t r e s s  on average s t r a i n  rate .  

I n  the  middle of the  experimental range of s t r a i n  
r a t e s ,  a t  1 x lo4 s-I , the r a t i o  of the  confined t o  
t h e  unconfined s t r e n  t h  is 2.5. This  r a t i o  decreases 
t o  1.8 a t  1 v lo4 s5 and increases t o  3.6 a t  
1 x lo6. These r a t i o s  a r e  s i g n i f i c a n t l y  lower than 
the values indicated by the  s t ress - ra te  ana lys i s  
described e a r l i e r  using t h e  same d a t a  a s  i n  t h e  case of 
the  benchmark. 

There a r e  no published d a t a  t h a t  can be compared 
d i r e c t l y .  without any ambiguity, with the  confined t e s t  
r e s u l t s  obtained here. The c l o s e s t  information is t h a t  
obtained on laboratory-made f r e s h  water t ransversely-  
i s o t r o p i c  S-2 i c e  a t  -lO°C under constant cross-head 
r a t e s  by Frederking (1977). who analysed the  r e s u l t s  on 
t h e  b a s i s  of nominal s t r a i n  r a t e s  r a t h e r  than t h e  r a t e  
ac tua l ly  measured, and by Cox e t  a 1  (1984) on 
multi-year sea  ice.  These d a t a  a r e  shown i n  Figure 9 
and ind ica te  t h a t  the S-2 i c e  is  weaker than the  
present  sea ice.  Excellent agreement between t h e  two 
exponents of s t r a i n  r a t e  (Frederking's and the  current  

study), however, ind ica te6  t h a t  t h e  ahape of the  
a - t curve f o r  S-2 i c e  is  e a s e n t i a l l y  the  same as 
rttz f o r  the  o ld  s e a  ice. E a r l i e r  i n  t h i s  

paper t was ahown t h a t  the average s t r a i n  r a t e  under 
confined condition8 i s  less than:,, though not as m c h  
as i n  the caee of unconfined t e s t s .  A comparable 
phenomenon must a l s o  have occurred during the  confined 
t e s t s  on f r e s h  water ice .  Unconfined experiments 
c a r r i e d  out  exhaustively on S-2 i c e  by Sinha (1981). 
using the  same t e s t  machine and specimen s i z e  a s  i n  t h e  
confined t e s t s  by Frederking, showed t h a t  t h e  specimen 
s t r a i n  r a t e s  were only 40% of h n .  Frederking's 
r e s u l t a n t  curve, i f  analysed on the bas i s  of a c t u a l  



strain rates, would therefore have shifted to the lower 
rates on Figure 9. It is impossible to say, without 
any measurements, but any such shift would make a (Y 

better numerical agreement between the two sets of I 

confined test data. This discussion emphasises again 
E 16 

the need to make strain measurements directly on 
specimens during tests, rather than carrying out the 

Z 
.c 

analysis on the basis of 2,. b' 
.r 12 

STRESS AND STRAIN AT FAILURE 3 
LT 

Failure strain, 0 f, is equal to i tf by 
I- 
U) 

definition and it can ie shown from ~qua2ons (1) and 
(4) that 

L J  

which on substitution of the values of C, P, p, e and 
5-2, UNCONFINED 

a, gives I 

Equation (5b) is compared with the experimental results 
in Figure 10. For convenience, unconfined results 
obtained on pure S-2 ice subjected to a closed-loop 
controlled constant strain rate (Sinha, 1982) are also 
shown for comparison. Significant differences between 
the two sets of results can be seen. Particularly 
noticeable is the divergence of the two curves as the 
failure stress or the strain rate and hence the 
cracking activity increases. It can be shown 
furthermore usiq Equations (1) and (4) that 

which on substitution of C, P, p, 8 and i0 gives 

Experimental observations on the dependence of axial 
upper yield strain on average strain rate is compared 
with Equation (6b) in Figure 11. Observations on pure 
S-2 ice under truly constant strain rate is also 
reproduced in Figure 11 for comparison. In general it 
takes a strain that is nearly ten times larger in 
confinement than in unconfined conditions to reach 
upper yield point. It can be seen that the rate 
sensitivity of confined failure strain is mu:h greater 
than that of unconfined strains. The elf - claf curve 
approaches rapidly the curve for unconfined tests as 
the rate decreases and therefore as the cracking 
activity decreases. 

When tests were conducted under confinement, the 
lateral or confining stress increased almost 
proportionately with axial stress during the initial 
loading period, for example up to about 450 s in 
Figure 6d. As the axial load increased further with 
time, the lateral load increased with lower rate. It 
was noted in all the observations that long and narrow 
cracks first form with their widths parallel to the 
direction of the axial load and their long directions 
parallel to the length of the columnar grains, i.e., 
parallel to q axis. This observation is similar to 
what was noted in unconfined creep tests (Gold, 1972) 
and strength tests (Sinha, 1982) on fresh water 
columnargrained S-2 ice. The primary reason for the 
formation of this type of crack is the two-dimensional 
nature of deformation in columnargrained ice when 

FIG. 10 Relationship between axial failure stress and 
the corresponding failure strain. 

loaded at right angles to the length of the columns. 
With the continuation of loading, however, the material 
is forced to deform along the length of the c o l ~ ,  
and cracks also start forming at right angles to the 
columns. Similar observations have also been made in 
fresh water S-2 ice (Frederking, 1977) during confined 
tests. This additional mode of deformation introduces 
a new mechanism of accommodation and lowers the rate of 
increase in the lateral stress level. Although this 
subject will be discussed in detail elsewhere, it is 
appropriate to mention here that the bifurcation in 
Figure 10, the divergence in Figure 11 and lower rate 
sensitivity of alf may be associated to this mode of 
deformation. It should be mentioned here that Iiirayama 
et a1 (1975) also noted the formation of horizontal 
cracks in fresh water 5-2 ice during indentation tests 
but not until the-maximum load was developed. 

Figure 12 shows the observed ratio of the lateral 
stress and the axial stress at upper yield as a 
function of average strain rate. It also shows the 
ratio of the lateral strain and axial strain at oaxipum 
axial load. The results are rather scattered and, 
although there appears to be a trend, the effect of 
strain rate on either the stress ratio or strain ratio 
cannot be definitely determined. I)n the average the 
lateral stress has been found to be 71 * 14% of the 
axial failure stress. The average strain ratio is 
0.33 k 0.12. The latter quantity, in fact, gives a 
measure of the degree of confinement and hence the 
compliance of the confining frame. Coincidentally this 
ratio is close to Poisson's ratio of pure 
polycrystalline ice. Therefore the results obtained 
here may be applicable to many real life situations 
where the confinement is provided by the bulk of the 
ice itself. 
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Fully desalinated second-year columnar-grained sea 
ice with orthotropic texture and fabric has been tested 
in the field in the High Arctic under confined 
compressive loading conditions over a wide range of 
nominally constant cross-head rates at a constant 
temperature of -lO°C. Both stress rate and (measured) 
strain rate analysis showed that the axial upper yield 
stress is not affected by the orientation of the load 
axis with respect to the major crystallographic axis of 
the grains, where axes of both load and confinement are 
in the plane at right angles to the long axis of the 
columnar grains. When compared with the unconfined 
strength of laboratory-made fresh water 
columnargrained ice (as a benchmark), both analyses 
show that the confinement increases the strength 
considerably but'significantly decreases the rate 
sensitivity of strength. Both analyses show that the 
ratio of the confined to the unconfined strength is 
rate sensitive but the stress rate analysis results in 
significantly higher ratio than the strain rate 
analysis. The latter, and more preferable, analysis 
yielded a ratio of 3.6 to 1.8 in the range of 
1 x 10% si to 1 x lo* s l .  Rate sensitivity of the 
axial failure strain increases considerably by 
confinement, and the axial failure strains under 
confinement are about ten times greater than the 
corresponding values for the unconfined tests. The 
ratio of the lateral strain at the time of upper yield 
strain varies significantly, with the average value of 
0.33 2 0.12. The corresponding stress ratio is 
0.712 0.14. The most startling observation is that 
the confined strength of this sea ice is the same as 
that of fresh water laboratory-made ice tested under 
almost ideal conditions. This investigation shows that 
high quality tests can also be performed under field 
conditions although the test conditions were far from 
ideal. 
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