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Multiple tests of the above conditions revealed that the 
brittle-fracture strength is affected by the ice/ platen 
interaction. Under radial confinement the strength is the 
highest, and under radial expansion the lowest (Table I) . 
The variation about the value obtained using the relatively 
non-interacting brush platens is around 10-15%. This trend 
reflects the variation in opacity noted above. 

T ABLE I. BRITTLE COMPRESSIVE STRENGTH AT 
-10°C AT 10-3 S-l OF EQUIAXED, FRESH-WATER 
POL YCR YST ALLINE ICE Ih OF 4.5 ± 0.6 mm GRAIN-

SIZE VERSUS ICE/ PLATEN INTERFACE 

Ice-platen inter/ace Number Fracture Standard 
0/ tests strength deviation 

MPa MPa 

Bonded stainless steel 7 6.36 0.84 
(radial confinement) 

Brush platens 4 5.54 0.34 

Rubber insert 7 4.98 0.90 
(radial expansion) 

DISCUSSION 

When viewed within the context of the compressive 
fracture of brittle materials, the results are not surprising. 
Chelmsford granite (Peng and Johnson, 1972) and Tennessee 
marble (Wawersik, unpublished), for instance, exhibit similar 
variations with end conditions in the pattern of internal 
cracking, in the macroscopic failure mode and in the 
fracture strength. Ice may be typical of brittle solids and, 
thus, may provide insight into the fracture of different 
kinds of materials. 

Concerning failure modes, questions arise about axial 
splitting. Is it a true failure mode? Or is it caused by stress 
concentrations at the i/p interface? The present observations 
show that splitting occurs when the internal damage is more 
or less uniform (i.e. when the specimens are compressed 
between the brush platens) and that this mode operates in 
the absence of preferential end-face cracking beneath the 
bristles. The view is taken, therefore, that axial splitting is 
a true failure mode. This is not to say, however, that 
whenever axial splitting occurs there is no i/p interaction, 
for as is apparent from the present work and from the 
earlier work on rocks (Peng and Johnson, 1972; Wawersik, 
unpublished), splitting can be induced when outward radial 
stresses are developed within the ends of the specimen. This 
mechanism occurs at a crack density lower than that at 
which shear faulting occurs, accounting for the attendant 
lower strength. 

Another issue concerns the measure taken of the 
compressive strength under a uniaxial state of stress. Many 
measurements have been made under uniaxial loading, either 
by bonding to end caps of one material or another or by 
creating dumb-bell-shaped specimens. Under conditions 
where the behavior is ductile and where the 
length-to-diameter ratio is sufficiently great, the end effects 
are insignificant (Lasonde and others, 1988). In such cases, 
one i/p system is probably as good as another. On the 
other hand, under conditions where the behavior is brittle, 
as in the present case, bonding to end caps or reducing the 
cross-section leads to inward radial stresses, which lead to 
over-measures of the unconfined brittle compressive 
strength, even in specimens for which the length-to
diameter ratio is as large as 2.5. Thus, for accurate 
measurements under conditions which lead to brittle 
behavior, it is perhaps better to use radially compliant 
platens, such as the brush platens used here. 

It could be argued that in cases where bonded end 
caps are made from a material having a ratio of Young's 
modulus "(E) to Poisson's ratio (v) similar to that for the 
test specimen and where the caps are thick and of the same 
diameter as the specimen, the radial stresses are negligible. 
Certainly, they will be smaller than for the case of "full 
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confinement". However, the stresses will only be truly 
negligible in the elastic region. When cracks form, the 
aggregate becomes more compliant, E/ v begins to decrease, 
and radial stresses develop. For instance, the phenolic based 
material "Synthane" has an E/ v ratio of 18-27 GPa, 
compared ot 26 GPa for ice and 670 GPa for stainless steel. 
Yet, when "Synthane" is used for end caps on ice, a pattern 
of internal cracking develops which is very similar to that 
observed for the steel platens. Subsequently, macroscopic 
fracture occurs through shear faulting at an axial stress 
(5.62 ± 0.73 MPa) which lies between the fracture stresses 
measured using the bonded steel and the brush platens 
(Lasonde, unpublished). 

Not addressed so far is the question of the length to 
diameter ratio, L / D. This point was considered elsewhere 
(Lasonde and others, 1988). Cylindrical specimens (101.6 mm 
diameter) of fresh-water, columnar ice (of random 
orientation of the c-axes normal to the columns) were 
compressed along the columns at -10°C at 10-3 S-l (i.e. in 
the brittle regime). L/ D was varied from 2.5 to 1.25. When 
the ice was bonded to "Synthane", the strengths of the long 
and the short specimens, respectively, were 12.7 ± 2.5 and 
13.8 ± 2.0 MPa. When the ice was compressed between the 
brush platens, the strengths of the long and the short 
specimens were 10.6 ± 1.0 and 11.3 ± 1.9 MPa, respectively. 
These strengths are higher than those for the granular ice, 
reflecting the anisotropic character of the columnar ice. 
Also, they again reflect the influence of end confinement. 
However, they suggest that within the scatter in the data 
the L/ D ratios examined here have little or no effect on 
compressive strength measured using either bonded 
"Synthane" or brush platens. 

As noted above, the pattern of internal cracking 
reflects the presence (or absence) of induced radial stresses. 
In more fundamental terms, the pattern probably reflects the 
spatial variation of the maximum shear stress. Supporting 
this view is the conical shape of the crack-free end zones 
within the specimens bonded to the stainless steel, and the 
hour-glass shape of the heavily cracked zones within the 
specimens separated from the platens by the latex inserts. In 
both cases, the equilibrium equations show that the 
maximum shear stress is given approximately as ·one-half the 
difference in principal stresses, tCur - ua), where ur is the 
radial normal stress and CTa is the axial normal stress 
(CTa < 0); CTr = 0 at the surface of the specimen and 
approaches zero across the mid-section. In the first case, 
u r < 0 near the ends, and so the maximum shear stress 
within regions bounded by the surface of a cone and based 
at the ends of the specimen does not reach the value 
necessary for crack nucleation before the more central part 
becomes sufficiently damaged to trigger shear faulting. In 
this case, judging from the clarity of the conical shaped 
end zones, the induced stresses are relatively large. In the 
second case, CTr > 0, and so the shear stress necessary for 
crack nucleation is reached within conical shaped end zones 
before being reached within the central section. The 
magnitude of the induced stress in this case is smaller, 
judging from the rather small difference in the opacity of 
the specimen between. its ends and mid-section. 

The mechanism(s) of crack nucleation, the subsequent 
growth and interaction of such cracks, and the detailed 
processes of shear faulting and axial splitting are beyond 
the scope of the present discussion. Suffice it to say that 
preliminary considerations (Schulson, 1987) suggest that the 
processes are probably not unique to ice. 

CONCLUSION 

Compression experiments aided by high-speed photo
graphy have shown that platens which constrain the ends of 
test specimens lead to internal cracking away from the end 
zones and eventually to brittle compressive failure through 
shear faulting. Platens which expand the ends, on the other 
hand, lead to preferential cracking near the ends and to 
failure through axial splitting at a lower applied stress. 
Platens which have little interaction with the ice lead to a 
uniform distribution of cracking and to axial splitting at an 
intermediate applied stress. These effects can be understood 
in terms of the nucleation of cracks, the spatial variation of 
the maximum shear stress, and the crack density. 
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