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ABSTRACT. Indentation experiments have been performed on fresh-water ice
at —9°C using an apparatus which permitted visual observation of the contact zone
at the ice/indentor interface by viewing through the specimens. Analysis of the
video records and test data indicated that at least 50% of the energy dissipated
during the process of indentation was consumed by pressure melting and heat
generation through the rapid viscous flow of the liquid. The thickness of the liquid
layer was estimated to be 16m and the contact pressure in the melting zone was
at least 90 MPa. Video records of small-scale impact tests on ice indicated that the
same process of pressure melting and extrusion was taking place.

INTRODUCTION

Here we report the results of crushing experiments using
a crushing friction apparatus primarily as an indentor.
The apparatus permits visual observation of the con-
tact zone between ice specimens and the crushing friction
surface. New insights have been gained into the crush-
ing phenomenon by extensive use of video equipment for
visual analysis of the experiments.

Of particular importance was the question of what
mechanism acts as the major energy consumer in the
indentation/impact process. At several points in this
paper, rough estimates have been caleulated for various
quantities. This has been done with the goal of demon-
strating the consistency of the data with the present
interpretation of the ice behavior, rather than to pro-
vide accurate values for the various parameters involved,
which is left for future work.

APPARATUS

The crushing friction apparatus (Fig. 1) and data acqui-
sition system have been described in detail by Gagnon
and Mglgaard (1989). The crushing friction apparatus

consisted of an ice specimen holder supported by an ac- Fig. 1. Crushing friction apparatus: A) hy-
tuator which crushed ice by pulling specimens onto the draulic actuator; B) load cell; C) mild steel
outer surface of a hydraulically driven rotating wheel. wheel (indentor); D) load cell for measur-
In the tests described here, the actuator was servo- ing tension and bending (required in friction
controlled to move at a constant rate of displacement. experiments); E) ice specimen; F) specimen
The response to error signals was within 12 ms. The ap- holder; G) video camera; H) mirror.
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paratus was housed in a portable cold room which had
a window installed at the level of the ice holder so that
video records of the experiments could be made. Re-
cently, the apparatus was modified by cutting a 50 mm
circular view port through the bottom of the ice holder.
A glass plate with a thickness of 19 mm was then put in
the bottom of the holder for the ice specimens to rest
on. A mirror mounted beneath the ice holder and spec-
imen permitted a view through the window of the cold
room up through the clear ice samples to the top surface
of the ice where the indentation process took place. A
flood lamp positioned beside the video camera provided
illumination along the same view path. All tests were
performed at —9°C.

The compliance of the indentor apparatus was mea-
sured directly, using a hydraulic jack positioned between
the ice holder and the indentor wheel. Load was ap-
plied with the jack and the displacement of the speci-
men holder relative to the indentor was measured with
a displacement device accurate to within 0.01 mm. The
measured compliance was 5.2 x 107¥ mN~! £ 5%. In the
analysis below, this compliance was used to calculate the
displacements of the specimen holder and associated en-
ergies corresponding to the drops in load which occurred
in the indentation load records (Fig. 2). Tests were run
at two actuator displacement rates, 3.3 and 7.0 mms™1,

A Panasonic Super VHS video camera and JVC video
cassette recorder were used for these experiments. This
provided 30 frames per second with shutter durations
down to 1/1000s. The video cassette recorder enabled
slow motion and frame-by-frame playback, so that re-
gions in frames of interest could be traced out on over-
laying transparent film and then digitized using a HI-
STATE Precision Coordinate Digitizer. A shutter dura-
tion of 1/500s was used for the indentation tests. Some
of the rapid action recorded during the tests was blurred
even at the highest shutter speed. Consequently, for the
small-scale impact tests described below, it was ncces-
sary to usc a stroboscope in conjunction with the video
camera to obtain effective shutter durations of ~ 11 us
which could freeze all of the action. Synchronization

INDENTATION LOAD VS TIME
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Fig. 2. Time-series load record for a typi-
cal indentation test. The actuator speed is
0.38 ems~1,
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of the video record with the data acquisition system
was achieved by taking the video output from the video
camera and feeding it directly into one channel of the
data acquisition system. At the start of a test, the flood
lamp was blocked by an opaque sheet of cardboard which
was suddenly pulled away from the lamp to shed illumi-
nation on the indentor apparatus. The sudden increase
in illumination showed up abruptly on the video out-
put and consequently in the data record. This method
yielded synchronization to within 1/60s. When nec-
essary, more accurate synchronization was attained by
comparing video events, such as specific load drops, with
the load record.

SAMPLE PREPARATION

Samples were produced by freezing filtered, degassed,
deionised water in containers with insulated walls and
bottom. The water was left unseeded on the surface so
that large ice platelets formed, resulting in large-grain
(>3 cm diameter) columnar, bubble-free ice. Specimens
were cut into 10 x 10 x 8 cm® blocks with shallow trun-
cated peaks on top to localize the initial contact in the
central region of the sample during tests. The tops of
the specimens were glove-smoothed to remove any small
irregularities that would lead to premature failure. Once
the samples had been prepared for testing they were in-
stalled in the indentation apparatus with the columnar
grains orientated parallel to the axis of loading. Since the
focus of the tests was to obtain visual documentation of
the crushing process by viewing through the ice spec-
imens, it was very important to minimize the number
of large cracks through the bulk sample during inden-
tation tests which might obscure the view of the region
of interest. This was achieved by first ensuring that the
samples were bonded to the glass plate which rests on the
bottom of the ice holder. This confined the base of the
sample. The surface of the plate was sandblasted except
for a circular region directly over the view port in the
holder. Specimens were melted onto the top of the glass
plate and placed in a cold room where the meltwater
froze, thus securely bonding the ice to the roughened
glass. The sample and glass plate were then placed in
the ice holder. The small space (~ 1 mm) between the
sides of the holder and the ice was partially filled with
snow, and then water at 0°C was added which quickly
froze to provide additional confinement around the spec-
imens. These precautions ensured that a specimen usu-
ally stayed intact throughout the region between its base
and the area of indentation, thus providing, in most cases
at least, an unobstructed view of the region of interest.

DESCRIPTION OF A TYPICAL
INDENTATION TEST

A typical indentation test proceeded as follows. When
the indentor first made contact with the ice, the speci-
men stayed intact until a sufficiently high load (around
10kN) caused large cracks to occur in the bulk sample.
During this time of initial stress buildup (A in Fig. 2;
three to eight frames on the video record, depending on
the actuator displacement rate), the video record of the
view through the bottom of the ice holder clearly showed
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Table 1. Initial contact pressure and actuator displacement
rates _for tests with the indentor wheel stationary and rotating

Pressure Actuator Sliding
speed speed
(MPa) (cms™) (cms™)
138 0.33 0
71 0.33 0
101 0.33 0
109 0.33 0
17 035 0
61 0.33 0
7 0.33 0
87 0.33 0
133 0.70 L@
49 0.70 117
82 0.70 R4
147 0.70 11.5%
150 0.70 11.7
106 0.70 117
61 0.70 117
66 0.70 LL7

a transparent, nearly circular or clliptical area where the
indentor made contact with the ice. This area had a
liquid-like appearance and sometimes a shiny ridge vis-
ible at the perimeter. This developed whether the in-
dentor was stationary or rotating. Table 1 shows data
corresponding to both cases. Pressures (90 + 24 MPa)
determined from the digitized areas (ranging from ~ 16
to 210 mm?), and the load records for the case where
the indentor wheel was not rotating, were comparable to
the pressures (99 + 38 MPa) obtained when it was rotat-
ing. For the tests where the wheel was rotating, the fric-
tion coefficient was very low during the initial segment
of stress buildup, indicating that a lubricating layer was
present. Tusima (1977) reported contact pressures in the
90 MPa range for friction experiments with a steel ball
on a single crystal of ice at —10°C. The phase diagram
of water indicates that ice is near the melting point at
90 MPa and —9°C (Hobbs, 1974). A lip of ice around
the rim of the contact area between the ice and a steel
indentor has also been observed in indentation hardness
experiments and has been attributed to refrozen liquid
produced by pressure melting (Barnes and Tabor, 1966).
These observations are consistent with the presence of a
thin layer of liquid water between the ice and the inden-
tor, produced by pressure melting.

As load increased, the size of the contact area in-
creased. Eventually the ice abruptly cracked and the
ice holder rapidly moved forward (~ 0.5mm) relieving
elastic strain in the apparatus, and the indentation load
registered on the data acquisition system immediately
dropped (B in Fig. 2). After the first break in the ice
specimen, the actuator continued to move ahead and
load began to accumulate on the remaining ice until an-
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CIRCULAR APERTURE IN BOTTOM
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EE3 DAMAGED ICE AND
REFROZEN MATERIAL

Fig. 8. View of the ice/indentor contact zone
through the bottom of the specimen holder.
Lines radiating out from the central area cor-
respond to features on the slope of the peak-
shaped ice specimen.

other fracture occurred. After cach failure the visual
record usually showed an irregular-shaped dark transpar-
ent patch(es) that was obviously in direct contact with
the indentor, since the indentor surface was sometimes
clearly visible through it. This patch (Fig. 3) was usually
surrounded by very tiny densely packed ice crystals with
a powder-like appearance, and small ice pieces resulting
from spalling. Hence the patch appeared dark in compar-
ison. Unlike the contact patch during the initial stress
buildup (A in Fig. 2), the size and shape of the patch seen
at this stage hardly changed as the load rose until an-
other failure occurred resulting in a sudden drop again in
the indentation load. The next video frame then showed
a different transparent patch with powdered ice around
the edges. The frequency of the failure episodes, which
make up the sawtooth load pattern, depended on the
rate at which the actuator pulled the ice holder against
the indentor. After a few of these episodes, the sample
had usually taken on the shape of a truncated mountain
peak or ridge (sometimes multiple) where the very top,
which corresponded to the clear patch in the videos, was
flush against the indentor. A conglomerate of powdered
ice and small ice particles were present around the top
and slopes.

A sawtooth load pattern is typical of many in-
dentation experiments reported in the literature (e.g.
Maéttanen, 1983; Michel and Blanchet, 1983; Evans
and others, 1984; Sodhi and Morris, 1984; Timco and
Jordaan, 1987). In the present work, the heights of the
sawtooth peaks usually increased as an indentation ex-
periment progressed becausc of the confinement of the
sample by the specimen holder.

INTERPRETATION

It was clear from these observations that most of the
forward motion of the ice holder (Fig. 4) occurred dur-
ing the sudden drops in load which accompany failure in
the ice specimens (e.g. B in Fig. 2). In these episodes,
the elastic energy stored in the indentor apparatus and
the ice specimen was dissipated. The motion was very
rapid (~ 6cms™!) compared to the actuator speed of
0.33 or 0.70cms™!. The rapid load drops are interpreted
as follows.
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Fig. 4. Time-series displacement records for
the ice holder and the actuator for the same
test illustrated in Fig. 2. The ice holder
displacement was obtained by subtracting the
product of the time-series load record (Fig. 2)
and the compliance of the apparatus from the
actuator displacement.

After each failure and drop in load, the actuator con-
tinued to move forward and load the contact arca, which
consisted of undamaged ice and surrounding conglomer-
ate of powdered ice and spalls. The strength of the sur-
rounding conglomerate probably provided some degree of
confinement for the undamaged ice. The load accumu-
lated until a part of the remaining ice broke away causing
a large reduction in contact area (Fig. 5). Because the
contact area was then greatly reduced, the pressure on
the contact region was very high, though the net force
exerted by the ice was less. This caused rapid pressure
melting and extrusion on top of the peak-shaped undam-
aged ice, allowing the ice holder to jump ahead. The
incrtia of the rapidly moving ice holder (mass ~ 70kg)
contributed to the pressure on the remaining ice as it
decelerated. Eventually, the increase in contact arca of
undamaged ice, and the reduction in load as the strain
in the equipment and ice was released, reached a point
where the load of the indentor could be borne by the ice.
At this point the ice holder stopped its forward motion.
Then load began to accumulate on the contact area un-
til another piece(s) spalled away starting the cycle again.
This cycle repeated itself fairly regularly during the in-
dentation experiment.

7

INTACT ICE

Fig. 5. Schematic diagram of the spalling pro-
CESS.
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Itagaki and others (1989) noted the possibility of
rapid ejection and refreezing of high pressure liquid from
under the runners of sleds used in ice friction experiments
to explain the surface structure of the runner tracks left
on the ice, though it was not clear from the tests how
the liquid was produced (i.e. by pressure melting and
extrusion and/or by frictional heating).

SMALL-SCALE IMPACTS

Occasionally, during some indentation experiments, a
video frame would capture the behavior of the ice at
the instant of one of the failures. These frames indi-
cated that the pressure melt spot was formed continu-
ously as the ice holder moved forward; cjected mater-
ial could be scen moving rapidly away from the high
pressure contact zone. To confirm further that a con-
tinuous process of pressure melting and extrusion was
occurring rapidly during the drops in the sawtooth load
pattern of these indentation tests, a series of small-scale
impact tests was performed at —9°C and recorded visu-
ally. Hand-held samples of ice were smashed onto the
surface of a thick (19 mm) glass plate. A video camera
recorded each test by viewing the contact zone from the
other side of the plate using the macro feature of the
camera to improve resolution. A stroboscope flashing at
60 Hz provided short duration (~ 11 us) light pulses so
that all motion during the impact was frozen. In cach in-
stance where the video camera captured an impact, there
was a transparent undamaged area (similar to Fig. 3) in
direct contact with the glass. This area was surrounded
by small ice pieces that had spalled from the sides of
the contact zone and by powdered ice which presumably
had recrystallized from the water extruded from the high
pressure contact zone. After each impact, a small mass
of powdered ice and spalls was bonded to the glass, evi-
dence that the extruded material was partially liquid and
had quickly frozen to the glass. Other researchers (e.g.
Kheysin and Cherepanov, 1970) have also reported the
presence of liquid water mixed with the damaged ice pro-
duced by impacts. In the crushing friction experiments
reported here and in previous experiments (Gagnon and
Mpglgaard, in press), it was observed that each failure in
the ice specimens resulted in a small mass of very fine
powdered ice freezing to the rotating indentor wheel.
On close inspection of the portion of the samples
which experienced the impacts, one could sometimes see
a very thin shiny intact plate of refrozen ice. This plate
radiated out from the high pressure contact zone and
covered the damaged ice conglomerate of powdered ice
and spalls which surrounded the high pressure zone. The
thickness of the plate was estimated to be much less
than 1 mm. A true thickness measurement was not pos-
sible because the refrozen plate was bonded to the ice
conglomerate. This observation further supported the
existence of a thin layer of water flowing in the region of
high contact pressure during the indentation process.

ENERGY DISSIPATION

In this section, it will be shown that the magnitude of
the transparent pressure melt area and the displacement
of the ice holder at the load drop correlate. From this,
the volume of ice removed by the melt/extrusion process
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and the associated energy, assuming a contact pressure
of 90MPa for a typical load drop, will be calculated.
The energy will be compared with the actual mechanical
work done by the apparatus and shown to be adequate
to cause a portion of the ejected material to be in liquid

Table 2. Ice holder displacement, transparent pressure melt
area and associated load drop energy for tests with the
indentor wheel stationary

Displacement Area Energy f
4 - orm.
(x 107m) (x 107m7) ) The load record for a typical indentation test is shown
in Figure 2. In general, it was observed that the higher

1.6 2.7 0.7 the drop in load at each failure, the larger the size of the
1.6 3.2 0.5 pressure melt spot which appeared on the video record.
0.8 24 0.2 To estimate what fraction of the energy of the inden-
1.0 0.7 0.1 tation process goes into pressure melting and extrusion,
3.3 5.0 1.7 several measurements were taken of the transparent un-
2.4 2.4 1.0 damaged areas which appear in the video records after
2.7 3.5 1.0 the load drops (Table 2). These data come from sev-
L5 2.2 0.8 cral experiments where the indentor wheel was not ro-
47 6.3 2.6 tating. It was found that the energy associated with the
4.8 6.0 2.6 load drop correlated with the size of the subsequent un-
1.1 2.0 0.2 damaged contact area (Fig. ) according to the following
1.1 1.6 0.2 equation, obtained by a least-squares fit
0.7 1.9 0.1
0.5 2.5 0.1 E = —0.33 4 3.48 x 10°A, (1)
1.9 1.4 0.4
0.8 1.5 0.2 where A is area in m? and E is energy in joules given by
3.3 8.0 2.3
23 4.3 L | 1
1.8 4.2 0.8 2C (F - F), @
2.1 87 0.9
0.3 1.2 0.05 where C, F} and F, are the apparatus compliance, and
0.6 2.6 0.1 load before and after the load drop, respectively. The
1.3 1.9 0.4 scatter in the data was due in large part to the inaccura-
2.6 6.6 1.2 cies involved in the process of tracing out and digitizing
1.1 1.9 0.4 the arcas from the video records. The correlation coeffi-
1.1 1.5 0.3 cient, 7, was 0.89. Due to the manner in which the ice
1.0 1.1 0.2 failed, i.e. higher loads generally resulted in larger drops
0.6 1.9 0.1 in load at failure, the displacement of the ice holder at
3.5 6.4 1.7 cach failure correlated with the associated energy (Fig. 7)

according to the equation

FAILURE ENERGY VS MELT AREA FAILURE ENERGY VS ICE HOLDER MOVEMENT

4.0 4.0
3.0 1 3.0 4
S 20+ S 20+
> >
(£} o
& i
E 1.0 |.Iz.l 1.0
0.0 - 0104
-1.0 T T T T 1.0 T T T T
0 18 36 54 72 S0 0.0 0.1 0.2 0.3 0.4 05
AREA (mm?) DISPLAGEMENT (mm)

Fig. 6. Failure energy versus melt areca. Each

point corresponds to the energy dissipated dur-
ing a specific load drop, as determined from
the stiffness of the apparatus, and an associ-
ated melt area, as determined from the video
record. The data come from several indenta-
tion experiments.
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Fig. 7. Failure energy versus ice holder mouve-
ment, as determined from load records and
the known stiffness of the apparatus. Each
point corresponds to the displacement of the
ice holder at a particular load drop and the
associated work done by the apparatus.
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E=-0.21+444 x 10°D +3.55 x 10°D? ~ (3)
where FE is energy in joules and D is displacement in
meters. The correlation coefficient, 7, was 0.97. Equa-
tions (1) and (3) were combined to obtain an expres-
sion for the undamaged contact area A as a function of
the displacement D of the ice holder. Integration over a
displacement typical of the maximum values in Table 2
yielded an estimate for the volume of ice removed by the
pressure melting and extrusion process for that failure
event

4.5%107' m
V= f (0.35 x 1075 4 0.13 D 4+ 102D*)dD
0

=0.18 x 107" m®.
(4)
Assuming a contact pressure of 90 MPa during the pres-
sure melting and extrusion process, one obtains an asso-

ciated amount of mechanical work:

e

E = PV = (90 MPa)(0.18 x 107" m®) = 1.62J.  (5)

This can be compared with the actual work dissipated
by the apparatus, 2.51J, as determined from Equation
(3). Clearly, at least 50% of the total mechanical work
performed can be attributed to this process. The rest of
the work was probably dissipated as heat in the appa-
ratus caused by vibration, and in the viscous extrusion
(discussed by Jordaan and Timco, 1988) of the conglom-
erate ice surrounding the pressure melt zone. Pressure
melting and heating by liquid extrusion at interparti-
cle contacts within the crushed layer may be one of the
underlying mechanisms governing the process described
by Jordaan and Timco (1988). Wetting of the parti-
cles in the crushed layer by liquid produced at the in-
dentor/ice interface may also play a role. The 90 MPa
contact pressure was conservative, since it corresponded
to near static conditions in the apparatus; higher con-
tact pressures were certainly present when water was
being rapidly extruded during the rapid movements of
the ice holder during the load drops. A conservative
estimate, then, for the work performed in removing ice
through the mechanism of pressure melting and extru-
sion is 90MJm™3. This implies that a fraction of the
extruded material will be in liquid form since the latent
heat of fusion of ice is 334 MIm™>. This is consistent
with the observation from the small-scale impact exper-
iments and crushing friction experiments that extruded
material bonds to the glass plate and the friction surface.
Raising the temperature of the extruded material from
—9° to 0°C requires 19 MJ m™2, which leaves 71 MJm™®
of available energy for melting. Hence ~ 20% of the ex-
truded material was liquid, since its kinetic energy, based
on the velocity estimate above, was negligible.

An accurate measurement of the thickness of the lig-
uid layer was beyond the scope of this paper. How-
ever, a rough estimate for the layer thickness was ob-
tained by taking the volume calculated in Equation (4)
(0.18 x 10~"m?) and noting (from the load record) that
ejection of this material occurred in ~ 0.01s, which
yielded an average flow rate of 0.18 x 107 m®s~'. Some
of the videotaped tests, where the shutter speed was
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1/500s, had frames which captured the behavior of the
ice during the short time interval when the extrusion pro-
cess was taking place. The material which was ejected
from the high pressure zone was blurred on the video
frame because of its high velocity. The blur streak
was typically 1cm in length which implied a velocity of
5ms™'. Assuming a circular contact spot shape, the
mid-area from Figure 6 (4 x 10~° m?) was used to obtain
the circumference of the spot. This perimeter multiplied
by the thickness of the layer yields the instantaneous
arca through which the extruded material must flow at
the prescribed rate and velocity above. From this calcu-
lation, a liquid layer thickness of ~ 16 um was obtained.
It is interesting that various studies of ice friction indi-
cate a liquid layer thickness ~ 1pum (e.g. Furushima,
1972).

In summary, the following scenario emerges from the
above observations and calculations. As ice breaks away
from the contact zone, the contact pressure jumps to a
high value, and pressure melting and fluid flow begin.
The thin layer of water (Fig. 8) flows rapidly because of
the extreme pressure, and, in doing so, it generates heat
due to viscosity. Some of this heat is conducted directly
into the surface of the ice below providing encrgy for
further melting. As the flow leaves the high pressure
region and the freezing point is clevated, the bulk of the
flow refreezes by dumping heat into the ice below and
the indentor, while a portion of the flow stays in liquid
form.

IMPLICATIONS

The implications of these results are far-reaching. Un-
til now, no evidence has been presented to indicate that
pressure melting and heat generation by viscous flow of
the melt plays a role in ice indentation or impacts. It has,
therefore, not been included as a candidate for energy
consumption in situations involving ice impacts and in-
dentation, such as in the operation of icebreakers. It is
interesting to note that phase changes, including melt-
ing, have been discussed in the context of high velocity
impacts on icy bodies throughout the solar system (e.g.
Ahrens and Q'Keefe, 1984; Gaffney, 1985; McKinnon,
1989).

The present results support the conclusion that in
sliding friction on ice under relatively small loads, the

PRESSURE MELTING AND EXTRUSION PROCESS

DOWNWARD INDENTOR VELOCITY ~6cnvs
OUTWARD EJECTA VELOCITY ~5mvs

FLUID LAYER THICKNESS ~ 16 x 10-6 m

i

INDENTOR

~80% ICE
~20% LIQUID

REFREEZING

Fig. 8. Schematic diagram of the pressure
melting and extrusion process.
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contact pressure on asperities can be high enough to in-
duce pressure melting. Depending on the test configu-
ration, the presence or absence of lubricating pressure
melt, along with melt due solely to friction, may help to
explain the inconsistencies that often arise in ice friction
studies. A theory which includes both methods of water
film production may be required before a complete un-
derstanding of sled runner and skate blade dynamics is
realized.

Model tests of marine vessels in ice towing tanks are
also affected by the phenomenon, since pieces of broken
ice and edges of the intact sheet can present points and
sharp ridges to the surface of the model. The net forces
may be modest, but the contact pressures may be ade-
quate for pressure melting.

SUMMARY

A considerable amount of visual and numerical informa-
tion has been analyzed from the present series of inden-
tation and small-scale impact tests. The proposal that
pressure melting and extrusion of melt plays a major role
in the tests described here is supported by the following
evidence. Measured pressures at the start of indentation
tests were high enough for pressure melting and the con-
tact spots had a liquid-like appearance. The friction co-
efficient was also very low at the beginning of indentation
experiments (observed in crushing friction tests), indicat-
ing lubrication. The central region of the contact arcas,
throughout the duration of indentation tests, was trans-
parent and the ice benecath was undamaged. The trans-
parent spots generated in the small-scale impacts and
indentation tests were surrounded by extruded material
consisting of very tiny particles mixed with some liquid
water, as would be expected in the extrusion process il-
lustrated in Figure 8. A very thin platelet of refrozen
ice, radiating out from the edge of the contact zone, was
observed after some small-scale impact tests. Estimates
for the volumetric rate at which ice was removed from
the transparent contact zones in the indentation tests
and the velocity of the ejected material indicate that the
process of removal occurred in a very thin layer, ~ 16 pm
in thickness.

Clearly there is a great need to confirm further the
existence of this phenomenon through higher resolution
visual methods and also by looking at the microstruc-
ture of the liquid layer. Thermal measurements at
the ice/indentor interface during indentation and impact
tests would also shed light on the processes involved and
possibly confirm the presence of liquid. It is hoped that
the conclusions presented here will encourage others to
investigate this area. In some cases this may not re-
quire new experiments, but rather a fresh look at previ-
ous work, keeping in mind a possible new interpretation.

ACKNOWLEDGEMENTS

The authors are grateful to several N.R.C. scientists, Dr
Ed Lozowski of the University of Alberta and Dr Richard
McKenna of Memorial University for perusing the first
draft of this paper and making helpful suggestions.

260

https://doi.org/10.3189/1991A0G15-1-254-260 Published online by Cambridge University Press

REFERENCES

Ahrens, T.J. and J.D. O'Keefe. 1984. Shock vaporiza-
tion and the accretion of the icy satellites of Jupiter
and Saturn. Lunar Planet. Sci., 15, 3-4.

Barnes, P. and D. Tabor. 1966. Plastic flow and pres-
sure melting in the deformation of ice I. Nature,
210(5039), 878-882.

Furushima, T. 1972. Study on the frictional resistance
of skate. Seppyo, 34(1), 9-14. [In Japancse. English
summary.|

Gaffney, E.S. 1985. Hugoniot of water ice. In Klinger,
J., D. Benest, A. Dollfus and R. Smoluchowski, eds.
Ices in the solar system. Dordrecht, etc., D. Reidel
Publishing Company, 119-148.

Gagnon, R.E. and J. Mglgaard. In press. Crushing fric-
tion experiments on freshwater ice. In Jones, S.J.,
R. McKenna, J. Tillotson and I.J. Jordaan, eds. IU-
TAM/IAHR Symposium on Ice/Structure Inter-
action, St John's, Newfoundland, Canada, August
14-17, 1989. Berlin, etc., Springer-Verlag.

Hokbs, P.V. 1974. Ice physics. Oxford, Clarendon
Press.

Itagaki, K., N.P. Huber and G.E. Lemicux. 1989. Dy-
namic friction of a metal runner on ice. CRREL Rep.
89-14.

Jordaan, I.J. and G.W. Timco. 1988. Dynamics of the
ice-crushing process. J. Glaciol., 34(118), 318-326.
Kheysin, D.Ye. and N.V. Cherepanov. 1970. Izme-
neniye struktury I’da v zone udara tverdogo tela o
poverkhnost’ ledyanogo pokrova [Change of ice strue-
ture in the zone of impact of a solid body against the
ice cover surface]. Probl. Arkt. Antarkt. 34, 79 84.

Maattanen, M. 1983. Dynamic ice-structure interaction
during continuous crushing. CRREL Rep. 83-5.
McKinnon, W. B. 1989. Impact jetting of water ice, with
application to the accretion of icy plantesimals and

Pluto. Geophys. Res. Lett., 16(11), 1237-1240.

Michel, B. and D. Blanchet. 1983. Indentation of an S,
floating ice sheet in the brittle range. Ann. Glaciol.,
4, 180-187.

Palmer, A.C., and 6 others. 1984. Indentation spalling
fracture of edge-loaded ice sheets. IAHR Ice Sym-
posium, Hamburg, August 27-31, 1984. Procced-
ings. Vol. 1. Hamburg, Hamburgische Schifibau-
Versuchsanstalt, 113-121.

Sodhi, D.S. and C. E. Morris. 1984. Ice forces on rigid,
vertical, cylindrical structures. CRREL Rep. 84-33.

Timco, G. W. and L. J. Jordaan. 1988. Time-series varia-
tions in ice crushing. In Sackinger, W. M. and M. O.
Jeffries, eds. Port and Ocean Engineering Under
Arcetie Conditions. Vol. 1. Fairbanks, AK, Univer-
sity of Alaska. Geophysical Institute, 13-20.

Tusima, K. 1977. Friction of a steel ball on a single crys-
tal of ice. J. Glaciol., 19(81), 225-235.

The accuracy of references in the text and in this list

is the responsibility of the authors, to whom queries
should be addressed.


https://doi.org/10.3189/1991AoG15-1-254-260

	Vol 15 Year 1991 page 254-260 - Evidence for pressure melting and heat generation by viscous flow of liquid in indentation and impact experiments on ice - Robert E. Gagnon and John Mølgaard

