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Winter navigation in the North Sea is expanding with respect to vessel size and traffic
volume. Icebreakers create routes for ice-going vessels by breaking the level ice cover.
Repeated vessel passages in the fairways and harbors initiate the formation of brash ice. The
brash ice has the ability to refreeze quickly. In the current work, a field study was conducted
on a refrozen brash ice ship channel located in Marjaniemi harbor in Bay of Bothnia. Aim of
this study is to evaluate the structure and the strength of ice in the fully refrozen ship channel.
Ship channel geometry, ice temperature and salinity were assessed in the field. The ice
thickness was in average 45 cm covered by a snow layer with an average of 20 cm. The
temperature profiles showed approximately -15°C at the ice surface and close to 0°C in the
depths above 10 cm. Salinity varied from 0 to 1.5 ppt. Ice texture, density and compressive
strength of refrozen brash ice were measured in the laboratory on 200 mm diameter cores.
The behavior of refrozen brash ice with random ice texture was more ductile and stronger in
uniaxial compression compared to the adjacent level ice.
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1. Introduction

Bay of Bothnia located in the northern basin of Gulf of Bothnia is subjected to sea ice
formation during winter season. The ice layer reaches its maximum thickness from February
till early March (Kujala and Arughadhoss, 2012). Navigation in fairways and harbors break
and erode the initial ice layer into ice pieces known as brash ice. Accumulation and growth of
brash ice in frequently navigated channels occur faster than the growth of undisturbed ice
layer. Heavy brash ice accumulation makes the navigation harder and unsafe (Mellor, 1980).

After each vessel passage the cold brash ice pieces submerges in the warmer water that
causes heat loss and subsequently ice growth (Sandkvist, 1980). The brash ice regain strength
between two vessel passages due to refreezing process. Thus, when a ship channel is
subjected to very low temperatures for a long time, the full consolidation of the brash ice can
occur and its breaking becomes harder (Greisman, 1981). The sailing resistance in a brash ice
channel was found to be proportional with the brash ice thickness (Kitazawa and Ettema,
1985). Field measurements from a brash ice channel located in Bay of Bothnia, Lulea coast
conducted by (Sandkvist, 1986) showed that the thickness of brash ice after 33 ship passages
was 2.5 m.

The physical and mechanical properties of the refrozen brash ice are not well known and their
study can give insight in the history of brash ice development. The detailed evaluation of
properties and behavior of brash ice are necessary to develop accurate models (Riska et al.,
2019). On the other hand, accurate models can assist the establishment of ice management
strategies in ports and fairways (Bridges et al., 2020). The current work present results
obtained from specimens sampled in a refrozen ship channel in Bay of Bothnia. The term
refrozen ship channel refers to a brash ice filled channel that was consolidated prior to
sampling due to navigation ban. The aim of this study was to characterize the physical and
the mechanical properties of refrozen brash ice from the material perspective and compare
these properties with the adjacent level ice. The investigation of refrozen brash ice properties
can give a better understanding for brash ice formation and accumulation in the ship
channels.

2. Measurements

2.1 Field measurements

Fully consolidated brash ice and sea level ice located at Marjaniemi Harbor in Bay of Bothnia
were investigated during February 2019. Nine ice cores with 200 mm diameter were drilled
along the consolidated ship track and seven cores were drilled along adjacent level ice. The
distance between measuring points was 2 m. The top part of ice cores and the position in the
profile were marked and the ice cores were placed in plastic bags and were transported
quickly from the field to a freeze box. The samples were stored in -20°C until laboratory tests
were conducted in December 2019. The thickness and structure of the channel was measured
by mechanical drilling with a 50 mm auger. A measuring stick with a horizontal protrusion at
one end was used to measure the ice thickness in each hole and the gaps between the ice
blocks. Vertical ice salinity and ice temperature profiles were measured at 2 points along the
measured channel cross-section. Measurements of ice salinity and temperature profiles were
done on 70 mm ice cores. For salinity measurements, the ice core was cut into 5 cm thick
slices, stored in plastic bags and melted in room temperature. Mettler Toledo pH meter
apparatus was used to measure the salinity of the melted sea ice based on conductive
properties of the dissociated salts in water.



2.2 Laboratory tests

Ice cores were stored for 10 months in the laboratory at -20°C, until the sample preparation
was conducted. Unconfined compressive strength was measured for 26 samples of refrozen
brash ice and for 20 sample of level ice. The ice cores were removed from the freezing box 2
hours before the sample preparation started and were stored during this time in a refrigerator
room that maintained a constant temperature of -10°C. Cylinders with an approximate
diameter of 70 mm and height of 170 mm were drilled horizontally along the 200 mm ice
cores. The depth of sampling was determined for each cylinder. Specimens were sawed to
level the surface and were smoothed with fine sandpaper to reduce the radial restraint that can
be caused from the steel plates applied at the top and bottom of the ice samples during
compressive tests. Diameter, height and weight of samples were measured to determine the
ice density. Thin slices were cut using a band saw from the cores to study the ice texture. Ice
slices were stored in the refrigerator for one day in order to achieve clearer texture results.
Pictures of ice texture were recorded under crossed polarized light. The test set up for the
unconfined uniaxial compression and calibration of system deformation for different load
levels are shown in Figure 1 and were described in details by (Bonath et al., 2019). During
the compression tests, the temperature of the ice samples varied from -6°C to a minimum of -
13°C. The ice samples where compressed at strain rates from 107 to 10* s. After the
horizontal uniaxial compression tests, specimens were stored in plastic bags and melted in the
room temperature. Salinity measurement were done for each sample. The total porosity was
calculated as the sum of air and brine relative volume (Cox and Weeks, 1983). The brine,
pure ice and solid content were expressed as a function of temperature valid for temperatures
within the range of -2°C to -22.9°C. The relative brine volume was computed as the ratio
between the measured sea ice density and salinity with the empirical temperature function
and the relative air volume were computed as the difference of the total sea ice bulk fraction
with brine, ice and solid salt relative volumes.

3. Results and discussion

3.1 Properties and texture of sea ice

The sea ice salinity measured in field was relatively low, between 0 and 1.5 ppt (Figure 2).
One reason is that the Bay of Bothnia generally consists of brackish water with low salinity
that varies within the range of 2.5 to 4.5 ppt (Marmefelt and Omstedt, 1992). Despite that, a
high amount of snow ice was observed on top of the ice cover contributing to sea ice with
low salinity. Salinity measured in the laboratory after samples were stored for 10 months
were even lower between 0 to 0.7 ppt. The observed difference indicated a brine loss due to
brine drainage. Possibly occurred in the field due to physical transportation of the cores from
the sampling area to the freezing box where samples were stored. The distance was
approximately 500 m. Brine drainage does not change the total porosity of the sea ice but
affects it by increasing the air volume and decreasing the brine volume. No significant
correlation was observed between the salinity and the depth. The ice temperature was
generally close to zero, due to a warm period with air temperatures constantly above zero
during the week before the measurements. The air temperature during sampling was
approximately -15°C, thus the uppermost ice layer had the ice temperatures colder than 0°C,
Figure 2.

Refrozen brash ice (RBI) and level ice (LI) texture was investigated by recording images of
thin ice sections under cross-polarized light. In both studied sea ice types RBI and LI, it was
observed a mixed ice structure of granular and columnar ice. Figure 3 shows representative



images of horizontal and vertical profiles for both refrozen brash ice and level ice. The
microstructure of 8 RBI cores were investigated from the 9 cores sampled in total. Two
different types of mixed ice were noticed in the RBI samples. The first type contained mainly
randomly orientated fragments of columnar ice crystals with sizes varying from 1 up to 10
cm, mixed with granular crystals of sizes smaller than 1 cm. The second type of the observed
ice mainly contained granular ice crystals of sizes smaller than 1 cm mixed with some
crystals bigger than 1 cm. The second type containing mainly granular crystals was recorded
in five from the 8 cores investigated while in the three other cores both microstructure types
were observed. The high amount of granular ice maybe subjected to snow ice imply the
possibility of the RBI thicknesses increase due to snowfall. The hypothesis that a significant
increase in RBI thickness occurs due to snowfall agitation with brash ice during vessel
passages should be further investigated. In addition, the snow-ice effect in the brine change
due to agitation and refreezing process in channels should be further studied. Six cores of LI
were observed under cross-polarized light. Level ice contained vertically orientated crystals
of columnar ice that were interrupted from possible frazil ice entrapped beneath the ice cover.
In all six cores investigated, the frazil ice layers were present. Columnar ice regrowth
occurred after these interruptions. Based on the level ice and ridges texture classification
presented elsewhere (Bonath et al., 2019) the refrozen brash ice can be classified as 111B; and
[11B: ice types that are described respectively as refrozen ice fragments containing small and
big random crystals. Grain size of ice crystal for refrozen brash ice and level ice in the
horizontal direction of viewing varied from few mm up to 10 cm. (Bridges et al., 2019)
recently recorded the microstructure of the laboratory produced refrozen brash ice. The
crystals had random orientation and size variation.

3.2 Uniaxial compression and stress strain curves

Deformation history of compression test and crack propagation within ice samples were
observed to have a high impact on the maximum strength (Sinha, 1982). The loading history
during uniaxial compression test was studied and representative stress-strain curves are
presented in Figure 4. Refrozen brash ice and level ice showed a brittle behavior at high
strain rates equal to 10°%s. Brittle behavior could be related to the immediate loss of the
loading capacity after reaching the maximum compressive strength (Moslet, 2007). The level
ice showed both brittle and ductile behaviors for strain rates equal to 10~ and 10 s™%. Ductile
behavior can be described as the ability of ice to bear the load after the maximum strength is
achieved and was observed in the stress-strain curves as the softening branch occurring after
the maximum compressive strength. The refrozen brash ice showed a ductile behavior for
strain rates of 10 s and 103s™. In addition, a clear transition zone between brittle and
ductile behavior was present. The studied RBI samples showed a ductile behavior in a bigger
number of samples compare to level ice. The intrinsic properties of ice like the grain size,
temperature and porosity could affect the behavior variation of LI and RBI samples. Earlier
study indicated that the ice fracture under the uniaxial compression was affected by the stress
state at the ice-platen interface (Schulson et al., 1989). In the current work to reduce this
effect, the ice surface was smoothened. The splitting failure was common for all the samples
with brittle behavior leading to a uniform internal damage. In the case of the ductile failure,
the cracking nucleated and scattered to random sites in the sample leading to a failure without
splitting. The uniaxial compression strength results for different loading rates and the
standard deviation are presented in Table 1. The average compressive strength for 16 LI
samples was 4.05 MPa. The refrozen brash ice had an average compressive strength of 5.04
MPa for 23 samples. Three samples of refrozen brash ice and for samples of level ice were
not evaluated due to possible measurement errors. The uniaxial compression in the horizontal



loading direction showed higher average strength values for the refrozen brash ice with
granular and randomly oriented columnar grains compare to the level ice. Earlier studies by
(Schulson, 1990) showed that decreasing the strain rate up to 10°s, the grain size and the
temperature tended to increase the maximum compressive strength for fresh water granular
ice with a brittle behavior. The compressive strength of the sea ice decreased with decreasing
the strain rate below 103s? (Timco and Frederking, 1990). In the present work, the same
trend was observed for RBI samples that had higher ultimate compressive strength for strain
rate equal to 10°s and a lower ultimate compressive strength for higher and lower strain
rates, Table 1 and Figure 4. On the other hand, the LI samples had a higher compressive
strength for strain rates equal to 10s™. A possible explanation could be that the number of
samples tested is small for a representative stress-stain rate trend.

Another engineering property of ice that is very commonly determined from the stress-strain
curves is the elastic modulus that was determined by dividing the maximum compressive
strength by the corresponding measured strain. Both level ice and refrozen brash ice showed
an increase in modulus of elasticity at higher strain rate, 10s™. Others observed similar
trends (Sinha, 1982).

3.3 Compressive strength vs physical properties

Ice physical properties have a major influence on the compressive strength. (Shafrova and
Hayland, 2008) studied the compressive strength of ridges and level ice and their results for
the level ice showed that the compressive strength increase with depth. The strongest ice
layer was in the bottom of the ice cover. Independently of the applied strain rate the
compressive strength of level ice sheet tended to increase with depth due to lower salinity in
the bottom part (Timco and Frederking, 1990). Recently the compressive strength for
laboratory grown refrozen brash ice was reported to be higher in the top layer compare to the
bottom layer (Bridges et al., 2019). The variation of uniaxial compressive strength of
refrozen brash ice and level ice with depth and different strain rates is shown in Figure 5. The
compressive strength appeared to be higher for samples taken from depths between 15 and 40
cm. In the present case, the compressive strength was probably lower in the top due to snow
ice presence.

No clear dependency between the ice porosity and the depth was observed in any of the ice
types in this study, Figure 5. All the samples of the refrozen brash ice taken from the depth
between 15 and 40 cm had very low porosity. Similar trends were observed in the case of the
level ice. The calculated average density of the studied level ice samples was 0.893 g/cm? and
for the refrozen brash ice was 0.897 g/cm?®. The refrozen brash ice samples had a higher
slightly calculated average density. Average porosity, average density and density standard
deviations for a certain number of samples are shown in Table 1. The relation of maximum
compressive strength with total porosity, air and brine relative volume is shown in Figure 6.
The total porosity was computed as the sum of brine and air relative volume (Cox and
Weeks, 1983). The results showed that the effect of those parameters on the measured
compressive strength were in the same trend as the results presented by others (eg, Moslet,
2007; Shafrova and Hgyland, 2008; Timco and Frederking, 1990), where the sea ice
compressive strength increased with decreasing porosity. In the current work, the brine
volume did not had the main influence in the total porosity. The air volume was the main
contributor to the total porosity of refrozen brash and level ice, Table 1. The correlation
between the maximum strength and the total porosity was evaluated by using the equation 1
for the horizontal loading direction (Moslet, 2007). Equation 2 was used previously to



evaluate the compression strength of granular ice for strain rate equal t0103s? (Timco and
Frederking, 1990):

a:A-(l— %} [1]

-\0.22 Vi

A and B are empirical coefficients. (Timco and Frederking, 1990) described B as the total ice
porosity that causes the ice maximum strength to approach zero. For the granular ice, B was
0.28 and for columnar ice, B was held constant at 0.7 (Moslet, 2007). Coefficient A was
introduced as a constant that depends on loading direction and ice temperature (Bonath et al.,
2019). Fitting curves for the maximum compressive strength for the refrozen brash ice and
level ice are shown in Figure 7. The maximum compressive strength of ice samples decreased
with increasing the total porosity. On the present fitting curves for level ice the best fit had an
A equal to 8 and for the refrozen brash ice the best fit had an A equal to 12.5.

4. Conclusions

Refrozen brash ice and level ice properties were studied for cores sampled during winter
2019 in Marjaniemi harbor in Bay of Bothnia. Horizontal uniaxial compression were
evaluated for 23 samples of RBI and 16 samples of LI. Sea ice density was computed from
the mass - volume method. Total porosity was computed as the sum of brine and air relative e
volume. Sea ice texture was assessed from pictures of ice yielded under cross-polarized light.

1. Two types of microstructure were recorded in refrozen brash ice samples. The first type
with higher amount of big randomly orientated crystals was in a smaller proportion compare
to the second type with a higher amount of small random crystals. Level ice microstructure
contained mainly elongated ice crystals with a vertical crystal growth. RBI structures were
similar to the 11I1B1 and I11B; ice structures observed by (Bonath et al., 2019).

2. Refrozen brash ice samples were stronger in horizontal direction compare to the adjacent
level ice and showed a higher ductility than level ice. LI maximum compressive strength
increased with decreasing strain rate. RBI maximum compressive strength was higher for
strain rates of 10°3s, where the transition from brittle to ductile occurred. Both ice types
exhibit a brittle behavior in strain rates equal to 105, Refrozen brash ice samples showed
only ductile behavior for strain rates equal to 103s™%. Level ice for strain rates from 107 to 10"
4s1 showed both brittle and ductile behavior.

3. For both level ice and refrozen brash ice sampled in Bay of Bothnia the maximum
compression strength decreased with increasing porosity. Brine volume was very low and its
influence in total porosity and maximum strength was probably lower than air volume.
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Table 1. Summary of test results for refrozen brash ice and level ice under different strain
rates, number of samples tested, avarage maximum compressive strength, standard deviation
for the maximum compressive strength, avarage measured salinity, avarage relative air and
brine volume, total porosity, avarage ice density and the standard deviation for the ice
density.

Strain Omax Ostd S Va Vh Vi Pavg Pstd

Nr-Samples  Rate (%) (Mpa) (Mpa) (P () () () (glem?) (glemd)
4 11102 4.89 1.26 0.35 0.008 0.002 0.010 0.9122 0.004

RBI 4 1.1-10°% 629 0.67 0.37 0.037 0.002 0.039 0.884 0.019
5 1.1.10% 416 161 0.36 0.010 0.019 0.012 0.910 0.006

3 53102 290 0.71 0.39 0.048 0.002 0.050 0.874 0.084

LI 3 1.1-10% 447 119 0.26 0.034 0.001 0.035 0.888 0.020

3 5310 509 0.74 0.32 0.023 0.002 0.025 0.897 0.013
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Figure 1. Unconfined uniaxial test set up and deformation calibration curve.
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positions.
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