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Microstructural change in ice: II1.
Observations from an iceberg impact zone
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ABSTRACT. During a full-scale iceberg-impact study conducted in July 1995 on the
Labrador coast, Canada, a sample of ice was retrieved {rom the impacted surface of an
iceberg. The sample was thin-sectioned and the observations of the contact-zone micro-
structure are presented in this paper.

Thin sections were prepared from two slabs cut parallel to the impacted surface. In
cach of the thin sections taken from the impacted-surface slab, fine-grained material was
found to surround parent-size grains (as observed in the second slab). A boundary
between the parent grains and the grains of modified microstructure was found running
approximately parallel to the impacted surface in cach of the thin sections taken from the
impacted-surtace slab. This boundary was pronounced towards the cdges of the contact
zone. Lateral movement of grains outward along this boundary was observed in thin scc-
tions near the edges but not near the centre of the contact zone.

The thin sections were compared to the results of medium-scale indentation tests in
1989 and 1990 from the Arctic Ocean. The same type of fine-grained material and layer

formation of modified microstructure was found in the contact zones.

INTRODUCTION

-

During summer 1995, full-scale iceberg-impact tests were
conducted on Grappling Island (near Cartwright), Labra-
dor, Canada, by the Centre for Cold Ocean Resources
Engineering (C-CORE), Memorial University of New-
foundland, and K.R. Croasdale and Associates Lutd
(Grocker and others, 1997). The aim of this field test pro-
gram was to measure the loads generated during the impact
of towed icebergs against a fixed instrumented panel. The
need for full-scale testing of iceberg impacts was recognized
in the early 1980s, because uncertainties associated with ex-
trapolating ice-crushing strength measurements from
small-scale laboratory tests to full-scale offshore structures
led to conservative and thus costly designs (Crocker, 1995).
The goal of this paper is to present the microstructural
changes found in a sample taken from the contact zone of an
impacted iceberg. A sample of ice containing a contact zone
was collected following an impact test at the test site on
Grappling Island. The sample was stored in a freezer, and
later thin-sectioned in a controlled laboratory setting in St
John’s, Newfoundland. The microstructure of the contact
zone is presented through a series of thin sections taken
along the impacted surface of the contact zone. The thin
sections show the variation in microstructure along the im-
pacted surface of the contact zone. A second set of thin sec-
tions was taken from ice directly below the first slab of ice to

observe the microstructure behind the centre and edge of

the contact zone.

* Present address: C-CORE, Memorial University of New-
foundland, St John’s, Newfoundland AIB 3X5, Canada.
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The microstructural changes found in this contact zone
are of interest for comparison with laboratory-tested speci-
mens. This paper is presented as one of three companion
papers with Melanson and others (1999) and Meglis and
others (1999). These papers present some of the recent la-
boratory ice-test programs conducted at Memorial Univer-
sity of Newloundland.

BACKGROUND

Development of the oil and gas industry operating off’ the
cast coast of Canada has been spurred by the recent Hiber-
nia project, starting from the carly exploration drilling con-
ducted in the 1970s and early 1980s. The first oil has been
recovered at the Hibernia site ahead of schedule, in Novem-
ber 1997, and the Terra Nova project is well underway. Other
fields such as Whiterose, Bonne Bay, Hebron and Ben Nevis
are expected to provide significant future discoveries, Oil
and gas operations in the Grand Banks area require parti-
cular attention to environmental conditions in the area.
These include icebergs and severe storm-generated wind
and wave conditions. The consequences of iceberg impacts
can be severe, and consideration must be given to the prob-
ability of these impacts and the associated loads based on
the type of structure, location of production site and time
of operations.

One of the main achievements of the ice group at Mem-
orial University is the completion of a comprehensive model
for estimating iceberg design loads for various types of pro-
duction systems (Memorial University of Newfoundland,
1996). This includes estimation of global and local ice loads
for different production systems at a number of probability
of exceedance values. It was shown that design global and
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local loads could be reduced substantially compared to
those previously used by industry, leading to more econom-
ical designs. The reduction is associated mainly with im-
proved analysis of the ice-failure process. Past assessments
have generally been based on a conservative design premise,
for example using conservative estimates of ice pressure. As
knowledge and understanding of the ice-failure processes
improve, there is potential for making more realistic assess-
ments, and for reducing uncertainty in the design-load esti-
mates. Full-scale test data and information from impacted
icebergs are key to obtaining a better understanding of the
behavior of ice during impact.

The failure process of ice is complex, with a number of
processes occurring during the interaction. Fractures m the
form of spalls reduce the nominal area of contact, and high-
pressure zones are produced during the impact. High-pres-
sure zones are areas of high pressure surrounded by areas of
relatively low pressure (Jordaan and others, 1999). High-
pressure zones accommodate large shear stresses as well as
high confining pressures towards the centre of these zones.
As the compressive failure occurs within the high-pressure
zone, evidence of microcracking and pressure melting at
the grain boundaries has been observed in the field during
medium-scale indentation tests and small-scale laboratory
tests. As the high-pressure zone(s) fail, recrystallization of
grains and refreezing can occur. Small ice pieces are ex-
truded at the free edges of the contact zone with the release
of the confining pressure. Extrusion of fine ice particles has
heen observed in the field at the Molikpaq structure in the
Beaufort Sea and during medium-scale indentation tests. A
schematic of a high-pressure zone and the extrusion of
crushed ice is shown in Figure 1. See Melanson and others
(1999) for further discussion on high-pressure zones.

Original Outiine
of Ice Feature

High Pressure
Zones
Under High
Confinement

Spall

Fig. . Schematic of high-pressure Zone.

PROCEDURE

Impact experiment

The test site was located on Grappling Island approxi-
mately 14 km by boat from Cartwright. A steel panel, meas-
uring 6m by 6m and weighing approximately 30t, was
instrumented to measure impact loads. This panel was
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mounted on a near-vertical cliff face with most of the panel
below the water surface. The panel consisted of 36 triangu-
lar subpanels, each of which had a single load cell located at
every corner (a total of 108 load cells for the panel) capable
of measuring a uniaxial load. A schematic of the test config-
uration is shown in Figure 2. A rope was attached to the ice-
berg, passed through a snatch block located just above the
centre of the panel, and then connected to the towing vessel.
A pendulum line was used to align the iceberg with the
centre of the panel, as shown in Figure 2. Following impact,
the pendulum line was released and the iceberg was towed
into position for another impact or moved off site so that
testing could proceed with a new iceberg. Because towing a
single iceberg to the site often took several hours, each ice-
berg was typically impacted a number of times, providing it
was still of significant size.

Towing Vessel
(MV Sea Alert)
. Pendulum
Line
&
Towline
Cliff

Face,

Grappling Island

Fig. 2. Schematic of iceberg-impact test configuration ( plan
view ).

A total of 30 iceberg impacts was recorded on the panel.
The icebergs were in 111(* range 500-1500t, with impact
(Crocker, 1995). Photographs were
taken of the icebergs as l]lt’\ impacted the pancl Plate 117
shows the second impact of “Steve B”, an iceberg with a
mass of approximately 700 t at the time of testing. Pieces of
ice can be seen flying in the air quite some distance from the

speeds reaching L5 m s

point of contact.
Sample collection and preparation

Icebergs generally impacted the panel well below the water-
line, and their contact zones normally remained under-
water. Samples could be retrieved only if the iceberg rolled
and exposed the contact zone, which did not occur often.
After the fifth impact of iceberg “Marlene”, a contact zone
was spotted above the surface of the water. Iceberg * ‘Mar-
lene” had a mass of approximately 500 t at the time of test-
ing. It is believed that the impact occurred w ith the clift face
rather than the panel, since the impacted surface was brown
in colour with traces of marine plant life. For this reason,
there are no load-time data available for this impact. The
speed of the iceberg was approximately 1 ms ' The ambient
temperature was appmximatclv 10°C' and the water tem-
peraturc approximately 5°C. The temperature of the ice in
the area of the contact zone is estimated to be between —5°
and - 10°C.

A block of ice containing the contact zone was extracted
from iceberg “Marlene” using a chain-saw. The contact zone
on“Marlene” is seen as a brown spot in Plate 12. The block of

* . .
For colour plates see section before previous paper.
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ice was immediately transferred to a cooler, and was stored
in a freezer for 3 days before being transported to Memorial
University for microstructural analysis.

Thin-section analysis of contact-zone material

The sample was stored at ~30°C at Memorial University to
prevent significant modification of the microstructure prior
to preparation of thin sections approximately 3 weeks later.
Thin sections were prepared from two slabs taken from the
sample containing the contact zone. A schematic of the ice
sample showing the contact zone and the numbered thin
sections is given in Figure 3. The contact zone was approxi-
mately oval in shape, with the major axis measuring 160 mm
and the minor axis 110 mm. The ice sample was first cut par-
allel to the plane of the impacted surface to form a slab of ice
approximately 80 mm thick. This slab was called the “im-
pacted-surface” slab and denoted IS. The approximate
centre line of the contact zone was marked to indicate the
relative positions of the thin sections along the impacted
surface. Thin sections numbered 10 through I, and la
through 1d, were taken from the impacted-surface slab as
shown in Figure 3. A second slab, denoted slab 2 (S2),
80 mm thick was cut parallel to the first slab. The centre line
of the impacted surface was maked slab 2, and the general
alignment of thin sections taken from this slab in relation to
those taken from the impacted-surface slab is shown in Fig-
ure 3. The labelling of thin sections starts with CZ1 (contact
zone 1), followed by the slab, IS or S2, and the thin-section
number. For example, thin section 8 from the impacted-sur-
face slab is denoted CZ1/IS/TS8.

N

1icm

16cm

Plan view of impacted surface
(contact zone of iceberg)

Impacted Surface
65) ey Impacted Surface
-
Slab 2 (S2) i 1
(1 : §R MITTRLY 8cm
| \
| i
Centreline of 3| sle 8cm
impacted surface ‘\.[
i A
Elevation view of iceberg sample

Fig. 3. Schematic of iceberg sample conlaining contact zone
and position of thin sections.

All the thin sections were microtomed to approximately
Imm thickness or less and then photographed between
cross-polarized filters the same day they were prepared.
Each section was originally cut with a band-saw to approxi-
mately 10 mm thickness. The microtoming process began by
attaching the section to a glass plate with three or four drops
of water applied along the perimeter of the thin section. The
thin sections were microtomed until a smooth, level surface
was obtained. They were then turned over on the glass plate
so that the flat side of the thin section was against the glass
plate. The thin section was attached to the glass plate with a
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continuous bead of water and then microtomed (o a thick-
ness of < Ilmm. Thin sections 5 and 7 of the impacted-sur-
face slab and thin section 2 of slab 2 were lost during the
microtoming process. The thin sections from this sample
were found to be extremely fragile, particularly the ones
closest to the centre of the contact zone.

Each of the thin sections mentioned was photographed
between cross-polarized filters at a number of standard
magnifications. The orientation of the thin sections was
such that the top of the photograph represented the top of
the impacted surface for thin sections taken from the im-
pacted-surface slab. The orientation of thin section 3 taken
from slab 2 was inverted in the photograph. Global photo-
graphs ol all thin sections were taken. A number of addition-
al photographs were taken of each thin section at two
magnification settings. A scale in mm is shown in all of the
photographs.

A few additional photographs of selected thin sections
were taken with plain light shone from the side to look at the
predominant crack pattern. These photographs were taken
approximately | year later. The thin sections were too fragile
to microtome on both sides, so only the top side was micro-
tomed. Even though the storage temperature was —30°C,
some sublimation occurred between the thin section and the
glass plate. Sample photographs have been included since the
pattern of cracking can be easily seen. The other details in
these photographs will be ignored, since they are readily vis-
ible in the photographs taken of the same thin sections dir-
ectly alter the original thin-sectioning process.

OBSERVATIONS AND INTERPRETATION

For brevity, only selected photographs are presented. Photo-
graphs of the global view of particular thin sections are
shown in Plate 13. Magnified views of selected thin sections
are shown in Plate 14. Selected photographs under plain-
and side-lighting conditions are shown in Plate 15, In all of
the global views, the microstructure at the immediate edge
of the thin sections corresponds to the frozen bead of water
used to weld the thin section to the glass plate.

In the global views of the thin sections taken along the
impacted surface of the contact zone (Plate 13a-d), fine-
grained material was found to be present in all of the thin
sections. Thin sections taken from slab 2 (Plate 13¢ and f) in-
dicate the size of the parent grains of the iceberg, which is
similar (o that of some of the unaffected grains in the thin
sections taken from the impacted surface. The average size
of the parent grains is 10~ 15 mm. The average size of grains
within the fine-grain material is considerably less than 1 mm
in diameter. During the microtoming process, it was noticed
that the thin sections closer to the centre of the contact zone
were more fragile than those near the edges.

A boundary between the fine-grained material and the
parent grains was found in each of the thin sections taken
from the impacted-surface slab. This boundary ran approxi-
mately parallel to the impacted surface at about 80 mm
depth at the centre of the contact zone and 50 mm depth
near the edge of the contact zone, Amongst the fine matrix
of small grains, large parent-sized grains were found. Plate
13a shows an example of a large amount of fine-grained ma-
terial found to exist between large unaffected grains.

A significant difference is scen in this main boundary
parallel to the impacted surface when one compares thin sec-
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tions taken from near the centre with those taken from the
outside edges of the contact zone. In thin sections taken near
the centre, the boundary was not as distinctive, and lateral
motion of grains along the boundary was not visible. In thin
sections taken near the edge of the contact zone, the bound-
ary was pronounced. The grains above the boundary appear
to have shifted outwards in a lateral direction. Plate 14a—d
illustrates the movement of grains along the boundary in
thin sections 1 and la taken from the impacted-surface slab.
This is consistent with the extrusion process at the free edge
of the high-pressure zone (see Fig. 1). In the magnified views
of thin section la, shown in Plate 14¢ and d, the large, green-
coloured grain in the bottom right quarter of the photograph
can be seen to be offset along the boundary by approxi-
mately 10 mm. This boundary may be considered to be
similar to an extrusion plane with a “crack-like™ boundary
and the grains within being forced outwards towards a free
surface.

The microstructural changes observed in the thin sec-
tions taken from the contact zone of the impacted iceberg
suggest that the process of generating fine-grained material
plays an important role in the deformation mechanisms
during iceberg impacts. The increased depth of the zone of
fine-grained material in the centre of the contact zone, as
compared to the edges of the contact zone, is consistent with
the configuration of a single high-pressure zone. The centre
of the contact zone would correspond to the centre ol the
high-pressure zone where the confining pressure is higher.
At the edges of the zone the confining pressure is signifi-
cantly reduced, corresponding to a lower proportion of
fine-grained material. Lateral motion of fine-grained mate-
rial occurs as the confining pressure is suddenly released.

The process which generated the fine-grained material
in the thin sections taken from the impacted surface is com-
plex. This material is opaque in nature and appears to exist
in bands which flow past unaffected grains. For example,
thin section 8 from the impacted surface (see Plate 13a)
shows mostly opaque fine-grained material which looks grey
in colour when viewed between cross-polarized filters. The
small grain structure may be caused by fine bands of micro-
fractures which occurred within the grains. Under high con-
fining pressure in the centre of the contact zone, it is
expected that some pressure melting would occur during
the impact. There is likely also to be dynamic recrystalliza-
tion along grain boundaries and refreezing of the grains. See
the discussion in Meglis and others (1999) on the occurrence
of similar shear sofiening in other materials (c.g. mylonites
in rocks).

In all thin sections taken from the impacted surface
there appears to be a layer in which most of the microstruc-
tural changes in the ice occurred. These thin sections repre-
sent a “snapshot” of the ice after impact, and if the iceberg
were to continue its interaction with the structure, the layer
would progress further into the iceberg The general layout
of these layers may remain the same, changing only in space
and time. What is observed in the thin sections taken from
the impacted surface is a layer of highly rearranged and
broken-down grains followed by parent grain material.
Near the outer edges of the contact zone, the layer is nar-
rower, but there is still a significant amount of fine-grained
material contained in the layer (see, e.g., Plate 13d). Ttisalso
noted that in some cases thin sections taken from the edges
of the contact zone have grains similar in size and orienta-
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tion to the parent grains at the top of the thin section close to
the interaction surface.

Within the layer of most microstructural change found
in the thin sections from the impacted-surface slab, there
were parent-size grains amongst fine-grained material.
Based on the orientation of groups of bubbles in the parent-
size grains, some of these grains were found to have rotated
during the impact process. The bubble orientation in the
parent grains shown in thin sections taken from slab 2 1s ap-
proximately 45° from normal. The bubbles are seen as
elongated elliptical shapes in Plate 14¢ and d, which gives
the magnified view of thin section la from the impacted sur-
face, and in Plate 13f, which gives the global view of thin sec-
tion 3 from slab 2. The unaffected grains within the layer of
most microstructural change with the same orientation as
the parent grains (based on the bubble orientation) may
have their ¢ axis in an orientation which makes them less
likely to rotate or break down into smaller grains.

There is fine-grained material along the main boundary
which divides the parent grains from the grains which have
undergone the most microstructural change. This can be seen
in Plate 14a and b which gives the magnified views of thin
section 1 (CZ1/IS/TSI). Fine-grained material along the main
boundary line may be explained by the “chipping ofl” of
grains as two or more grains are forced to slide along each
other. The resulting fragments are expected to have been
rounded through the process of slipping of the grains along
the shear plane boundary. The fine-grained structure along
the boundary may also help to facilitate further slip. This ma-
terial may also be a result of nucleation of new grains.

Cracking is apparent throughout the thin sections along
the impacted surface and in thin sections taken from slab 2
(see Plate 13¢ and f). There are randomly orientated cracks
apparent throughout all the thin sections. These are be-
lieved to be pre-existing cracks because of their random
orientation and their presence in the parent ice. Cracks
which are out-of-plane may not be visible in the thin sec-
tions or may appear as thick grey lines as in thin section
CZ1/S2/TS3 shown in Plate 13f. Randomly orientated
cracks have been observed in naturally occurring iceberg
ice. The cracks parallel to the impacted surface are assumed
to be a direct result of the iceberg impact.

It is interesting (o examine the cracking patterns readily
visible in the selected photographs in Plate 15a and b taken
under plain- and side-lighting conditions, respectively. As
mentioned earlier, since these photographs were taken some
time after the sections were made, only the pattern of erack-
ing should be noted. Other details in these photographs will
be neglected, since they are readily visible in the photo-
graphs of the same thin sections taken after the original
thin-sectioning process. In Plate 15, very fine dots in the
order of 0.lmm in diameter should be ignored. These are
the result of sublimation and crystallization of the ice over
time between the thin section and the glass plate. Cracks
throughout thin section 8 and thin section Id from the im-
pacted-surface slab are scen in Plate 15a and b

In Plate 15a, two large “rectangular-shaped”grains meas-
uring approximately 33 mm across can be seen in the centre
of thin section 8. These actually consist of a number of grains,
as can be seen under cross-polarized filters shown in Plate
13a. The grains which make up each of the larger grains ap-
pear to have moved as a group. This movement has been de-
termined through close examination of the crack lines
through the two large grains. It appears that the two large
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grains were previously side by side and that the grain on the
left has moved down relative to the other large grain. This
movement of groups of grains suggests that there is some re-
arrangement and breakdown of grains within the central
region of the contact zone which may eventually extrude out
the edges of the contact zone as the ice advances.

In Plate 15b, many microcracks can be scen in thin sec-
tion Id taken from the impacted-surface slab. The layer of
highly modified microstructure above the main boundary
is bright in colour due to the reflection of light from the
many crack surfaces. The lateral movement of the grains
along the houndary can easily be seen as crack lines are in-
terrupted and offset.

DISCUSSION

As stated in Melanson and others (1999), the failure of ice in
compression consists of fractures, with most of the load
being carried through high-pressure zones that retain their
integrity, at least for a short period of time. The pressure dis-
tribution over these zones has been observed to be parabolic
in shape, with low confining pressures near the edges, and
high pressures near the centre. Except at very low speeds of
interaction, a distinct, narrow layer of highly damaged ice
has invariably been observed to form adjacent to the struc-
ture. Examples of this have been given in the present paper,
including the first examples to our knowledge of the forma-
tion of this layer in a real iceberg impact. Studies of the me-
chanics of the interaction process have been carried out
(Jordaan and others, 1999), using the methods of damage
theory. In this, state variables represent the prior stress his-
tory of'ice at various locations, taking into account also the
states of stress. In the simulations conducted, it was found
that damage associated with microfracturing occurred first
near the edges, then progressed inward. Softening asso-
ciated with pressure effects then occurred near the centre
and advanced towards the edge. This resulted in a reason-
able simulation of layer formation, with sudden failure of
the layer taking place when the two zones meet.

A comparison of the observations [rom the current thin
sections and those from the small-scale laboratory tests de-
scribed in Melanson and others (1999) and Meglis and others
(1999) is given here. Figures have been chosen to illustrate
several points. In comparing the current thin sections and
the laboratory tests described in Melanson and others, the
tests with higher strain rates were the main focus since they
represented rates expected in full scale. Thin sections from
the central region of the impacted surface of the contact zone
described above were compared to the tests at 20 MPa con-
fining pressure, which may correspond to the centre of the
contact zone (high-pressure zone). In particular, Plate 13a
(thin section 8 taken from the central-region contact zone)
was compared 1o Plate 2b. The microstructure in Plate 2b is
reasonably similar, indicating the field tests likely had strains
in the 5% region. In Plate 2, a substantial breakdown of
grain-size can be seen with strains of > 2%,

In comparing thin sections from the present paper and
the laboratory-tested ice described in Meglis and others,
example thin sections from the edge and [rom near the
centre of the contact zone are compared to ice samples tested
under conditions similar to those expected at the edge and at
the centre of a high-pressure zone. Thin section | from the
impacted-surface slab shown in Plate 13d compares favour-
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ably with Plate 4b. The laboratory creep test was at a low
confining pressure (F. =5 MPa) with a deviatoric stress of
15 MPa, a strain rate of 10 ' to 10725 and a strain of about
10%. This value of deviatoric stress is representative of the
value expected towards the edge of the contact zone. Plate
4b shows extensive microcracking similar to that seen in
Plate 15b (thin section Id taken from the edge of the contact
zone with side lighting). At higher confining pressure corres-
ponding to the centre of the contact zone, thin sections from
Meglis and others showed the same breakdown of grains as
seen in Plate 13a (thin section 8 taken [rom the central-
region contact zone). This is shown in Plate 7a which
illustrates tests at 50 MPa confinement, 15 MPa applied
deviatoric stress and a strain of about 4%. The micro-
structure was similar to that seen in Melanson and others as
discussed above for 20 MPa confinement.

In summary, the results shown in the present thin sec-
tion taken from the contact zones have microstructures con-
sistent with confining pressure ranging from approximately
5 MPa at the edges to about 20 MPa near the centre. Highly
damaged ice is likely to have the expected shear of approxi-
mately 15-25 MPa and strains of > 4%.

1o allow comment to be made on the general obser-
vations represented in the thin sections taken from the con-
tact zone as compared to results from some mediume-scale
indentation tests, measurements of the layer of modified mi-
crostructure due to the impact were made and a sketch was
drawn (see Fig. 4a). The depth from the top of each thin sec-
tion, corresponding to the impacted surface of the contact
zone, to the boundary between the parent ice and the ice
with changed microstructure was noted and indicated as
points in Figure 4a. Each point corresponds to the average
depth of the boundary and the approximate position of each
thin section. A curve was drawn using the points as a guide
to estimate the shape of the boundary. As mentioned earlier,
the boundary was observed to have the greatest depth (ap-
proximately 80 mm into the ice) near the centre of the con-
tact zone. Near the edges of the contact zone, the depth of
the boundary from the impacted surface is approximately
50 mm. The shape of the boundary is reasonably flat in the
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middle, steep during the transition from the centre of the
contact zone and level at the edge of the contact zone.

The boundary was more pronounced away from the
centre of the contact zone, as illustrated in Figure 4b. The
definition of the boundary appears to be linked to the
amount of lateral movement of the grains. Grains near the
centre of the contact zone had little lateral movement. At
the edges of the contact zone, the lateral motion of grains
was significant, and offset of many individual grains was
seen above the boundary. Fine-grained material surround-
ing unaffected parent-size grains was observed in the layer
both near the centre and near the edge of the contact zone.
The centre of the contact zone is considered to be the ap-
proximate centre of a high-pressure zone, with lower pres-
sures at the edges where extrusion of fine ice particles occurs.

The thin sections were compared to the results of med-
ium-scale indentation tests in the Arctic Ocean in 1989 (Fre-
derking and others, 1990), where crushing and extrusion
processes and high-pressure zones were evident. A photo-
graph of the ice face after an indentation test from Frederk-
ing and others (1990) is included in Plate 16. Plate 16a shows
the contact face with a view of the crushed layer. Plate 16b
shows a thin section taken from the area indicated by a box
in Plate 16a. In Plate 16a, the shape of the layer is clearly
shown. The central region of the layer, which is included in
the area indicated by the box, corresponds to the blue zone of
the contact face. On hoth sides of this central area, a layer of
opaque white ice was observed continuing to the edges of the
contact face. The ice in this zone has been crushed and pul-
verized into small grains. Near the centre, most of the large
grains remain, but with incipient damage on the grain
houndaries and in some grains (Frederking and others,
1990). Tt was noted by Frederking and others (1990) that the
edge of the contact zone was soft, while the centre was quite
solid even in areas where the ice had been highly pulverized.
This finding is in agreement with the microstructure of the
ice sample shown in Plate 16b. The layer of highly pulverized
ice can be scen on either side of the central region. The
houndary between the fine grains and the parent grains is
very distinct away from the central region, particularly at
the bottom right of Plate 16b. In the centre, there are mostly
parent-size grains, but the orientation of the grains is not
random (as in undamaged ice) and some change in micro-
structure is apparent. Results of the indentation tests indicate
that at higher indentation rates, which would more closely
represent iceberg impacts, a relatively thin layer of crushed
and damaged ice with extrusion of fine particles was
observed. The thickness of the layer was found to vary
throughout the layer, but a narrow band of relatively unda-
maged ice usually in the central part of the contact zone was
observed after each test. In the central part of the contact
zone, measurements of local ice pressures were about three
times higher than the average pressure over the entire con-
tact face (Frederking and others, 1990).

Plate 17a, taken from Meaney (1992), shows a horizontal
thick section taken from an ice [ace after impact with a flat
rigid indentor (test denoted TFR-01) at Hobson’s Choice ice
island in 1990. Meaney (1992) stated that although the centre
of the horizontal thick section was damaged, a discrete
crushed layer did not exist. The crushed layer shown in Plate
17a had an average thickness of 57 mm and a maximum
thickness of 1535 mm, and was found to increase in thickness
toward the perimeter of the ice face. A sketch of the zones
observed on the test face, and the corresponding plan view
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depicting the layer, is given in Plate 17b from Meaney (1992)
and Meaney and others (1996). This sketch shows the distinct
boundary away from the central region and the lack of a dis-
tinct boundary in the centre. The layer which extends to the
edges of the test face is a zone of pulverized fine-grained ice.
Segments near the edges of the contact face which broke off
during the test are shown as spalled areas in Plate 17b. Den-
sity measurements along the crushed layer showed that the
density increased towards the centre of the crushed layer.
The substantially greater confining pressure in the centre of
the indentor was thought to contribute to this finding. The
crushed layer was found to contain large (>25mm), rel-
atively undamaged particles surrounded by a matrix of pul-
verized ice, suggesting a grinding action as particles slide
and rotate during extrusion (Meaney, 1992). Meaney also
noted the differences produced by the use of different shapes
of indentors. The wedge indentors produced a higher degree
of spalling than the flat indentors, and the layer of crushed
ice produced with the wedge indentor was indicative of the
lower confinement present.

A section through the impacted surface after a spherical-
head indentation test at Hobson's Choice ice island in 1989 is
presented in Figure 5 for comparison to the present set of
thin sections. The rigid spherical indentor used had an area
of 0.8 m? with a 128 m radius of curvature and 1m overall
diameter. Figure 5 shows the same type of crushed layer
containing fine-grained material. A pronounced boundary
is seen some distance away from the centre of the contact
zone. The central region contains a mixture of fine grains
and parent-sized grains and extends some way into the ice.
This is most likely due to the shape of the spherical indentor
and the confinement at the head of the indentor. In discus-
sions of the indentation tests in Jordaan and others (1990),
the ice within the layer is stated to have a lower density than
the parent ice. The sintered nature of the ice after the tests
was discussed and the importance of pressure melting in the
deformation process was noted. Observations were found to
agree with earlier observations from drop-ball tests (Khey-
sin and Cherepanov, 1970).

Similarities found in the various indentation tests dis-
cussed and in the present thin sections are the formation of
a layer of fine-grained material and the pronounced bound-
ary towards the edges of the contact zone. In all tests, the
central region showed changes in microstructure within the
ice but no pronounced boundary. The difference in the depth
of changes in microstructure in the central region was noted
for the various examples mentioned. In the indentation tests,
the central region was a thin band. In the present thin sec-
tions taken from the contact zone, the central region of mi-
crostuctural change in the ice extends slightly further into
the sample. Inall tests, there was evidence of extensive crack-
ing, extrusion of small crushed ice particles and pressure
melting,

Based on the observations made of the microstructural
changes in the impacted-iceberg contact zone, a number of
suggestions for further work are presented. It is important to
use iceberg ice in future small-scale testing and to conduct
tests under loading and confinement conditions similar to
those expected in iceberg—structure interaction (e.g. test
durations of similar length to iceberg impacts). Comparisons
of the microstructural changes under different loading and
confinement conditions have given insights into the deform-
ation mechanisms occurring in the ice. See Melanson and
others (1999) and Meglis and others (1999) for recent labora-
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Fig 5. Section across crushed layer after spherical-head indentation test. Hobson’s Choice ice island, 1989 ( photo taken by E.

Stander and wsed with permission ).

tory test programs conducted at Memorial University, Con-
tinued laboratory testing in these areas along with further

full-scale testing would help to improve understanding of

the processes occurring in the ice during iceberg impacts.

CONCLUDING REMARKS

A few of'the highlights of the observations of the microstruc-
ture found in the contact zone are noteworthy. A layer of ice
with highly modified microstructure was seen in the thin
sections taken from the impacted surface. The boundary
between the ice with modified microstructure and the par-
ent ice was found to be more pronounced away from the
central region of the contact zone. Fine-grained material in
the layer on either side of the central region was found to
move in a lateral direction toward the edges of the contact
zone. These findings are consistent with the concept of a
high-pressure zone with higher pressure in the centre and
lower pressure at the edges as ice is extruded. Cracking
was evident throughout the thin sections in various dirce-
tions. Cracking parallel to the impacted surface is thought
to be a direct result of the iceherg-impact process and may
be due to unloading. The findings concerning the present
thin sections were similar to those of previous medium-scale
indentation tests,
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