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SYNOPSIS

During the period December 1979 to June 1980, five visits were
made to observe and measure ice behaviour around the wharf at
Nanisivik, on Baffin Island. The measurements included ice thickness,
temperature, salinity and density, and horizontal movements of the ice
cover. In March 1980, additional measurements and observations were
made of tides, rotations of the ice sheet, and grain structure of the
ice. A model for the formation of an active zone of ice between the
wharf and the adjacent ice cover has been proposed, based on the
observed evolution of ice conditions and internal structure of the
active zone. Horizontal growth of the active zone displaces the
adjacent ice cover away from the wharf and in so doing, generates ice
pressures, estimated at 64 kPa, on the wharf.
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RESUME

Entre décembre 1979 et juin 1980 on a effectué cing visites au
quai de Nanisivik sur 1'fle de Baffin afin d'y observer le comporte-
ment de la glace et d'en mesurer les déplacements. On a mesuré
1'épaisseur, la température, la salinité et la densité de la glace
ainsi que les déplacements horizontaux de la couverture glacielle. En
mars 1980 on 3 effectué de nouvelles mesures et observations des
marées, des rotations de la couche ‘de- glace et de la structure
granulaire de la glace. On a proposé un mod3le de la formation d'une
zone active entre le quai et la couverture glaclelle adjacente basé
sur 1'évolution observée des conditions glacielles et la structure
loterne de la zone active. L'agrandissement dans le plan horizomtal
de la zone active &loigne du quai la couverture glacielle adjacente et
engendre ainsl des charges estim@es 3 64 kPA sur le quai.
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INTRODUCTION

The design of marine structures in the Arctic suffers from a lack
of knowledge about ice behaviour and design ice loads, as well as a
very limited body of experience upon which to base engineering judge-~
ments. The problem is compounded because the ice and structure
interact, i.e., for the same set of ice conditions, different types of
structures would produce different types of ice behaviour and loads.
It is lmportant to document whatever experience exists on marine
structures in the Arctic, to build up the knowledge base for
designers.

The wharf at Nanisivik was one of the first major marine
structures to be constructed in the Canadian Arctic (Girgrah and Shah,
1978}. It has provided an opportunity for studying fice behaviour in
relation to a particular structure and to develop and install
instrumentation for measuring ice forces on such a structure.

The Division of Building Research of the National Research
Council Canada has been carrying out investigations at the Nanisivik
Wharf since shortly after its construction in 1975. Preliminary
observations of ice behaviour and ice forces were carried out in the
winter of 1975-76 {(Frederking and Sinha, 1978). 1In a subsequent
winter (1978-79) observations confirmed that tidal related surface
flooding resulted in the development of an ice feature called an

'active zone' between the wharf and the surrounding natural ice cover
(Frederking, 1980).

Foond

DEVON ISLAND

LANCASTER SOUND

RESOLUTE

STRATHCONA

P
OUND OND INLET

e NANISIVIK
ADMIRALTY ARCTIC
INLET BAY

BAFFIN ISLAND

"3

Figure 1. North Baffin Island showing location of Strathcona Sound
and Nanisivik.
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Over the winter 1979-80 a series of periodic site visits were
made to carry out observations and measurements to characterize the
processes assocliated with the evolution of ice conditions around the
wharf. A large part of this work was carried out under contract by
personnel from the Arctic Research Establistment, Pond Inlet, N.W.T.
(Steltner, 1980). This paper describes ice conditions adjacent to the
dock, presents an hypothesis for the formation of the active zone and
provides estimates of ice loads.

SITE DESCRIPTION

Strathcona Sound, on the northern coast of Baffin Island, is one
of several fiords branching off Admiralty Inlet (Figure l1). The wharf
site is on the south shore of the sound, about 20 km from its outlet.
Water depth in the sound averages about 200 m, with a maximum of
300 m. There is no sill on the sea bottom at the intersection of the
sound with Admiralty Inlet. Maximum tidal ramge is about 2.5 m.

The wharf consists of three sheet-piled cells, each about 20 m in
diameter, located about 75 m offshore. The cells are filled with
local aggregate, from gravel to 0.3 m-diameter rock, and capped with a
0.3 m-thick reinforced concrete deck. The cells are conunected by a
rock-fill apron joined to the shore by a causeway (Figure 2). Minimum
water depth at the outer edge of the cells is 13.5 m. The structure
18 quite indeterminate but has a relatively low elasticity and high

damping.
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Figure 2. Positions of stake array with respect to wharf for
horizontal ice movement and ice thickness measurements.
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The sound is usually covered by a land-fast first-year ice cover
up to about 1.6 m thick. Freeze-up commences mid- to late September,
reaching an ice thickness of 0.4 - 0.5 m by the beginning of November.
Occasionally there may be late autumn intrusions of multi-year ice
floes, which become frozen into the ice cover and go out with the
first-year ice in the spring. One small iceberg has remained in the
sound since 1975, The winter ice cover is quite stable; the only
visible features are tidal hinges along the shores. No pressure
ridges have been observed in the period 1975 to 1982. As a result of
extended-season navigation associated with the shipping of concentrate
from the Nanisivik Mine, refrozen tracks left by cargo vessels and
escorting icebreakers are visible in the ice cover. There are no
obvious gross horizontal wovements of the ice cover, only vertical
movements in response to the tides.

MEASUREMENTS MADE DURING SITE VISITS

Five site visits, each of about 4 days, were made by personnel
from the Arctic Research Establistment in Pond Inlet, about 200 km by
air from Nanisivik. It was advantageous to use a local contractor for
this work because of familiarity with measurement requirements and the
local environment, and ability to adjust schedules in response to the
vagaries of air travel in the Arctic winter, Site visits were made in
December 1979, and February, March, May and June 1980, covering the
full ice season.

Horizontal movements of the ice cover

An array of 36 marker stakes was placed on the ice cover on
December 16, in the pattern shown in Figure 2. Seven fixed reference
points, four on the shore and three at the outer edge of the cells,
were established at the same time. All seven lines extending
perpendicular to the shore were initially straight but the lines
parallel to the shore (labelled #0 to #4) were not, because the outer
edges of the three cells are not in line. The Centre cell is
approximately 0.5 m north of a line tangent to the outer edges of the
West and East cells, The array was not triangulated with respect to
bench marks on the shore, so absolute movements cannot be determined,
only relative movements between points along the lines. These move-
ments between adjacent points are presented in Figure 3. The length
of the arrow is proportional tc the movement and in the direction
indicated. Movements at a point in the north-south direction are
relative to the point immediately to the south. Movements in the
east-west direction are relative to the point immediately to the east.
The four arrows represent movements measured February 13, March 26,
May 14 and June 10, 1980, with Trespect to the initial array laid out
December 18, 1979. The spacing between the arrows represents the time
between measurements. In this way, an appreciation of the rate of
movement between two points can be obtained.

The first feature apparent in Figure 3 is a movement of the ice
cover away from the wharf (N-S direction). The greatest relative

movement is extenslen in the 5 m segment adjacent to the wharf. The
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Figure 3. Relative horizontal ice mecvements in N~S and E-W directions
as a function of time.

remainder of the movement is in the 5 to 15 m segment, between lines
#1 and #2. The N-S movement of point W2 - #2 is shown dashed, because
it 1is relative to the West cell, rather than to W2 - #l, which was
lost. Beyond 15 m, the ice cover moves as a body with no systematic
deformation in the N-S direction. The progressive increase in the
lengths of the arrows represents horizontal growth of an active zone
of ice out to 20 m. This will be discussed later in more detail. A
significant E-W horizontal movement (an extension) was measured
between the C-line and the El-line during the period from December to
February. In this area a crack was observed extending approximately
north-northeast from the Centre cell.

The N-S movement of line #4 (50 m north of wharf) relative to its
position on December 18, 1979, is plotted in Figure 4. The
progressive movement of the ice cover away from the wharf {s readily
apparent. The movement reflects, at least in a qualitative sense, the
shape of the active zone. Movement away from the wharf is greatest
directly in front of the cells (lines W2 to E2); measurements to
either side of the wharf (lines Wl and E3) showed a lesser movement.
Growth of the active zone directly in front of the wharf apparently
causes the horizontal distortion of the adjacent ice cover.
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Figure 4.

Figure 5.
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The hinge and crack pattern illustrated in Figure 4 results from
vertical movements of the ice cover under tidal action (Frederking and
Sinha, 1978). There are rotations of several degrees or more across
hinges, whereas there are virtually no rotations across cracks. The
area designated as the active zone is the transition from the fixed
ice foot and wharf, and the free-floating ice cover. An overview of
the ice around the wharf on March 26, 1980, is shown in the composite
photograph in Figure 5. Surface features reflecting the main ridges
can be seen as well as some of the cracks. The concentric annulus of
ice (actually the active zome), which follows the form of the wharf,
is evident. The surface of the active zone, however, gives no visual
indication of its thickness.

The horizontal growth rate of the active zone can be established
from the mean of the N-S movement of the three points on the #4 line
directly in front of the cells. Taking the average width of the
active zone in March to be 6.7 m, its growth over the winter 1979-80
is plotted in Figure 6. For comparison, widths measured over the
winters 1975-76 and 1978-79 are also plotted in Figure 6. The width
and growth rates for the winter 1979-80 were less than those measured
in the two previous winters.
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Figure 6. Horizontal growth in N-S direction of active zone.
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Vertical growth of ice cover

Ice thicknesses were measured at the 28 points of the array aleng
lines #1 to #4 on December 18, 1979, The mean and standard deviatiom
of ice thickness was 75 £ 7 cm, snow depth, 7 * 2 cm and freeboard,

S £ 1 cm, for the three outer lines (#2, #3 and #4). The three points
directly in front of the cells (W2 - #1, C - #1 and E2 - #1) appear to
have been in the active zone; their average ice thickness was 1.85 m,
2.5 times that of the first-year ice cover. A core taken at location
C - #2 had an average salinity of 5.4%. and density 910 kg/m?, typical
values for first-year sea ice. On the February field trip it was not
possible to make extensive ice thickness measurements; however ice
cores were obtained at locations C - #1, C ~ #2 and C - #4. At the
latter two locations, natural first-year sea ice averaged 1.15 m in
thickness and 5.5%¢ in salinity. The core taken at location C - #1 ir
the active zone was 1.27 m long, over 0.5 m less than was measured at
that location in December. Average salinity of the core was 7.4%., sc
it was not normal first-year sea ice. A 0.1 m-thick layer at the
surface, and another of similar thickness at a depth of 0.6 m, had
salinities of 15%¢, typical of ice produced by surface flooding. By
March, the thickness of the first-year sea ice had increased to

1.45 m. The ice in the active zome in front of the Centre cell at
point C - #1 and C - #2 was only 1.55 m, just slightly greater than
the adjacent first-year sea ice.
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Figure 7. 1Ice temperatures in active ice zone adjacent to Centre
cell.

531



To collect information on vertical ice growth and temperature in
the active zone, a thermistor chain with seven thermistors, spaced
0.5 m apart, was placed 4 m west of point € - #1 on February 12.
thickness at the time of installation was 1.72 m. A temperature
profile measured on February 14 is plotted in Figure 7 and displays a
linear gradient from the ice surface temperature to the sea water
temperature of -1.8°C at the bottom surface of the ice. On March 26,
when temperatures were weasured, direct observation indicated that
0.4 = of ice had accumulated on the surface of the active zone at this
location. Extrapolation of the temperature profile measured on
March 26 to a depth corresponding to -1.8°C implied that about 0.5 m
of ice had been added to the bottom of the active zome, so that total
thickness had increased to about 2.6 m. The temperature of the
thermistor at 3-m depth is questionable since it is higher than the
equilibrium freezing temperature of sea water (-1.8°C), and has
therefore been disregarded. By the May 14 field visit, there was no
further ice accumulation on the surface at the location of the
thermistor chain and ice temperature was constant at about -3.8°C,

Ice

On May 14 the average thickness of the level ice was 1.55 u,
little changed from the March 26 thickness. Along line C a thickness
of 2.9 m was measured 3.5 m from the cell and 2.9 m at point C - #2.

A marker placed in the active zone in front of the Centre cell on
March 26 indicated that 0.7 m of {ce had accumulated on the surface by
May. The June 1l thickness measurements were 1.6 m at point C - #4
and greater than 4.5 m at point C - #2, The active zone seems to have
expanded considerably in front of the Centre cell after March.

MARCH 1980 FIELD TRIP
During the March field trip, persocnnel from the Division of Figure 8.
Building Research made firsthand observations of ice processes around
the wharf, with a view to formulating an hypothesis for the formation
of the active zone. This work focussed on measuring tilt of the
active zone, nature of motions across cracks and recovery of a core
for detailed analysis.

Ice core analysis

On March 26 an ice core 3.88 m long was taken from the active
zone 6.5 m Iin frount of the West cell along the W2 line. The core was
drilled normal to the ice surface. Care was taken to mark the core so
its original orientation in the horizontal plane was fixed with
respect to the cell. Part of the core was used for salinity and
density measurements carried out at the Arctic Research Establishment
in Pond Inlet. The remainder of the core was returned to the National
Research Council in Ottawa for thin section analysis. The salinity
profile together with a description of ice types in the core are
presented in Figure 8. The top 2 m was surface-flooded ice of
relatively high salinity, then a section of snow ice, followed by
columnar-grained sea ice, and finally a section of layered ice. These
descriptions were based on an examination of vertical thin sections of
the entire core. The average density of the core was 865 kg/m3.
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Close examination of the salinity variations in the flooded ice
suggests there were six periodic variations (peaks designated by
circled numbers). The core was taken a few days after the minimum
tide range so the high salinity peaks may correspond to high tide
ranges, which occur on a two-week cycle. Each of the top three cycles
corresponds to a 0.5 m increase in ice thickness and the lower "three,
about a 0.3 m increase. The sea ice layer (0.8 m thick) has a
salinity variation commonly seen in first-year sea ice. Finally, the
layered ice at the bottom of the core.had an unusually low salinity.

Vertical thin sections, with plane normal to the cell (parallel
to the W2 line), were made of the entire core. Photographs of
selected sections 1lluminated with scattered light appear in
Figure 10 a - f. Scattered light shows up the air bubble
stratigraphy, which reflects the growth structure. Positions of these
thin sections in the cover are indicated on Figure 8.

The extreme left-hand side of Figure 8 schematically depicts the
structure of the ice. Because the core was originally oriented in the
horizontal plane, it was possible to accurately determine the slopes
of the ice layers in the flooded zone with respect to the cell. Slopes
varied from 0° at the surface to 20° at a depth of 2 m, sloping down
towards the cell. The dip angle versus depth is plotted in Figure 9.

Figures 10a and 10b illustrate the layering near the top and
bottom of the flooded ice. The next major section is snow-ice, and
appears to have a random grain and bubble structure (Figure 10c).
Figure 10d shows the elongated bubble structure of first-year sea ice.
The orientation of the bubbles is about 40° from the vertical.

Another section of layered ice from the bottom of the core is shown in
Figures 10e and f. These layers are slanted at about 50°, sloping up
towards the wharf. Layers of dirt, parallel to the air bubble
layering, appear in the thin sections.

Profile of active zone at West cell

During the March field visit the thickness of the active zone
adjacent to the West cell (along line W2) was measured in detail. The
profile is plotted in Figure Il. At this location the active zone is
10 m wide and averages 4 m thick, about 2.5 times the thickness of
first-year ice. This 1s similar to conditions earlier in the winter
and alse in previous winters. Slope angles of the ice surface were
measured at two locations along the W2 line, one on the active zone
and another on the first-year ice (see Figure 11 for locations). The
measured behaviour was similar to observations made in the winter of
1978-79 (Frederking, 1980), i.e., for a tide change of 1.5 m, the
slope of the active zone changed 6.5°.
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Figure 10.

Thin sections of core observed with scatfrered light.

(a) Plooded ice, top layers

(c) Snow ice (Bustle?)
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(b) Flooded ice, bottom
layers

(d) First-year ice



Thin sections of core observed with scattered light.
(e) 'Vertical' layered ice, (f) 'Vertical' lavered
top ice, bottom
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MODEL OF ACTIVE ZONE FORMATION

Observations made at the wharf over previous winters have
identified a recurrent pattern of ice conditions. Shortly after
freeze-up an ice 'bustle' begins to form on the vertical face of the
cells. Sea water freezes and adheres in layers to the sheet piles
between the high and low tide levels, forming a parabolic-shaped
protuberance. This feature may extend a metre out from the cell by
mid-November. Between the level first-year ice and the bustle is a
zone about 2 m wide which is subject to some surface flooding and is
mwarginally thicker than the first-year ice. By the February-March
period, the active zone has evolved to about 2.5 times the thickness
of the level ice and about 10 m wide (Figure 1l1}. The bustle is no
longer present and is most likely incorporated in the active zone.
The first-year ice 1s curved up where it reacts with the active zone.
This pattern continues until the ice begins to melt in the May-June
period.

The probable composition of the active zone in March, based on
measurements and analysis, is illustrated in Figure 12. The central
core and originating piece of the active zone is the section of first-
year ice broken off the adjacent ice cover. The snow ice section
could be part of the bustle which fell off the cell onto the adjacent
first-year ice. As this combination of ice responded to tidal motion,
it would come into contact with the sheet piles of the cell on one
side and the first-year ice on the other. Each tidal cycle would
deposit a layer of ice on the top surface and on the vertical surface
adjacent to the cell, The ice on the vertical surface of the active
zone ('vertical' layered ice) would be pressed against the cell and
compressed, picking up dirt or rust on the cell. From Figures 10e
and f, the spacing of these layers seems to be about 2 cm. The active
zone expanded in width by 3.0 m in a 90-day period from December to
March, for an average rate of 1.8 cm per tidal cycle (Figure 6).
Therefore the horizontal growth rate of the active zone and the
observed layer thickness in the vertical layered ice at the bottom of
the core are in approximate agreement. The bubble orientation in the
first-year ice and the plane of the layers in the vertical layered ice
are nearly parallel, consistent with layer formation on a vertical
wall.

At the same time vertical layered ice was being formed,
successive flooding of the ice surface at high tide would build up
layers of surface ice. The thickness of these surface layers is about
4 cm near the top (Figure 10a). In the two-week period between
maximum tides (26 tidal cycles) a 1.0 m accumulation of ice would be
expected; however the observed build-up was half this amount. When
the tide range is small, there may be no surface flooding at all.
During the March 1980 field trip, tidal range was 1.5 m and no surface
flooding of the active zone was observed; however, during previous
vigits, when tidal range was 2 - 2.5 m, flooding was observed. Thus
the measured layer spacing and ice build-up over a two-week period
would be consistent with flooding during half the tidal cycles,

i.e., those cycles having higher tide ranges. At the lower part of
the flooded ice zone (Figure 10b), the layer spacing is about 2.5 cm
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which is consistent with the observed build~up of 0.3 m for a two-wee}
tidal period, assuming flooding occurs for half the tidal cycles. The
progressive change in slope of ice layers in the flooded zone would
imply a long~term rotation of the active zone. A 20° rotation
occurred at the West cell over three months in the winter of 1979-80.
Observations of stakes placed in the active zone in a subsequent
winter confirmed that such a rotation is common to the active zone of
all the cells. The turn-up of the first-year ice edge is also
consistent with such a rotation. The composition of the active zone
reflects the sequence of events proposed for its formation.

ICE FORCE ESTIMATES

From considerations of buoyancy and the movement of the active
zone during a tidal cycle, it is possible to estimate Lce loads |
generated on the wharf. The active zone is assumed to have the |
simplified form shown in Figure 13. As the tide rises and falls this
plece of ice rotates and translates in a complex fashion. Depending
on its exact shape, the effective width of the active zone can
increase or decrease with a falling tide. Freezing of ice on the
vertical face of the active zone also increases its effective width,
pushing the adjacent level ice away from the wharf. Because of these
horizontal forces with associated friction forces, the active zone is
not always in hydrostatic equilibrium. It moves up and down in an
intermittent fashion as a result of 'stick-slip' behaviour at the ice-
cell interface. It is possible to estimate friction forces and
corresponding horizontal ice forces from a consideration of
hydrostatic disequilibrium of the active zone.

The calculation procedure is based on analyzing the gravity
(G), buoyancy (B), and friction (F) forces acting on a ! m-thick
vertical slice of the active zone (Figure 13). The sum of these
forces, all acting vertically, is zero for equilibrium.

(1) G+B+2F =0

It is assumed that the friction force at each end of the zone is the
same. The gravity force is given by

(2 C=Aag0;8

where Ag is the area of active zone above waterline, Py is the densic:

of the ice and g is gravitational acceleration. The buoyancy force
is given by

(3) B = Ay (py, -0y) 8

where Ay is the area of active zone below the waterline, Py is the
density of sea water, and p; and g are as defined. Friction force is
calculated from Equation (1). From the friction force, the horizonta:
force, H, can be calculated from the following equation

(4) H = F/u
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where u 1s the coefficient of friction. For the geometry illustrated
in Figure 13, the values of variables used to calculate horizontal
force at high tide and low tide are given in Table 1. Assuming this
load 1s transferred into a level ice cover 1l m thick, average pres-
sures of 63 and 27 kPa are obtained at high and low tide respectively.
These are subatantially lower than a value of 150 kPa calculated from
the average creep rate in the ice cover (Frederking, 1980).

Table I: Parameters used in calculating ice forces

Ag(m?)  Ap(m?)  G(N)  B(KN)  F(kN)  H(k¥)

High Tide 1.5 33.5 17 55 19 63
Low Tide 7.2 27.8 62 46 8 27
py = 8.65 kg/md oy = 1030 kg/m’
g = 9.8 m/s? uw = 0.3

CONCLUSIONS

A proposed model describes the formation of the active zome,
through the action of tidal cycling. Flooding and freezing on the top
surface and edges of the active zone result in vertical and horizontal
growth. The thickness of the active zone is about 2.5 times that of
first-year ice; however this factor is most likely controlled by tidal
range and time. Horizontal growth of the active zone thrusts the
adjacent ice cover away from the wharf and in turn generates
horizontal loads on the wharf. An indirect method of calculating ice
forces has been proposed; however the predicted pressures are quite
low and subject to some doubt. Direct measurement of ice forces,
while more complex and costly, is the preferred approach.
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