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ABSTRACT

Ice crushing experiments similar to Gagnon and YP&O05) have been repeated at twice the
former high-speed video rate (1000 images/s) artth ¥ie intention of eliminating in-plane
fractures that occurred in all previous tests. &aegtilar thick sections (1 cm thickness) of lab-
grown monocrystalline ice were confined betwdem thick Plexiglas plates and crushed at
—10°C from one edge face at a rate of 1 cm/s usingresparent Plexiglas platen (1 cm thickness)
inserted between the plates. Visual data were dedofrom the side using the high-speed video
and vertically through the platen using regulareadit was concluded that the system was too
compliant to prevent the in-plane fractures, howgewge test did show near full-thickness intact
ice. From this test unambiguous pressure measuatsnwere obtained for the intact and
pulverized ice at the ice/platen interface utiligithe system’s novel pressure sensor. As in the
previous report, the production and flow of ligunda thin layer at the intact ice/platen interface
was evident. The apparatus was then modified sogmfly to reduce its compliance and more
tests were conducted with the eventual desiredltréisat in-plane fractures in the ice were
eliminated. This confirmed that the apparatus gabée of yielding visual data of a 2-D slice of
ice during crushing as though it was part of adaggece of ice.

Gagnon, R.E. and Daley, C. 2005. Dual-axis videservations of ice crushing utilizing high-
speed video for one perspective. POAC 2005, Potshi@m York, Vol. 1, 271-282.
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INTRODUCTION Video Camera

While much progress has been made%

the last 2 decades concerning tl
processes involved in ice crushing
considerable study remains in order 4

Plexiglas
Crushing Platen

resolve diverge_nt views that ha_v Plexiglas Plate
developed. The importance of observir 57—
the ice behavior is, no doubt, a ke § |
factor. Here we report on-goin(
development and results from a nov ‘

apparatus (Figure 1) designed to pern

dlrect_ viewing of ice behawqr during 7 High-Speed Video Camera
crushing. The goal for the design was ce Sampl;e
essentially take a slice of ice an .

Figure 1a

observe its behavior during edge-c
crushing as though it were part of Confinement Apparatus
larger piece being crushed. The succe
of the apparatus until now has bee
limited because of in-plane fractures th (O Brace with Adjustable Bolt@u
persistently occurred in the ic Al Plate with Notch
specimens (Figure 2), with pulverize for lce Extrusion
ice forming on one side of the fractur Transparent Plexiglas Plage

tending to obscure observations at ﬂ
likely influence the ice behavioi
(Gagnon and Daley, 2005). [@ OQ}

Base Plate

i

Here we initially present some
experimental results that are perhaps ...
best that could be obtained with th-
original apparatus. We term these resu
as ‘best’ because the ice sample at le
partially behaved as was intended by t
apparatus design. While using tF

Figure 1b

Figure 1. (a) Conceptual schematit the ice
crushing test method. (b) Details of the -ice
holder as originally designed (Gagnon
Daley, 2005).

original ice-holder the ice always developed inagldractures, however, in this particular test a
portion of the ice remained largely intact throughalmost all the thickness of the sample.
Hence, the pressure measurements were unambigumlisbasic calculations of energy

dissipation could reliably be made. We then descatiempts to remedy the problem of the in-
plane fractures and eventually identifying the cbamze of the ice-holder as the source of the
trouble. Finally we discuss the design modificasidhat eventually facilitated the desired ice
behavior, that is, no in-plane cracking or dissamibehavior through the lateral thickness of the
ice specimen during crushing. We view the technigeean important new development for
studying ice behavior during impact and indentatlosth at the lab scale and up to full scale, and

therefore worthy of the efforts to refine the apas.
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DESCRIPTION OF TEST USING ORIGINAL APPARATUS

The test was conducted at 2COwith the EEsELILy
crushing platen moving at a nominal spe
of 10 mm/s. Figure 3 shows two image pressure sensor
from the high-speed video record. Figure 2 '
shows the corresponding portion of the lo
data with the points at which the imag¢ases
were acquired. Hence the load shows a | Es-G
drop event had occurred between the t{s

images due to a spall in the region §
contact. Figure 3 shows inset imagg

refrozen melt

downward viewing regular video camera
the contact region between the ice and E=EUTE S TCA
platen. While the ice has some cracks in it} :
remains largely intact in the region ¢’

contact. This is evident from the Figure 2. Image from a higbpeed vide
transparency of the ice in the high-spe record indicating various aspects of
video images and also from the downwa apparatus and ice behavior (Gagnon
looking images, where intact ice shows 1 Daley, 2005).

dark (between the base and the white liric,

Figure 3. Two higrspeed digital images from the test with the origaygparatus. Tt
ice slab is in the plane of the image and the veethrough a Plexiglas plate as show
Figure 1. Images of the platen/ice contact fromttipecamera are inset (to scaba) the
high-speed images. Fairly intact ice is visible in theaasubscribed from the base of
inset images up to the white line. Similarly theeggure sensor contact is the
subscribed from the bottom of the inset images apghe black line. Thaest wa
conducted a-10°C, where the crushing platen moved at a rate ohifs
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video images in Figure 3.
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Figure 4. Load record for the test shown in Figewith markers (open circle
corresponding to the two images. The images ancgraale in sequence from left to right.

and pulverized ice is usually lighter. Overlain thie inset images are the contact areas for the
pressure sensor (the area between the base ohélge iand dark line). We see that the intact ice
spans close to the full width of the ice, and thatpressure on the ice where the span is thickest
spans the full width, i.e. at least 30 MPa (Gagand Daley, 2005). If we take the area of the
intact ice and the pressure we find that about dfalie load is supported on that ice and the rest
on the pulverized material, where the pressureviet, mostly out of view. Gagnon (2004) has
described the method whereby ice is removed froenirtkact zones, i.e. through melting as a
result of heat generation in the flow of a thindawf liquid under high pressure. Spalling occurs
both at the sides of the intact zone, and alsbeatateral edges of the intact ice. Each spalldead
to a load drop, large or small, depending on tke sif the spall. The production of liquid and
wetting of surrounding pulverized ice was observerk as in previous experiments.

The vertical compliance of the ice/apparatus systas been determined (Gagnon and Daley,
2005) so that the actual movement of the plateratdsvthe ice during a load drop can be
calculated. On the sharp descending side of théosdélwbetween the image markers in Figure 4
the load dropped by about 5.8 kN in about 0.35 iHence, using the compliance (1.07¥10
m/N), we see that the platen moved against thé.2@x10* m in 0.35 ms, that is, at a rate at ~
1.77 m/s during the load drop, 177 times the nompenetration rate! Alternatively the
penetration at the load drop can be measured @fiftlages to yield a similar penetration rate.
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ELIMINATION OF IN-PLANE FRACTURES

Various means were employed in thjg
test series to eliminate the in-pla
fractures. Different shapes for the top
the ice were employed, a sem
cylindrical platen head was tried, a te
was run at a higher temperature ofG6
and a test run at a slower nomin i
indentor speed, 5 mm/s. No scena ~—
worked to effect, however close scruti
of the ice-holder apparatus showsg
evidence of considerable laters
compliance in the space filled by the ic
Consequently some compliance teg
were conducted with the apparat(gks
where the space between the Plexig
plates was filled with several sheets nf
rubber instead of ice and load we Figure 5. Finite element model of the original-ice

applied with the platen inserted betwee holder apparatus showing deformation of
the plates to create a fairly uniforr aluminum bracing bars and the Plexiglas plat

pressure between the plates. The late response to a uniformly applied pressure tc
compliance of the apparatus we inner surfaceof the Plexiglas plates. The numt
measured and it was evident that tI on the color scheme are millimeters.

aluminum bars and Plexiglas wer._

bending and bulging outward to a considerable detirat could not be accommodated by the ice
without causing fractures. A finite element modekiee situation was generated which yielded
similar degrees of deformation (Figure 5). This lakped why there were times during some
crushing tests where the ice slab would lose contdh the Plexiglas in places, that is, a small
gap appeared between the ice slab and the defdrieriglas.

To eliminate the bending of the bars, and minintiaéging of the Plexiglas, a much more rigid

design was used incorporating thick steel plates) welatively small viewing portals and more

securing bolts, to constrain to Plexiglas, as showiigure 6, center. This practically eliminated

bending and bulging of the outer faces of the Blasiplates, relative to what it had been before.
When subsequent ice crushing experiments were ctediuhowever, the ice behavior had

improved somewhat but the in-plane fractures stitlurred. Analysis of the finite element results
showed that even though the steel plates eliminfedormer bending and bulging of the outer
Plexiglas surfaces, the Plexiglas itself wouldl sté¢form by compression as a result of the
applied inner pressure. This was an inherent ctexatic of the Plexiglas which could only be

resolved by using a material with a substantiaigjypbr modulus of elasticity.

To test the hypothesis the Plexiglas plates wepaced by solid aluminum plates of the same

dimensions (Figure 6, bottom) and two more ice lung tests were conducted. Of course the
aluminum does not provide a view of the ice from $ide, however, the downward looking view
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through the crushing platen could still show the |
behavior. The high-speed camera was now useg
the downward view and it clearly revealed that t
ice was behaving as desired in the original intént
the apparatus. No in-plane fractures could
discerned and virtually all spalling activity, a
subsequent movement of material, was along
axis of the slot between the plates, rather t
laterally as was the case prior to using f
aluminum plates.

Figure 7 shows the load record for the first te
using the stiffened apparatus. Figure 8 sho
images from the high-speed video as vie
looking down through the crushing platen that 3
associated with the points indicated on the Ig
record. The images are somewhat grainy beca
they required enhancement since the lighting
inadequate during the test. The first image shaws
example of a hard zone spanning the full width
the slot. The area of the zone, assuming a pres
of 30 MPa, indicates it supported about 50% of {
load. The second and third images show anot
hard zone spanning the slot prior to and afteradl sg
event that considerably reduces the size of tlaein
hard zone. The zone before the load drop supp
about 10 kN, ~75% of the load. After the load dr
the reduced zone supports around 2 kN, ~25%
the load. The load distribution between hard zo
and pulverized ice clearly varies consideral
throughout these tests. The load drop associa
with this spall event is seen on the load record §
corresponds to about 9 kN, that is, between thk p
and the bottom of the load drop. Hence in this ¢
the change in the size of the hard zone due to
spall accounts for most of the change in load at
load drop. The hard zone in the third image was
last hard zone appearing at the end of the tesi
photo was taken after the test with the ice s
inside the ice-holder to confirm the integrity bkt
ice, and to verify that it spanned the width of tl
slot (Figure 9).

Figure 6. Evolution of the icheldel
apparatus from the original vers
(top), to the stiffened version w
Plexiglas plates (center), to the pre
version where the Plexiglas platesfa
been replaced by aluminum ple
(bottom).

Figure 10 shows the load record for the second test
with the rigid apparatus. Figure 11 shows five ismfrom the high-speed video associated with
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the test, where the images a|

indicated on the load record [imege 2 |
The lighting was better for this "

test so the images required le: 12 (Image 1]
enhancing than the first tes| = 10 i %#@]
The first image shows a fairly < [ 4 ( d f A
large zone, where the loa| & f f Y ,' [H H \
supported is around 2.6 kP Af " \
(~33% of the total load), agair 4 | [ | }
assuming a pressure of 30 MF 2 +—

over its area. The rest of th 0 j ‘ ‘ ‘ \
load would have beer 0 0.5 1 15
supported by the remaining Time (s)

intact ice in view and likely
more pulverized and intact ice

out of view. The second anc Figure 7. Load record for the test shown in Fig8reith

third images, and fourth anc markers (open circles) corresponding to the thregges

fifth images show two other The images and makers are in sequence from leffht

hard zones each before ar

after a spall breaks away from it. These imagesvdmard zone areas that are relatively small.
Hence they support relatively small loads compacethe total load, thus indicating that the
greater majority of load is supported by the pubkest ice, and possible intact and pulverized ice
that is out of view. The images nevertheless shmalliag from the hard zones at the load drops.
The load drops associated with the spalling evardsndicated on the load record, i.e. the drop
between Images 2 and 3, and between Images 4 dralldwing similar calculations as in the
first test above we can determine that about 25%heffirst load drop is associated with the
change in area of the hard zone, assuming theysees$ 30 MPa as before. Hardly any of the
second load drop can be associated with the chareyea of the hard zone since in this case the
spall caused a shape change to the hard zone botunt of a change in area because the right
side of the hard zone increased in size as therptabved against the ice during thg oad drop.

e 143

All of the discussion above should be taken forrtieest part
as qualitative since there was not a full viewhsd tomplete
contact area between the platen and ice in these teence

Figure 8. Three highpeed video images as vie\
through the crushing platen showing ice contactng
the first test. The images are ordered accordmntié
points ndicated on the load record in Figure 7.
intact hard zones (dark areas) are outlined arfuel
areas are generally pulverized ice. The width afh
image is 1 cm. The images are grainy dus
enhancement required because of inadequate lighit
during the test.
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there was pulverized ice out of the view, and qglikiely even
hard zones areas. The exercise was intended more to
demonstrate that intact hard zones of ice did spanspace
between the platens as evidence that no in-plactuies had
occurred in the ice. The images of the ice crusipiregented
above require a fair amount of explanation due he t
somewhat complex nature of the ice behavior duchughing
and limitations of printed media. The images aremeasier
to interpret when one views the actual video res@ad can
see the spalling behavior and flow of material avilym
higher pressure zones as the crushing experimegtgsses.

We note that spalling in the former apparatus hasva in the

Figure 9. View of an inta test in Figure 3, occurred routinely at the latezdfe of the

hard zone in the icheldel Intact zone, rather than at the sides of the hareg in the

following the test shown slot as in the latter tests. This also confirmg tha stiffened

Figure 8. The hardzone apparatus achieves the desired goal.

corresponds to the last imz , ]

in Figure 8. Furthermore, following the last experiment the appes was

dismantled to reveal the ice that remained. As ebgakthe ice

was intact in the hard

zone region and no in-

14 plane fractures were
R visible (Figures 12).
[mage |

. UL ATROR oy /O

bEge T | ! : These outcomes

Wﬁ H H J« f‘ / f constitute a significant

i / V ”’ 253 w advancement for the

G meges [T apparatus. In the next

4 it LFHT . \ incarnation the

,JI/ \ apparatus will have

M \ solid glass plates

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ - instead of the
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 .

aluminum plates. The

glass has a stiffness of

about 50% of the
Figure 10. Load record for the test shown in Figltewith marker  aluminum whereas the

(open circles) corresponding to the five imagese Timages ar  Plexiglas was around
makers are in sequence from left to right. 20 times more
compliant. Hence the
solid glass will have the necessary stiffness wv@nt the in-plane fractures and provide the
transparency to enable the all-important visuakolaions.

Load (kN)
8]
=—

L

Time (s)
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CONCLUSIONS

' The design of a unique apparatus for
studying ice crushing processes was
modified to eliminate in-plane
fractures that previously occurred in
the ice during crushing experiments.
The problem was shown to be
associated with the compliance of the
apparatus. By stiffening the ice-
holder and replacing the ‘soft’
Plexiglas plates with aluminum plates
Figure 11. Five higlspeed video images as viev  the problem was solved. Hence, the
through the crushing platen showing ice cor next version of the apparatus will
during the second test. The ineagare ordered frc  have hard glass plates in place of the
left to right according to the points indicatedtbe  aluminum plates, with a much higher
load record in Figure 10. The intact hard z« elastic modulus than the former
(dark areas) are outlined and lighter areas Plexiglas plates, to provide visual
generally pulverized ice. The bright areas aret  access to the ice behavior.
reflections from the lightingystem. The dark ba
in the middle of the bright zone near the top & The goal of this on-going research is
images is the pressure sensor contact width. to provide an unobstructed detailed
width of each image is 1 cm. view of the mechanisms at play in
the region of contact during ice
crushing. We recognize that fractures at varioisntations will occur naturally in ice when it is
being crushed, however, the intent of confininghekt section of ice in one direction is to
preferentially prevent in-plane cracks, includingy ahat may arise purely from the apparatus
design, without adversely affecting out-of-planaaiing and other behaviour such as the flow of
melt and pulverized material in the unconfined cian. The efficacy of the technique is evident
in that the behaviors already observed are sindlahose seen in traditional 3-D ice crushing
tests (Gagnon, 1999), and are much more visuatigsastble.
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Figure 12. Photos of ice inside the partially distted iceholdel
following the second test. The dark area at tipedbthe ice in the le
image is an intact hard zone, with intact ice beibwfree of inplane
fractures. Pulverized ice appears white. Tigat image shows the ott
side of the same ice, rotated 180
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