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ABSTRACT. Understanding the mechanical properties of saline ice is important
for engineering design as well as for operations in polar regions. In order to gain
understanding of the basic mechanisms of deformation and fracture, laboratory-grown
columnar saline ice, representative of first-vear sea icef was tested in uniaxial
compression under a variety of conditions of strain rate (10~ to 10 g l), temper-ature
(-40%, -20°, —10° and —5°C) and orientation (loading vertically or horizontally: i.e.
parallel or perpendicular to the growth direction). The range of strain rate spanned
the ductile-to-brittle transition for every combination of temperature and specimen
orientation. The results of over 250 tests are reported. Mechanical properties, failure
mode and ice structure are analyzed with respect to the testing conditons. The results
show that strength is dependent upon the ice structure, orientation, strain rate and
temperature. During loading in the ductile regime the structure is altered (e.g. by
recrystallization), whereas in the brittle regime the majority of the structural change is
through cracking. The results are compared to results from the literature on both
natural sea ice and laboratory-grown saline ice. Where possible, they are interpreted

in terms of micromechanical models.

INTRODUCTION

An understanding of the uniaxial compressive propertics
of saline ice is an important basis from which to begin to
understand the more complicated scenarios found in
nature, such as the forces exerted by a floating ice feature
against an oflshore structure, or the extent of pressure
ridging during the interaction between ice floes. This
paper is a contribution to such understanding.

The first studies on the compressive strength of sea ice
consisted of both field and laboratory tests from feld
specimens  (Butkovich, 1956, 1959; Peyton, 1966;
Schwarz, 1970; Wang, 1979; Sinha, 1981, 1983, 1984:
Frederking and Timco, 1980, 1983, 1984). In more recent
studies some investigators have used laboratory-grown
saline ice (LGSI) to model sea ice in a more economical
and controlled manner (Richter-Menge, 1986). The
LGSI is grown under reproducible conditions and the
material and mechanical properties are similar to those of
first-year sea ice.

The present study uses LGSI to examine the
mechanical properties under a variety of conditions of
strain rate (107 to 10 Is'l), temperature (—40°, —20°,
~10” and 5°C}) and orientation (loading vertically or
horizontally; i.e. parallel or perpendicular to the growth
direction). The overall objectives are to create as
complete a picture as possible of the mechanical proper-
ties and to obtain some insight into the deformation
processes of saline ice. As will be seen, the trends and
observations apparent from this study are similar to those
previously reported from smaller data sets from hoth
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natural and artificial material. The novel feature is that,
to the authors’ knowledge, this is the most complete
investigation over such a wide range of conditions on
material of one origin. The brittle regime was more
thoroughly investigated in this study than in earlier
studies and the ductile to brittle transition was considered
in terms of the underlying micromechanics. In the ductile
regime recrystallization was observed at every temper-
ature (-5° to —40°C) in both vertical and horizontal
oriented samples.

EXPERIMENTAL PROCEDURE AND ICE
STRUCTURE

LGSI was grown by freezing a 23%o saline solution (using
a commerical salt mixture, “Instant Ocean”, which
contains, in the proper proportions, the salts found in
natural sea water) unidirectionally downward using an
aluminum cooling plate through which glycol circulates
on top of an 8171, 915 mm diameter Nalgene tank. The
23%o solution prevents excess salinity of the solution
towards the end of the growth period. The process
typically takes about 15d to produce a puck of
approximately 300 mm thickness. Figure 1 shows the ice
puck thickness and cooling plate temperature versus time.

The ice structure was characterized by three regions: a
granular region which extended for roughly 2 cm from the
top surface; a columnar structure which extended almost
to the bottom surface; and a region where the freezing
was incomplete which created a high porosity, “skeletal
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Fig. 1. Laboralory-grown saline ice growth profiles of
thickness and cooling plate temperature vs lime.

layer” near the bottom of the puck. To avoid variations in
microstructure, the test samples did not contain material
from either the granular or the skeletal regions. Also, no
specimens were taken from within 5 cm of the sides of the
puck.The average equivalent column diameter, AECD,
(o —— [4A/H}U2, where A is the average grain area
determined from a thin section) was used to characterize
the “grain-size” throughout the columnar region of the
puck, Table 1. The grain-sizes were similar to those of
natural sea ice.

The ice contained brine pockets arranged in a

Table 1. Average equivalent column diameter vs depth in
ice puck

Depth (cm) 4.5

AECD (mm) 19403 32+04 474 04 57+ 04
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platelet-like manner along the basal planes with a
spacing of 0.5 to 1mm. The spacing did not vary
noticeably throughout the depth of the puck. Salinity
was determined by melt-water conductivity. Density was
determined at —10°C by comparing the weight of the ice
in air to that in iso-octane. A new technique (which will
be described in detail in a separate note) of sealing porous
ice samples with a solid ice coating was used to prevent
the iso-octane from penetrating the sample upon
immersion. Without the ice coat, the density determina-
tion of porous samples by immersion overestimates values
by approximately 0.3%. Porosity (gas + brine volume)
was calculated as described by Cox and Weeks (1982).
Typical profiles of salinity, density, gas volume and brine
volume are shown in Figure 2. The ¢-axes were unaligned
and within +15° of the horizontal plane (i.e. roughly
perpendicular to the growth direction).

About 20 cores of 102 mm diameter of either vertical
or horizontal orientation (with the long axis parallel or
perpendicular to the growth direction, respectively) were
obtained from each puck. Cores were stored at or below
-25°C (i.e. at a temperature below the HyO-NaCl
eutectic) and subsequent temperature changes were
completed over at least a 48 h period. All samples were
machined at —10°C. The ends of each sample were milled
perpendicular to the long axis. Typical parallelism of the
ends was between 0.025 and 0.051 mm, corresponding to
0.00025 and 0.0005 rad. Sample lengths ranged from 156
to 311 mm. The variations in sample length had no
apparent effect on the strength or failure characteristics.

Throughout the course of this work three different
sample-loading train interfaces were used: direct contact
with metallic (brass) brush platens, brush platens with a
“dental dam” latex insert, and synthane end-caps bonded
to the sample. However, for most of the tests (i.e. for all
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Fig. 2. Typical laboratory-grown saline ice profiles of salinity, density, gas and brine volume vs depth in the ice puck.
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the tests at -5°C, —20°C, and most at —40°C, and for some
at—10°C) the brush platens were used because they allow
the most truly uniaxial loading condition (Lasonde and
others, 1988). The addition of the latex sheet had no effect
on either the strength or the failure mode. Tests were
performed under uniaxial compression at strain rates
from8.9 x 1075 ' t03.0 x 1075 by loading both along
the columnar grains (vertical orientation) and perpend-
icular to the columns (horizontal orientation) at
temperatures of —5°, —10°, —20° and —40°C. A PC-based
data acquisition system was used to collect load, strain,
actuator displacement and time. Strain was measured
using extensometers which were mounted either on collars
attached to the synthane end-caps, on the brush platens
or directly on the ice. Although the different methods of
attachment affected the strain measurement, the differ-
ence had no noticeable affect on the strength of the ice.
More detailed descriptions of the experimental
procedure and of the characterization of the material
techniques are given elsewhere (Kuehn, 1993).

RESULTS AND DISCUSSION
Stress—strain behavior

Figure 3 shows the compressive stress-strain curves for
both horizontally and vertically oriented specimens
deformed at —10°C. The shape of the curves and the
trends apparent were similar for the other three

strain rate (1/s)

4 horizontal orientation =kl Bt
—B : Loxl0*
2 —C : 8.9x107
0 g
D strain rate (1/s)
12 L 3" E =D : 1.8x10-
=-E : 2.0x104
-F : 11x104
=G : 1.1x10%
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Stress (MPa)
=

0 t t :
0.02
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0.04

Fig. 3. Stress—strain curves of laboratory-grown saline ice
at —10°C of horizontal and vertical orientations at a range
of strain rates from 8.9 x 107 to 1.8 x 10735, The
“X7 on curves A, D and E denotes fracture. The trends
that the curves show are also typical of the other
temperatures, —40°, —20° and —5°C.
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temperatures. At high strain rates the ice was britie
and the curves (A and D) were nearly linear, terminating
in fracture. As the strain rate decreased and approached
the brittle-to-ductile transition, the curves for samples
which failed in the brittle regime showed some curvature
as well as an abbreviated peak before fracture (see curve
E). At low strain rates, the ice was ductile: the stress first
increased, reached a peak and then decreased to almost a
constant stress level, i.e to nearly a plateau (curves B, C, F
and G).

Tests within the ductile regime were terminated after
roughly 3% shortening through an operator-controlled
unloading of the specimens. It is possible that a plateau
would have been seen in all cases of ductile behavior had
some of the specimens been deformed further. The strain
softening occurred more rapidly in the vertial orientation
than in the horizontal orientation for a given strain rate
(compare curves B and F). The ratio of the plateau
strengths from the vertical to the horizontal orientations
was smaller than the ratio of the peak strengths from the
vertical to the horizontal orientations. This suggests that,
for a given strain rate, some form of steady-state was
developing, independent of the loading direction. Also,
the stress reduction decreased as the strain rate decreased,
to a point where little if any peak was observed (curves C
and G). It is likely that the peak reflects the onset of
dynamic restorative processes such as recovery and
recrystallization and that the plateau reflects a more or
less steady-state microstructure. This is discussed further
under ‘Ductile regime’ below.

Ductile-to-brittle transition

As will become apparent, the transition from ductile to
brittle failure marks the point of greatest compressive
strength. Figure 4 shows the transition strain rate versus
temperature for both vertical and horizontal orientations.
The transition rate was obtained from both the transition
in the shape of the stress—strain curve (i.e. from one
showing only a rising branch (AD; Fig. 3) to one showing
both rising and descending branches (B, C, F, G: Fig. 3))
and from the failure mode (described in the next section).
Generally, a range of strain rates marked the transition,
and not one particular value. Hence a range of values is
shown. The transition strain rate was generally higher by
approximately an order of magnitude in horizontally
oriented ice than in vertically oriented ice. The effect of
temperature is less clear, but two possible patterns could
be discerned: either there is little change in the transition
strain rate from about —5° to ~20°C followed by a
decrease at —40°C; or the transition strain rate decreases
continuously with decreasing temperature over the whole
range.

The ductile-to-brittle transition strain rate is roughly
an order of magnitude greater in columnar saline ice than
in fresh-water columnar ice of the same grain-size (Batto
and Schulson, 1993). The origin of this difference as well
as the transition itsell can be understood within the
context of the micromechanical model proposed by
Schulson (1990). Accordingly, the transition from ductile
to brittle behavior is attributed to the suppression of time-
dependent (i.e. creep) deformation at the tips of internal
microcracks and, thus, to the onset of crack propagation.
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Fig. 4. The ductile-to-brittle transition strain rate of
horizontally and vertically oriented LGSI vs lemperature.

The transition strain rate, ép/g, can then be expressed in
terms of a set of parameters which incorporate creep
deformation, fracture toughness, icefice friction and
microstructural size. Specifically,

. 4ZAK\ ’
€p/B = (L = ) (1)
where A is the constant in the power law expression for
creep (é = Ag™), K¢ is the fracture toughness, p is ice/
ice friction coefficient and A is the microstructural size
that sets the length of the parent, internal crack; &5 A
dimensionless experimental parameter which relates the
brittle fracture strength to Kjc, g and A, and f is a
dimensionless constant which relates the diameter of the
crack-tip creep zone to the microstructural size. Of these

Table 2. Uniaxial compressive failure characteristics of LGSI

parameters the one most likely to differ for the saline ice is
A, being about one order of magnitude higher for this
material than for fresh-water ice. (This difference is based
upon a comparison of the B-parameter for both materials,
where B relates the ductile failure strength to the strain rate
(see ‘Ductile failure strength’ below); and the comparison
is with Sinha’s data (1981) for fresh-water columnar ice.)
Hence the greater ductile-to-brittle transition strain rate.
Interestingly, the transition strain rate (personal comm-
unication from H. Eicken, J. A. Richter-Menge and M.
Lange) for more finely grained saline ice (albeit, granular
sea ice) is higher than that reported here (~10 ¥ yo 10745
vs 8 x 10*s ! for horizontal orientation), in qualitative
accord with the model. Parametric values for horizontally
oriented ice at —10°C are as follows: A= B '/ =
1.1 x 10°MPa *s' (where B and m are given under
‘Ductile failure strength’ below), K¢~ 0.1 MPa ml/?
(Parsons and others, 1986, for sea ice), p =~ 0.5 (Jones
and others, 1991), A ~ 3mm (from the length of parent,
sliding cracks shown in Smith and Schulson, 1994),
Z ~ 2.5 (Schulson, 1990, albeit for fresh-water ice) and
f~ 0.02 (Batto and Schulson, 1993); these values lead to a
predicted transition strain rate of €pp >3 X 107357
which is in rough agreement with the present observations.

Failure characteristics

Table 2 summarizes the failure characteristics for the
samples tested using the brush platens. We focus on the
brush platens because, as noted above, they were the ones
which produced the most truly uniaxial loading and so
were the ones used to investigate the behavior at all
temperatures. The characteristics depended upon sample
orientation and strain rate, but not upon temperature.
Synthane end-caps (which impart a laterally confining

Ductile regime

Brittle regime

Horizontal
orientation

(loading across
columns)

Vertical orientation

(loading along
columns)

Displacement perpendicular to columns,
initially evenly distributed throughout the
sample, with the appearance of voids and
greater regions of shear becoming noticeable
at strains greater than 0.005.

Bands and recrystallized grains visible in
thin sections.

Localized deformation or bulging usually at
one end (where column diameter is larger),
or both ends, with some, but few, cross-
column cracks.

Axial cracks 1/2 or less of sample length at
higher strain rates.

Bands and recrystallized grains visible in
thin sections.

Axial cracking and shear failure on planes
parallel to the long axis of the columns;
some, but very little, cross-column cracking,
evenly distributed throughout

Axial cracking (i.e parallel to the loading
direction) with cross-column cracks. The
majority of the cracks were perpendicular
to the columns (surrounded by column
boundaries), but some cracks were inclined.
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stress) caused barreling of both horizontally and vertically
oriented ductile samples and caused shear faulting of
horizontally oriented brittle samples. Barreling was not
seen with the brush platens, even when specimens were
shortened by as much as 8% (Lasonde and others, 1988).
Although the different boundary conditions produced
different failure characteristics, they produced no dis-

cernible difference in the strength, for a given strain rate,

Ductile regime

Figure ba and b illustrates the characteristics of ductile
deformation for ice slowly loaded perpendicular to the
columns. Voids were seen at higher strains, i.e. beyond
the peak and near to the plateau (Fig. 5a). The
deformation of the horizontally oriented ice was prob-
ably caused principally by intragranular crystallographic
slip on favorably oriented basal planes. Grain (column)
boundary sliding may also have contributed, but its
relative contribution was not ascertained. The voids may

Kuehn and Schulson: Saline ice under uniaxial compression

Fig. 6. Thin sections of a, vertically (T= —I10°C,
€=3x10°% ", €=0.037) and b, horizontally
(T =—-10°C, e=3%x 10°s", e=0.038) oriented
LGSI compressed aboul 3% in the duclile regime. Both

Fig. 5. Photographs of ductile specimens. a, horizontal

ortentalion; the long axis of the columnar grains run in and
out of plane of paper. Note the void and the displacement
across the columnar grains (T = 5°C,é = § x 10 °s ',
e =10.031). b, as a, rolated 90° about axis of specimen.
Note absence of displacement along the columnar grains. c,
Vertical orientation. Note the bulge or “fool” near the
bottom of the specimen (T = -5°C, é =1 % 10°s "',
€= 0.031. d, vertical thin section of c. Note the
recrystallized grains in the = foot™.
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sections show a few columns (longitudinal (a) and cross
sections (b)) similar to those of undeformed ice bordered
by regions of banding and recrystallization.

reflect different basal plane orientations in adjacent
columns with one grain being favorably oriented to slip
and the other not.

The ductile deformation of the vertically oriented ice
(Fig. 5c,d) occurred preferentially in localized areas.
With the synthane end-caps the deformation was
localized to either a shear band which bulged out at the
surface (similar to the one apparent for the horizontally
oriented ice, Fig. 5a) or a displacement of the columns
through bending outward. When the brush platens were
used, the deformation appeared like a “foot” or bulge
(Fig. 5¢) at the sample ends; this feature occurred most
often at the bottom end of the sample which corresponded
to the lower part of the parent ice puck. Regardless of
platen type, in every case the localized area of
deformation was recrystallized, whether within a shear
band or within a “foot”. This feature can be seen in
Figure 5d.

Every ductile specimen of both orientations, even
those deformed at —40°C, showed bands and recrystal-
lized grains in post-test thin sections, These sections were
made as soon as possible (within about 30 min) from
speeimens strained beyond the peak, and are assumed to
display the actual deformation structure and not some
post-test features which are irrelevant to the mechanical
behavior of the material. Figure 6a and b shows typical
microstructures, from vertically and horizontally oriented
samples, respectively. Note that the grains which contain
the bands border the recrystallized regions. The bands
were similar to those seen by Steinmann (1958) in warm

1.9°C) granular fresh-water ice slowly deformed at
10°s ' and by Knight (1962) and by Nathanson
reported by Knight, 1962) in arctic sea ice. They are
also similar to the kink bands which form in fresh-water
columnar ice during creep deformation at -9.5°C (Gold,
1963).

The bands in the sea ice were attributed to the
formation of sub-grains under thermal stress (Knight)
and to uniaxial compressive deformation (Nathanson). In
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the columnar, fresh-water ice they were explained in
terms of the formation of sub-grain boundaries through a
dislocation process (Gold). In the present work, many
thin sections were examined. In every case the bands were
oriented more or less normal to the platelet-like array of
brine pockets, analogous to their being perpendicular to
the hasal slip lines in the fresh-water ice (Gold). Since the
brine-pocket array lies along the basal planes, this
alienment means that the walls separating the bands
are roughly normal to the basal planes. In view of their
orientation, the bands are probably sub-grains which
resulted from the development during straining of a
polygonized microstructure, as commonly seen in hot-

worked metals. In this regard, therefore, the salt-water
and fresh-water materials are similar. Polygonization and

Iig. 7. Photographs of brittle failure specimens. a and b,
horizontally oriented LGSI which failed through axial
cracking (a, T =—-40°C, e=1 X 10 Sk The
arrows point lo inclined steps. The cracks within other
harizontally oriented samples linked lo produce shear
Sfailure planes (b, T = -5°C, é=1x 10 257 the
columns run in and out of the page. ¢ and d, shards of a
vertical oriented LGSI sample (¢, T = —40°C,
e=2x10°s") and a sample still intact (d, T =

40°C, é=1x10°5") show evidence of axial
cracking. Both the edges of the shards (¢) and central
regions of the intact sample (d) show evidence of cross-
column cracking. Note the steps on the fracture surface in
7¢ (arrows).
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dynamic recrystallization often occur together in metals
(Cahn, 1970) deformed at high temperatures and so it is
not surprising to see evidence for both features in ice
slowly deformed at temperatures above 80% of the
melting point. Although evidence for their occurrence
near the peak of the stress-strain curve has not been
obtained, polygonization and recrystallization are prob-
ably important elements in the strain softening of saline

ice.

Briltle regime

The brittle failure of horizontally oriented samples
occurred through either axial splitting (i.e. along the
loading direction) or macroscopic shear faulting, Figure
7. Tt is likely that the shear zones observed in some
specimens are a result of the linking of flaws such as brine
channels and/or short axial cracks created during the
loading. Both failure modes have been described by Smith
and Schulson (1994) in their study on the failure of saline
ice plates loaded biaxially across the columns under small
degrees of confinement. It is interesting to note the
inclined steps on the fracture surface (arrows, Fig. 7a).
Smith and Schulson (1994) observed similar features and
attributed them to the development of wing cracks
through the operation of the frictional crack sliding
mechanism analyzed by Nemat-Nasser and Horii (1982)
and by Ashby and Hallam (1986).

The brittle failure of vertically oriented ice also
occurred by axial splitting, i.e. parallel to the loading
direction, Figure 7c and d. The splits appeared to be a
combination of intra- and inter-granular cracking. Often
the axial cracks were linked together by cross-column
cracks, which were usually perpendicular but sometimes
inclined at about 45° to the loading direction (see arrows,
Fig. 7c). The perpendicular cracks probably formed as
the result of rapid unloadling (see Couture and Schulson,
1994) once the specimen split, while the inclined cracks
may have acted as parent cracks upon which sliding
occurred and from the tips of which axial wings sprouted
and grew into full-length splits.

Mechanical properties

Failure strain

Figure & shows the failure strain versus strain rate and
orientation for each temperature. For ductile behavior,
the strains correspond to the peak stress while for brittle
behavior they correspond to the strain at specimen
collapse. Within the ductile regime (to the left of the
broken wvertical lines) the failure strain rises with
decreasing strain rate, while within the brittle regime it
is lower and roughly independent of strain rate. To a first
approximation, temperature appears to have little effect
for a given strain rate and orientation. Similarly,
orientation appears to have little effect, although the
data are too scattered to allow a firm conclusion on this
point.

Compressive strength

The strength of the ductile ice was taken as the peak
stress. The strength of the brittle ice was taken as the
brittle failure stress. The strength varied markedly with
the strain rate, temperature, and sample orientation,
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Fig. 8. The failure strain (strain al peak or fracture) vs
strain rate for LGSI of horizontal and vertical orientations
tested with brush platens at —5°, —10°, —20° and —40°C.
The ductile-to-brittle transition regions of the vertical and
horizontal orientations are between the broken vertical
lines.

(Fig. 9). Although earlier work by Butkovich (1956,
1959), Peyton (1966), Schwarz (1970), Wang (1979),
Frederking and Timco (1980, 1983, 1984), Sinha
(1983,1984) and Richter-Menge (1986) has shown the
importance of these variables, the present study perhaps
shows the effects more comprehensively using one kind of
ice. It is interesting to note that the data for the
laboratory ice are similar to those for first-year sea ice
(Wang, 1979), at least at —10°C loaded across the
columns. (Wang’s data are plotted in Fig. 9b.) The
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Fig. 9. Peak of fracture stress vs strain rale for LGSI of
horizontal and vertical orientations at —5°, —10°, —20° and
—40°C. Data from Wang (1979) at —10°C for sea ice with
45° c-axis alignment are included for comparison. The
ductile-to-brittle transition regime of the vertical and
horizontal orientations lies between the broken vertical lines.

behavior is described below.

Ductile failure strength

For both orientations and at all temperatures, the
strength, oy, within the ductile regime increased with

increasing strain rate, ¢. The dependence can be
described by the relationship

a4 = Bé™, (2)
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Table 3. Strain-rate sensitivity, “m” ( Equation (2))

Horizontal orientation Vertical orientation

—40°C 0.33 0.32
20°C 0.27 0.15
=[I0%G 0.32 0.18
-5°C 0.23 0.26

where B is a temperature-sensitive constant. The strain-
rate sensitivity exponent, mn, was computed using least-
squares analyses from the data for each temperature and
orientation, Table 3. No consistent trend in m is evident
with either temperature or ice orientation, suggesting that
the strength-limiting process is independent of these
parameters over the ranges investigated. The average
value is m = 0.26 + 0.05, which is close to the value of
0.3 found for fresh-water columnar ice (Sinha, 1981) and
for columnar sea ice (Sinha, 1983, 1984).

Concerning the effect of temperature, Figure 10 shows
the ductile compressive strength at different strain rates.
The values plotted are averages and were obtained from
the data in Figure 9. For both orientations the strength
increases with decreasing temperature, the effect being
greater as the strain rate increases. Butkovich (1956,
1959) and Frederking and Timco (1980, 1984) previously
reported this same trend from studies over a smaller range
of temperature than used here.

Brittle failure strength
In the brittle regime the strength appeared either to be
constant or to decrease slightly with increasing strain rate

Table 4. Ratio of strength of vertical lo horizontal
orientation, oy /oy

Ductile Brittle
avemge
105! 107! T R
—40°C 4.4 4.3 - 2.1
—20°C BT 2.0 1.5 1.7
-10°C 9.5 5.4 3.8 2.9
-5°C 2.6 2.8 3.0 1.3

(Fig. 9). Also, it increased with decreasing temperature
(Fig. 10c,d). Since strain rate had only a small effect, the
average strength from tests at all strain rates was plotted
versus temperature for both orientations to illustrate the
effect of temperature. Similar effects were reported by
Richter-Menge (1986) in laboratory-grown ice and in
first-year sea ice, by Cox and others (1985) in multi-year
sea ice and by Schulson (1990) in fresh-water ice. That
similar patterns are seen in both salt-water and fresh-
water ice implies that the behavior noted here is more a
reflection of the ice per se than of an effect of the
entrapped air and brine.

Vertical versus horizontal orientation

As apparent from Figure 9, in both the ductile and the
brittle regimes the strength was greater along the columns
than across the columns. Specifically, from the averages of
the values shown in Figure 9, the ratio of the strength of

ductile regime brittle regime
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2 ® 12 o * Average of all
g $ 10 o 1E-08 (1/s) z :: tasts
8 * a a
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Fig. 10. Average peak (ductile regime) or fracture stress (brittle regime) vs lemperalure for horizontally and vertically oriented
LGSI. In the ductile regime, for each temperature and orientation, peak stress values were taken from a least-squares line of the
ductile test resulls from a separale log stress vs log strain-rate plot. In the briltle regime, for each temperature and orientation, the

average fracture stress of all of the brittle test results was plotled.
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the vertically oriented ice to that of the horizontally
oriented ice, ay /oy, for the ductile and the brittle regimes
was 3.6 + 1.7 and 2.0 &+ 0.7, respectively, Table 4. The
ratio for the ductile strength is similar to that noted for
columnar sea ice (Butkovich, 1959; Peyton, 1966;
Frederking and Timco, 1984; Richter-Menge, 1986).
No consistent variation with either temperature or strain
rate 1s evident.

The origin of the greater strength along the columns
than across the columns is different for the two regimes,
Within the ductile regime, the difference can be explained
in terms of the difference in the orientation of the basal
planes on which crystallographic slip occurs. For the
horizontal orientation there is always a high resolved
shear stress on the basal planes in the slip direction in at
least some grains so that, to a first approximation, the
ductile failure strength across the columns, ay,, is about 27
where 7 is the shear stress on the basal planes at failure,
For the vertically oriented samples the basal planes are
inclined to the loading direction by a small angle, ~,
owing to the fact (as noted under ‘Experimental
procedures and ice structure’) that the c-axes were
oriented up to 15° out of the horizontal plane of the
parent ice puck. As a result, there is a much smaller shear
stress resolved on to the slip planes when the ice is loaded
along the columns. In this case it can be shown that for
small 7y the shear stress on the basal plane is given by the
product of the applied compressive stress and 7, i.e.
T & g,7%. Then, by equating the shear stress at failure for
both orientations and writing that 72 ay,/2, it (ollows
that the ratio of the ductile failure strengths for the
vertical to the horizontal orientations is given as oy /oy, =
1/24. For an average value of 7y, say v = 8 + 2° (which is
within the extremes measured), oy /oy, = 3.6 + 1.0, which
agrees with the observations.

The origin of the difference in strength with orient-
ation within the brittle regime is less clear. Possibly, it
relates to an effect ol orientation on the parameters which
control the brittle compressive strength of ice (Schulson,
1990), such as fracture toughness, the icefice friction
coellicient or the appropriate microstructural scale,

CONCLUSIONS

The following conclusions are drawn from a study of
laboratory-grown columnar saline ice deformed under
uniaxial compression at temperatures of —40°, -20°, -10°
and -5°C, at strain rates from 107 to 107" s! hoth across
(horizontal) and along (vertical orientations) the
columns:

. At every temperature and for both orienta-
tions there is a transition from ductile to
brittle behavior upon raising the strain rate
Lo a critical value.

2. The transition occurs over a narrow range of
strain rate the center of which is about an
order of magnitude lower for the vertical
orientation; it varies from about 10 s ' at
-5°C: to about 2 x 107%s ' at —40°C for the
horizontal orientation and from about 6x
107157 at—5°C to about 2 x 10795 at —40°C
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for the vertical orientation.

3. The transition strain rate can be explained in
terms of a micromechanical model which
incorporates creep, fracture, friction and
microstructural scale.

4. For both orientations the ductile and the
brittle failure strengths generally increase
with decreasing temperature, while only the
ductile strength increases with increasing
strain rate.

5. The ratio of the vertical to horizontal
strengths is 3.6 + 1.7 in the ductile regime,
as reported by Butkovich (1939), Peyton
(1966), Frederking and Timco (1984) and
Richter-Menge (1986) and 2.0 + 0.7 in the
brittle regime.

6. In every case of ductile behavior recrystalli-
zation occurred. The recrystallization was
accompanied by microstructural bands
which appear to be precursors to recrystalli-
zation and which are attributed to sub-grain
formation through polygonization.
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