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ABSTRACT

High-speed imaging (15,000 images/s) has been used to observe the behavior of truncated-
pyramid freshwater ice samples crushing against an initially-flat freshwater ice ‘platen’ at
—10°C at a rate of 20 mm/s. For most tests a polycrystalline sample was crushed against a
monocrystalline platen. Two tests involved the cases where both the pyramid sample and
platen were monocrystalline and where they were both polycrystalline. The ice behavior was
viewed through the ice platen. Remarkably the behavior of the ice in all cases resembled that
of prior tests where ice pyramids were crushed against rigid steel and acrylic platens and
where observations included spalling, high-pressure zones and low-pressure zones. Spalling
rates for the polycrystalline sample tests were significantly influenced by the resonant
frequency of the ice-apparatus system, ~ 350 Hz, and the load records showed several
extended segments of lock-in at that frequency. This implies that the spalling rates were
generally in the vicinity of the resonant frequency of the system and this lead, at times, to the
rates adjusting to match the system resonant frequency. While small elastic oscillations of the
ice-apparatus system were evident in the sawtooth load record for the monocrystalline ice
sample test these did not result in lock-in since the spalling rate was much lower than the
polycrystalline case and much more stress built up in the system between spalling events, that
is, the load sawteeth had much higher amplitudes and longer periods. The difference in
behavior of the monocrystalline and polycrystalline ice can be attributed to the presence of
grain boundaries and the random c-axis orientations of the grains, where both promote
spalling fractures. Adhesive effects, due to rapid refreezing of liquid produced during
crushing, were also observed in the load records at the ends of the tests where load went
negative briefly as the crushed ice pyramid was pulled away from the ice platen.

INTRODUCTION

Ice-ice interaction, and associated crushing, occurs in several instances both terrestrially and
elsewhere in the solar system. When broken sea ice is forced to move, as a result of wind
and/or current shear forces, against a shoreline or to flow in a constricted channel ice pieces
collide and crush against one another at contact points. Similarly, ice pieces moving down a
river through a narrow area or round a bend experience collisions with other ice pieces that
sometimes cause an ice jam. Also, when ice masses move against structures crushed ice is
produced. Inside this material ice-on-ice crushing occurs between particles and chunks as the
material is forced to extrude away from high-pressure zones at the structure/ice interface. Ice-
on-ice crushing also occurs when icebergs and ice islands clear paths through sea ice covers
when driven by current or when grounded in a moving ice flow. When ships impact sea ice
ridges load transfer occurs at contact points between ice blocks that comprise the ridge and
results in ice-on-ice crushing and energy dissipation. The dynamics of ridge keel and sail
formation also involve ice-on-ice impact and crushing. On a smaller scale in certain



atmospheric conditions small ice particles collide with existing ice layers on aircraft
components to increase the accumulation. A thin layer of pressurized flowing melt is known
to be generated during ice crushing (Gagnon, 1994a). It follows that the relief of pressure near
the end of an ice-on-ice collision could lead to rapid refreezing of the liquid due to its super-
cooled state and heat loss to cold surrounding ice, with consequent adhesive effects. Finally
we mention ice-on-ice crushing in fault zones on tectonically active moons such as the
Saturnian moon Enceladus (e.g. Smith-Konter and Pappalardo, 2008). Additionally, ice-on-
ice collisions occur when ice masses collide with Saturn’s F-ring (e.g. Attree et al., 2012;
Tiscareno et al., 2011). In all of these scenarios some degree of ice-on-ice crushing occurs at
the contact areas and the crushing plays a role in the load transfer characteristics, the energy
balance of the interactions, and the dynamics and cohesiveness of the system. Ballistic-speed
ice-on-ice impact experiments have been performed before (Kato et al., 1995) where impact
craters were analysed after tests. Here we present the first detailed in situ observations of ice
behavior during ice-on-ice crushing within the brittle regime at a comparatively slow rate that
is more typical of terrestrial interactions.

APPARATUS AND ICE PREPARATION

Fig. 1 is a schematic of the test setup, where an ice

sample, confined in a rigid holder, is ready to be High-speed
pressed against a transparent ice platen in a testing camera
frame as high-speed images are acquired from the
opposite side of the platen. Fig. 2 is a photo of the
actual apparatus and ice just prior to a test. Most ice
samples were polycrystalline and one was mono- Acrylic base
crystalline with the c-axis oriented vertically. Each ice ‘ -
specimen, initially a block 13 cm x 13 cm x 10 cm,
was trimmed at the top to the shape of a truncated
pyramid with a slope of about 40°. The top of the
pyramid was rounded slightly by hand melting. Details
of the procedure for preparing the ice specimens and Ice
mounting them in the ice holder are given by Gagnon \ .
(1994a). The ice holder and the method of growing
large single crystals are also described. The tests were
carried out at —10°C and the actuator was moving at a
nominal rate of 20 mm/s. The load data for the tests
were acquired at 20,000 samples per second. The
high-speed imaging camera (Fastcam-APX RS) was
running at a capture rate of 15,000 images per second
and each image was 256 x 256 pixels in size, the
maximum allowable resolution for the camera at this image acquisition rate.

Ice platen

Confinement ring

Ice holder

Fig. 1. Schematic of the test setup
for the crushing experiments.

The ice platen was a machined solid cylinder of ice with parallel flat end faces. It was
confined within a holder that consisted of a thick acrylic base that was glued to an aluminum
confining ring (ID 86 mm x height 48 mm). The ice platen was machined to have a slightly
smaller diameter than the inner diameter of the confining ring and the same approximate
height. To install the ice, the holder was brought to a temperature slightly above 0°C while the
ice platen was slightly colder than 0°C. The platen was then inserted into the holder so that it
was centered relative to the ring. A small amount of melting initially occurred at the bottom
face of the ice platen. The ice then bonded, and conformed perfectly, to the acrylic due to
freezing of the thin interfacial melt layer. Then clamps were used to press a Styrofoam pad



against the top face of the ice platen. Snow, followed by
water at O°C, was then poured in to fill the small gap
between the cylindrical wall of the ice and the inner face |
of the confining ring. Then the ambient air temperature |
was dropped to — 10°C so that the water froze, thereby
securing the ice platen in the holder. The clamps
prevented any lifting or relative movement of the ice
platen and holder during the freezing process. Such
precautions ensured that the ice was properly bonded to
the base of the holder and the confining ring. This
prevented pre-cracking and non-uniform bonding that
would otherwise mar the behavior of the ice during the
crushing tests. The ice platen, when properly installed
in its confinement holder, mimicked an infinite plane of
ice.

In these experiments we had chosen to use the top of a
truncated ice pyramid to crush against a flat ice platen.
In nature where ice-on-ice crushing is involved it is
much more likely that a corner or pointed portion of one !
participating ice mass will, at the local scale, interact §

with a relatively flat portion of another participating ice
mass rather than point-on-point or flat-on-flat

interactions. Fig. 2. Photo of apparatus. (A)

o . ) Load cell; (B) reinforced housing
Polycrystalline ice was grown by filling a box, insulated and mirror for viewing the

at the top and sides, with freshwater ice grains (~ 4 mm  cryshing contact area through the
in diameter) and ﬂOOding the bOX, while under vacuum, jce p|aten; (C) Confining ring with
from the bottom with deaerated water near O°C. jce platen inside; (D) pyramid ice
Separated by a gap from the insulating material at the sample in ice holder.

top of the box was a thin rubber membrane that kept the

ice-water mixture compacted after flooding. The mix was then allowed to freeze from the
bottom upwards by exposing the metallic bottom of the box to cold air at -10°C in a cold
room. The rubber membrane at the top allowed for the expansion of the water as it froze. Fig.
3 shows a thin section of the granular ice. The ice was stored for 7 days before the tests began.

RESULTS AND DISCUSSION

Table 1 shows the ice sample and ice platen types used for the five tests discussed here. Fig. 4
shows the load records for the five ice crushing experiments: Test #7 corresponds to a
single-crystal pyramid crushing against a single-crystal platen; Test #6 corresponds to the
case where both the ice platen and the ice pyramid were polycrystalline; Tests #4 and #5
correspond to the case where polycrystalline ice pyramids were crushed against a single-
crystal platen; Test #3 corresponds to the case where a polycrystalline ice pyramid was
crushed against a thick acrylic platen.

Table 1. Test sample and platen types used for each experiment.

Monocrystalline Pyramid | Polycrystalline Pyramid
Acrylic Platen Test #3
Monocrystalline Ice Platen Test #7 Test #4 and Test #5
Polycrystalline Ice Platen Test #6




Initially we will focus on the broad characteristics of the data. It is obvious that during Test
#7, corresponding to a single-crystal pyramid crushing against a single-crystal plate, that the

sample failed catastrophically at time ~1.46 s on
the record. The top portion of the pyramid
shattered due to the build-up of strain energy
and could not support any substantial load until
the ice platen encountered some fresh intact
pyramid ice. This was evident in the high speed
imaging record. Hence, for the sake of
comparing the data from Test #7 with the other
tests we have shown expanded views of portions
of the load data from the beginnings of the tests
up to ~1.45 s in Figs. 5 and 6.

The load time series for Tests #3-6 show basic
similarities (Figs. 4 and 5). While the traces do
not overlap at any particular segment in time it
can be seen that the traces fluctuate so the order
of highest to lowest values changes from time to

i, 0 BN @
Fig. 3. A thin section of the lab-grown
polycrystalline ice. The unit on the scale at
the right is mm. The ice porosity was very
low since the bulk ice was virtually
transparent.
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time so that one could argue that the traces are quite similar qualitatively and, when averaged
over time, quantitatively. Indeed if we average the load values of the traces up to the point in
time where the large failure of Test #7 occurred, that is time ~1.45 s, we get values of 5.09
kN, 4.51 kN, 6.58 kN and 5.61 kN for Tests #3-6 respectively, corresponding to an average
value and standard deviation of 5.44 kKN £ 0.76 kN. Test #7 averaged to that point in time, on
the other hand, gives a distinctly higher value of 15.42 kN.

The highly expanded view of the tests shown in Fig. 6 illustrates several features of the ice
behavior and its connection with the behavior of the ice-apparatus system. Note that the high
speed imaging records show a spalling event for each of the small sawtooth oscillations in the
load records for Tests #3-6 and for each large sawtooth in the record for Test #7. Spalling
rates for all of the polycrystalline samples (Tests #3-6) were significantly influenced by the
resonant frequency of the ice-apparatus system (~ 350 Hz), and several segments in the load
records resembled lock-in at that frequency (e.g. Fig. 6, A, Test #6). This implies that the
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Fig. 4. Load time series for the five ice crushing experiments. The tests were conducted
at -10°C with a nominal actuator speed of 20 mm/s.
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Fig. 5. Expanded view of the load data shown in Fig. 4, where only the data before time
~1.45 s, i.e. the time of catastrophic failure of the sample in Test #7, is presented.
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Fig. 6. Highly expanded view of a portion of the load time series shown in Fig. 4.

spalling rates were lower than, but in the vicinity of, the resonant frequency of the system and
this lead to the rate adjusting upwards at times to match the system resonant frequency, as
previously observed and discussed by Gagnon (2011). The amplitude of the rounded load
sawtooth associated with any particular spalling event generally was small, as is evident in the
low-amplitude oscillations predominant in the records of Tests #3-6 (Fig. 6). Occasionally a
larger spalling event would occur in a load record (e.g. Fig. 6, B, Test #5) or the spalling rate
would for a segment become significantly less than the resonant frequency of the ice-
apparatus system, (Fig. 6, C, Test #6) but generally it stayed in the vicinity of the system
resonant frequency. In contrast, while small elastic oscillations of the ice-apparatus system
(Fig. 6, D, Test #7) were evident in the load record for Test #7, where monocrystalline ice
was used, these did not result in spalling or lock-in. The spalling rate in this case was much
lower than in the polycrystalline ice case and much more stress built up in the system between
spall events, i.e. the load sawteeth had much higher amplitudes and longer periods.



The difference in behavior of the monocrystalline and polycrystalline ice samples can be
attributed to the presence of grain boundaries in the latter case where grain-boundary sliding,
and the associated stress concentrations, is likely the dominant mechanism that leads to crack
formation under the present circumstances (e.g. Frost, 2001). Note that some extremely small
air bubbles, from the ice growth process, reside at the grain boundaries and they may have
some influence. Individual grains exhibit variable susceptibility to fracture depending on the
loading direction relative to the c-axis. Indeed some of the high speed image data from the
present tests shows instances where one grain that is part of a high-pressure zone will shatter
whereas the grain immediately adjacent to it will not shatter. Hence, it is not surprising that
the monocrystalline ice pyramid was much less susceptible to cracks than the polycrystalline
ice samples because there were no grains or grain boundaries in the ice. Furthermore in Test
#7 the loading direction was along the c-axis of the ice, and it has been shown that fracture is
harder to initiate in the prismatic plane than in the basal plane (Frost, 1996). Additionally,
when spalls occur in the polycrystalline ice case the spall size is often on the scale of the grain
size of the ice, in contrast to the monocrystalline case where the spall size is generally much
larger. Note that the magnitude of the load drop associated with a spalling event correlates
with the size of the spall that separates from the intact ice. Hence the sawtooth load drops
associated with Test #7 are greater than the load drops associated with Tests #3-6 since the
spalls are larger for the reasons discussed above. Qualitatively the sawtooth load record for
Test #7 looked similar to previous crushing tests using monocrystalline pyramid samples
crushing against an instrumented metallic platen (Gagnon 1994b) and quantitatively the load
values at a crushing depth of 10 mm were comparable.

There is another observation that is of some relevance regarding the load data. It was noted
that at the ends of the ice-on-ice crushing tests, at the point where the actuator reversed
direction and began to withdraw the pyramid samples from the ice platen, the load
momentarily went negative to a small extent (roughly 60 N). That is, the ice sample and
platen had bonded together so that a tensile load could be supported. In one case (Test #5) the
ice platen remained bonded to the crushed ice pyramid after the test thereby stretching the
bungee cord that normally kept the acrylic base of the platen holder in flush contact with
another thick acrylic plate that was attached to the load cell (Fig. 2). The load time series
shows that the bonding strength was greater than the force required to overcome air pressure
initially to separate the flat base of the platen holder from the flat acrylic plate attached to the
load cell (Fig. 7). The adhesion between the ice platen and the pyramid samples may be
explained by the presence of a thin pressurized flowing melt layer (Gagnon 1994a) between
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Fig. 7. Load time series for Test #5, corresponding to the end of the test where the
ice sample had freeze-bonded to the ice platen as the actuator withdrew.



the intact ice platen and intact hard zones of the pyramid samples that rapidly freezes as flow
stops when the pressure is released, and in so doing bonds the sample and platen together.
Normally during crushing the viscous pressurized liquid layer is always flowing and
generating heat that produces more melt (Gagnon 1994a).

For all tests using a monocrystalline ice
‘platen’ it was noted that the platen stayed
relatively intact while apparently wearing
somewhat (to a depth of roughly 1 cm). The
wearing process is similar to that which
happens to the ice pyramid sample. In the case
of the platen there is some near surface spalling
that occurs to the sides of the central region in
addition to rapid melting that occurs in the
central region where hard zones of the ice
pyramid tend to be located during crushing. Fig.
8 shows a thin section of the monocrystalline ) _ )
ice platen that was removed from the confining Fig. 8. Thin section of the monocrystalline
ring following Test #7. Conical-shaped cracks ICe platen used in Test #7. (A) Conical-
(Fig. 8, A) are visible extending from the top shaped crac_ks; (B) relatively undamaged
central region where the ice has clearly worn central region where most hard zone
(Fig. 8, B), i.e. melted, to a depth of ~8 mm. contact occurr(_ed; (C) refrozen remnants of
The hazy material (Fig. 8, C) to the sides of the Wet spall debris. The.dark band at the left
central region is the refrozen remnant of wet Corresponds to the mix of snow and water
spall debris from both the ice pyramid and the that was used to freeze the outer perimeter
ice platen itself. The polycrystalline ice platen Of the ice platen to the confining ring.
behaved in a similar way during Test #6, however, many small cracks appeared starting from
the central region that grew in number as the test progressed. Gagnon and Bugden (2007) had
noted similar behavior during edge crushing experiments of thick sections of polycrystalline
ice. These small cracks were associated with the granular nature of the ice, as mentioned
above, however they did not seem to reduce the strength of the ice in the loading direction
since the load record and visual behavior were similar to the other tests.
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We now consider some of the visual data from the tests. Here we show image pairs from
Tests #3, #5 and #7 (Fig. 9). Test #5 was a repeat of Test #4 using the same monocrystalline
ice platen after Test#4 since it had experienced only a few minor cracks and had only eroded
to a depth of about 1 cm. It was therefore deemed suitable for retesting after scraping off the
loose crushed ice debris and flattening the top surface by melting with a warm metallic plate.
Tests #3 and #5 had the same test parameters (-10°C; 20 mm/s) except that sample 3 was
crushed against an acrylic platen whereas sample 5 was crushed against a flat monocrystalline
ice ‘platen’. Remarkably the load records and the images of the ice contact areas are similar.

In Fig. 9 each image pair shows the ice contact area just prior to and after a spalling event.
High-pressure zones (the dark areas) surrounded by low-pressure zones (light areas) are
common to all images. In each case a spalling event corresponds to a portion of the intact ice
in a high-pressure zone separating from the intact ice and shattering to become light-colored
low-pressure pulverized material. The process has been discussed before along with other
aspects such as the production of melt at high-pressure zones (Gagnon, 1999) and within the
pulverized material as it flows away from high-pressure zones (Gagnon and Daley, 2005). For
Tests #3 and #5 we note that the high-pressure zones are somewhat dendritic in shape. This is



Test #3 0.952 s; 8.30 kN 0.956 s; 5.94 kKN

Test #7 1.274 s; 25.53 kN 1.276 s; 13.74 kN

Fig. 9. Image pairs from three tests, including time signatures and
corresponding load values. For Test #3 the view is through an
acrylic platen that the ice was crushed against, whereas the views
for Test #5 and Test#7 were through monocrystalline ice platens.
Each image pair shows the ice contact area just prior to and after a
spalling event. All images show centrally located hard zones (dark
areas) with surrounding soft zones (light areas). The two images of
ice contact from Test #7 are partially compromised because at that
time in the test a series of optically-reflective cracks, in a cone-
shaped formation (see Fig. 8), prevented a full view of the hard
zone and surrounding soft zone. However, the view is sufficient to
clearly see the spall event where a portion of the central intact ice
(dark area) has turned into pulverized spall debris (light area),
similar to the other image pairs. Each image is 35 mm wide.



due to the polycrystalline nature of the ice samples. This contrasts with the more regular
shaped high-pressure zones observed for Test #7, where monocrystalline ice was used for the
pyramid sample. Note that due to conical-shaped fractures that developed in the ice platen as
the load increased (Fig. 8, A) the view of the ice contact area for Test #7 was partially
blocked for most of the visual record. The spalling behavior was nevertheless clearly visible.

For these test results adequate synchronization of imaging and load (to within 1 ms) was
achieved by associating a number of distinctive events in the load record with corresponding
distinctive events from the imaging record such as initial ice contact and prominent spalling
episodes.

CONCLUSIONS

Visual records of the contact region during ice-on-ice crushing have been obtained for the
first time. The visual information and load data indicate that the same ice crushing processes
occur during ice-on-ice crushing as they do for ice crushing against rigid metallic or acrylic
platens. Polycrystalline ice samples generally yield lower load values than monocrystalline
ice samples with the c-axis vertical. The shapes of the high-pressure zones for polycrystalline
ice samples are somewhat dendritic whereas for monocrystalline ice samples the zones are
more regular shaped. The differences in load values and high-pressure zone shape
characteristics are due to a propensity for cracks at grain boundaries and within grains of
weak c-axis orientation in the case of the polycrystalline ice. A consequence of this is that
spalling rates are much higher and of much lower load amplitude for the polycrystalline ice
case. It appears that depressurization and stoppage of flow of the thin melt layer between the
ice platen and the high-pressure zones of the ice pyramid lead to rapid freezing of the liquid
and consequent bonding of the ice sample to the ice platen at the ends of the ice-on-ice tests.
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