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ABSTRACT: In this study, a local ice pressure prediction has been conducted by using measured data from two ice
breaking tests that was conducted for a relatively big ice floe at Amundsen Sea in the Antarctica from January 31 to
March 30 2012. The symmetry of load was considered by attaching strain gauges on the same sites inside the shell
plating of ship at the port and the starboard sides in the bow thrust room. Using measured strain data, after the ice pre-
ssure was converted by the influence coefficient method and the direct method, the two values were found to be similar.
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INTRODUCTION

Due to melting of a large amount of ice in the Arctic Ocean mainly after the global climate change, many parts of the
Northern Sea Routes have opened in recent years, and this created great interests on this region. It can be expected that these
openings in the Northern Sea Route would further lead to a steady growth in trade, which in turn would place a demand for
icebreakers and ice-strengthened ships. Thus, manufacture and development of these ice vessels are likely to rise faster,
although several important factors related to the manufacture needs consideration in the first place. One important issue, in this
regard, is when a ship comes in contact or collides with the ice in Arctic regions. It involves one of the ice loads and has sig-
nificant impact on the structure of the ship.

The ice load can be divided into local ice load and global ice load for convenience (ABS, 2011). Local ice load is defined as
the ice pressure that acts locally on some areas of plate and supporting materials, which compose the ship structure. The local
ice pressure is also defined in all ice class regulations, and generally, this local ice pressure has been known to be dependent on
the ice type, the ice thickness, the ice-ship interaction and the governing ice breaking mode (ISSC, 2012).

POLAR SEA of the US measured the local load at the Beaufort Sea in September and October, 1982 and Chukchi Sea in
March and April, 1983. These are considered as the best available data among all that measured the local load using a strain
gauge (St. John et al., 1990).
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The first measurement by Korean research teams was the one that was conducted in July and August, 2010 by using
ARAON, the first Korean icebreaker (Kim et al., 2011). In this measurement, the research team selected an ice floe for the test
and conducted measurements of ice thickness and other characteristics directly on that ice floe (Park et al., 2011; Kim et al.,
2012). When the ice-ship interaction occurred, the effect of ship speed and ice thickness on the ice load was considered, and
based on the measured values, a study on the method to convert the ice load into ice pressure was also conducted (Lee et al.,
2013a; 2013b).

Researchers conducted measurements on ice load at Amundsen Sea from the end of January to the middle of March, 2012
(Kim et al., 2013). In this work, prior to the two ice breaking performance tests, characteristics of the ice were identified first.
Using the measured values from the strain gauge at the bow, the ice pressure was calculated using both coefficient method and
direct method. In the current study, the symmetry of stress applied on the ship has been also identified at the time of ice-ship
contact and collision by attaching the strain gauges at the same position of port side and starboard side of the bow.

DATAMEASUREMENT AT AMUNDSEN SEA

Two ice breaking tests were carried out on Amundsen Sea of Antarctica in 2012. In these tests, for the purpose of measuring
the local ice load acting on the bow and the side of the ship, the strain gauges were attached inside the shell plating of port and
starboard side, between 106 frame and 111 frame of the lower part of second deck inside the bow thrust room, as shown in Fig.
1. The second deck was located at 7,100 A/B (7,100 mm above the baseline), and the design load waterline of ARAON was
6,800 A/B. The shell plate was made of EH36 grade steel and had a thickness of 34.5 mm. The reason why strain gauges were
attached in this area is that this area was around the shoulder part of ARAON horizontally and was around the design waterline
vertically. It is already known that local ice pressure is higher at the shoulder part than that in the other parts (St. John and
Minnick, 1995).

The adopted strain gauges are a rectangular strain gauge rosette with a grid length of 5 mm, FRA-5-11-5LT (maker: Tokyo
Sokki Kenkyujo). A strain gauge rosette with half-bridge connection of the above dimension is often used in engineering
practice to find out strain states at specific points and MGCplus (maker: HBM) is used as the data acquisition system. Frame
spacing is 800 mm and a dotted line in Fig. 1 means a stiffener with almost same dimension with the frame. As shown in Fig. 1,
21 strain gauge rosettes were attached. In the figure, L and R represent the port and the starboard side respectively. Gauges with
numbers 1 to 10 were attached at the same position on both the sides, however, the R11 gauge was attached only to the star-
board side as the port side was not a proper position to install.

The voyage route and the ice breaking test sites of ARAON vessel in the Amundsen Sea are shown as in Fig. 2 (Kim et al.,
2013). The route covered the entire Amundsen Sea from Pine Island Glacier to Cape Burks, and the sites marked as SI 1 and Sl
2 in the figure are the places where the ice breaking tests were conducted.
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Fig. 1 Location of the strain gauges between Fig. 2 Route of Araon and the Ice breaking test sites.

Frame No. 106 and No. 111.

The ice floe of the first test had the size of about 900 m x 600 m, selected at the position of 73°30'43"S, 109°02' 11"W on
February 21, 2012. Moreover, the ice floe was estimated to be one year old. The thickness of this ice floe is shown in Fig. 3, the
horizontal axis shows the progress distance, and the vertical axis shows the thicknesses of the snow and the ice. The shape of ice
was marked with a blue solid line, and the vertical distribution of the actual ice was expressed in the direction of the vertical axis.
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The atmospheric temperature at the time of test was about -1C, and the wind speed was about 12 knot. The draft at bow of
ARAON was 7.04 m, and the center draft on the starboard side and the port side were 7.00 m, 7.04 m respectively.
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Fig. 3 Ice thickness and snow depth of the 1st ice floe.  Fig. 4 Ice target for ice breaking in the Amundsen Sea (1st test).

Fig. 4 shows the pictures that were taken of the flag and the ice breaking path during the ice breaking test (Choi et al., 2012).
The distances between the first and the second flag was 300 m, between the second and the third flag was 200 m, and between
the third and the fourth flag was 300 m; therefore, the total distance measured was 800 m. Fig. 5 expresses the position of
ARAON with GPS setting the coordinate points of latitude and longitude same as the real directions. It is shown that the south
latitude became higher as it went down toward left, and the west longitude became lower as it went to the right. The test was
conducted by changing the engine power as 8 MW, 6 MW and 5 MW for each section.
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Fig. 5 Ship trajectory and power data from the 1st test.
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Fig. 6 Examples of data (equivalent stress) measured from strain no. L6 and R6 in the 1st test.
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Fig. 6 shows the data measured from L6 and R6 strain gauges in the first test. The record duration of the first test was total
1,800 second, but an ice-induced strain was recorded just before 1,000 second to about 1,200 second. The record duration of the
second test was about 4,430 seconds. The sampling rate was 50 Hz, and a Bessel lowpass filter with cut-off frequency of 5 Hz
was adopted. To calculate the equivalent stress from the measured strain data by using Hooke’s Law, the Young’s modulus of
the material used was 200 GPa.

The positions of the second test floe were 72°15'11"S, 117°49'32"W in March 04, 2012, and its size was about 1,100 m x
600 m, which had a structure with a little thick ridge at the center, as shown in Fig. 7. This floe was presumed to be of one year
old which was relatively flat with one side blocked by a huge iceberg. The atmospheric temperature at the time of the test was
about -4.5C, and the wind speed was measured at about 12 knots. The draft at bow on the ship was 6.88m, the center draft on
the starboard side was 6.71 m and that on port side was 6.84 m. Fig. 8 shows the test path of the second ice floe. In this test, the
engine output was changed to 7 MW and 8 MW.
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Fig. 7 Ice thickness and snow depth of the 2™ ice floe.
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Fig. 8 Ship trajectory and power data from the 2™ test.

Table 1 Summary of the two big floes.

Ice floe No. 1 2
) Longitude 109°02'11"W 117°49'32"W
Location
Latitude 73°30'43"S 72°15'11"S
) Length (m) 900 1,100
size -
Width (m) 600 600
Air temperature ( ©) -1 -4.5
Wind speed (knots) 12 12
Average compressive strength (MPa) 1.445 1.32
Average bending strength (kPa) 274 266
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The summarized results for the ice floe characteristics from the first and second tests are shown in the Table 1. The average
compressive strength for the first floe was 1.445 MPa, and the average bending strength was 274 kPa. The average compressive
strength for the second floe was 1.32 MPa and the average bending strength 266 kPa (Ha et al., 2012). The compressive
strength was measured directly from the ice core specimen using a simple on-site tester, and its bending strength was calculated
from the experimental equation of Timco and O'Brien (1974).

CALCULATION OF THE LOCAL ICE PRESSURE

Among the ice breaking test data measured twice in the Antarctic Ocean, peak stress values higher than 20.0 MPa were
selected to obtain the variation of the peak stress with the speed as shown in Fig. 9. In the second test, when the ship speed was
about 3.42 knot, the peak stress of channel L10 at the port side was measured, to obtain the maximum value (180.7 MPa). The
peak stress over 100 MPa was measured in the second test, and it is presumed that these are related to the existence of ice ridge
in the middle of ice floe.

Theoretically, especially in case of global ice load the faster a ship’s speed is, the greater the ice load that acts on the ship is.
But the measured results are different as shown in Fig. 9. According to Kim et al. (2014), an ice load increases with a ship’s
speed up to a certain limit, after which it levels off (forms a plateau) or decreases, as shown in Fig. 8. This trend was also
investigated by other researchers (St. John and Minnick, 1995; Tsoy et al., 1998). The reason for this particular trend is possibly
because higher speed of a ship with a constant engine power can be achieved in thinner ice, which leads to lower ice load (Lee
etal., 2013a).

200

180 | A m Antarctic 1st.
W 160 | .
a A Antarctic 2nd.
S 140 |
~— A
w 120 |
g 100 | A 4
']
X 80 ¢ []
T Em AF 4
1 Iy

2 60 Al‘.l LA A 1

40 + » v

Y A"
20+ adhindl b | VY
0 | } t t t

0 2 4 6 8 10 12
Ship speed (knots)

Fig. 9 Change in the peak stress with the ship’s speed in the Amundsen Sea.

It is also mention-worthy that between the first and the second tests, in the former the ship followed the route exactly that
had been pre-assigned to it, and the actual and intended ice breaking trajectory were similar (Fig. 5), However, in the second test,
the pre-assigned straight course was not maintained all the time and some turns were made. This introduced some deviations
from the intended ice breaking path (Fig. 8).

Influence coefficient method

When a value measured by the strain gauge is converted to the ice pressure, the influence coefficient method is used in
general. In other words, when a pressure is applied on a specific part, the related strain develops not only at the pressure point
but also in the vicinity area. Thus, to calculate the influence coefficient, pressure is applied to an area that is at the vicinity of
and surrounds the actual target pressure point, with repeated calculations of the stress through structural analysis of the process
(Lee et al., 2013b). Here, it is assumed that pressure with uniform distribution over a specific area is applied in normal direction
against the side shell plating as selected by Ritch et al. (2008).

When the obtained influence coefficient was applied to the relation function of pressure vs stress, the following was obtained:
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{o}=[CHp} @

Here, {o}, {p} refer to stress and pressure vectors for each specified area respectively, and [C] refers to the influence co-
efficient matrix of pressure against stress (see Lee et al., 2013b, for details including matrix [C] of the ARAON).

CALCULATION OF ICE PRESSURE

The stress is an equivalent stress (generally, von-Mises stress), which can be calculated using the measured values from
the three components of the rosette gauges. It was calculated using peak values obtained from the strain data measured from
L3, L6 and L9 of port side and R3, R6 and R9 of starboard side in each of the two tests. If there is no data in neighboring area
its stress value is assumed to be zero. For example, for the gauge L6, though measured values for two nearby vertical areas
(that is, L5 and L7) were there, no data were available for other 6 areas, including the areas between L2 and L5, and L3 and
L6. Furthermore, as the data from R6 gauge on the starboard side in the second test was not measured well, the calculation
result of R6 was omitted.

In Tables 2~3, ICM is the calculated ice pressure value using the influence coefficient method, Direct is the calculated ice
pressure value using the direct method. The direct method was to calculate the pressure directly by using only the relationship
between pressure and stress for the considered area (that is, some area surrounding one strain gauge), regardless of the effect
of pressure acting in the neighboring area (that is, the influence coefficient). ICM/D shows the ratio of the influence coeffi-
cient method to the direct method. The maximum ice pressure, calculated by the influence coefficient method from the second
test at L9 on the port side was 2.836 MPa, whereas, the ice pressure calculated by the direct method was 2.632 MPa.

Fig. 10 and 11 show the graphs which compare the ratio of the influence coefficient method to the direct method of each
port side and starboard side respectively with y=x line graph for the first and the second tests. Values used in the graphs are
peak values over 20.0 MPa from hoth the tests. The difference between a slope of y=x graph, 1 and an average value of
ICM/D, 1.0238 is as small as 0.0238, and the graph shows that almost all values are close to the y=x graph, indicating a very
little difference between the direct and the influence coefficient methods. Therefore, it is practically possible to calculate the
ice pressure even when the direct method is applied.

Table 2 Calculated ice pressures on the port side and the starboard side (1st test). (unit : MPa)
L3 L6 L9
ICM Direct ICM/D ICM Direct ICM/D ICM Direct ICM/D
2.062 1.940 1.063 1.658 1.516 1.094 1.828 1.688 1.083
1.405 1.316 1.067 1.178 1.238 0.951 1.004 1.130 0.889
0.987 1.024 0.963 1.273 1171 1.087 0.922 1.006 0.916
1.027 1.016 1.011 0.951 1.152 0.825 0.936 0.884 1.059
Port side average ICM/D = 1.003
R3 R6 R9
ICM Direct ICM/D ICM Direct ICM/D ICM Direct ICM/D
1.477 1.312 1.125 1.724 1.712 1.007 1.624 1.510 1.075
1.296 1.168 1.109 1.477 1.487 0.993 1.020 0.920 1.109
0.933 0.843 1.107 1.474 1.428 1.032 0.875 0.825 1.060
0.861 0.823 1.046 1.205 1.229 0.981 0.775 0.705 1.100
Starboard side average ICM/D = 1.013
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Table 3 Calculated ice pressures on the port side and the starboard side (2nd test). (unit : MPa)
L3 L6 L9
ICM Direct ICM/D ICM Direct ICM/D ICM Direct ICM/D
1.852 1.804 1.026 1.668 1.560 1.069 2.836 2.632 1.078
1.191 1.201 0.992 1.306 1.330 0.982 1.110 1.168 0.951
1.184 1.085 1.092 1.192 1.178 1.012 1.191 1.080 1.103
1.020 1.074 0.950 0.891 0.938 0.950 1.075 1.048 1.026
Port side average ICM/D = 1.012
R3 R9
ICM Direct ICM/D ICM Direct ICM/D
2.184 1.956 1.117 1.341 1.184 1.133
1.054 0.929 1.134 0.936 0.880 1.063
0.755 0.769 0.982 0.825 0.863 0.956
0.755 0.694 1.088 0.847 0.752 1.127
Starboard side average ICM/D = 1.067
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Comparison of the ice load measured on the port & the starboard sides

The stress values during the ice breaking tests were measured simultaneously by attaching the strain gauges in the same
position on the port and the starboard sides. Three largest values from each measurement sequence and the values measured on
the opposite side measured in the same time zone were compared and shown in the Table 4. In the table, ‘“Time’ refers to the
duration after the initial measurement in each test. From Table 4, it can be seen that one side has a higher peak value than the
other side. Namely, it was measured as 3.65 MPa at L2 of port side when the stress has a maximum value of 99.79 MPa at R2
of starboard side. The ratio for measurements of port and starboard sides was about 3.7%.

Table 4 Comparison of peak stresses at the port and the starboard sides.

Test No. Port Peak stress (MPa) STBD Peak stress (MPa) Time (sec)
L2 3.654 R2 99.79 981.28
1 L3 77.33 R3 3.008 1048.36
L8 76.2 R8 2.84 1134.4
L7 129.5 R7 2.645 2823.8
2 L9 104.9 R9 3.635 2824.12
L10 180.7 R10 3.941 2823.76
Al = i 200l=——_L10(O) R10
a 150 ﬁ‘?
E L m P |
£ s0 £ 100 /|
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Fig. 12 Example of peak stress measured in the 1st test. Fig. 13 Example of peak stress measured in the 2nd test.

The maximum and the average values of the stress ratio for peak stress over 20 MPa in Test 1 were 34.1% and 12.8%,
whereas in Test 2, the values were 70.8% and 16.6%, respectively. For peak stress over 50.0 MPa, the maximum and the
average stress ratio of both sides in the first test were 14.2% and 6.3%, whereas in the second test the corresponding values
were 20.2% and 6.6%, respectively. These results showed that the measured values from both sides have a large difference,
especially when comparatively large peak stress values were compared.

The stress values obtained for the port and the starboard sides during the ice breaking test in the same time zone are shown
in Figs. 12 and 13. These values correspond to the time zone when the peak values were maximums in the first test. Fig. 11
shows that R2 of the starboard side had the maximum peak value in the first test, and L2 value of the port side showed a small
change in the same time zone. This can be attributed to the difference in contact of the two sides with the ice floe during the ice
breaking test.

Fig. 14 also shows the stress measured in the opposite sides at the same time in each time zone based on the peak stress over
20 MPa during the first ice breaking test. In order to distinguish the port side from the starboard side of the ship intuitively, the
stress measured on the port side was treated as a negative number. There was almost no such case where the large stress could
be measured on both the sides simultaneously. This clearly indicated that simultaneous contacts on both sides did not occur
during the ice breaking tests and was considered unusual. The peak stress, in most of the cases occurs alternately on both the
sides. During ice breaking, if the influence of sea waves is ignored, the change in the course of the ship can be simply assumed
to be due to the resistance offered by the ice in contact with the vessel.
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Fig. 14 Comparison of stresses at both the sides (1st test).

CONCLUSIONS

This study was conducted for the conversion of ice pressure using the strain data measured at Amundsen Sea near the
Antarctic in 2012. The ice load which was applied to the bow of ship was measured by attaching the strain gauges inside the
shell plating of port and starboard side.

Based on this, after the ice pressure was converted using the influence coefficient method and the direct method, the
maximum value was 2.836 MPa when the influence coefficient method was used and 2.632 MPa when the direct method
was used. As the average value of ICM/D ratio was close to 1, it can be said that there was almost no difference between the
values. Therefore, the direct method can be used to calculate the ice pressure for engineering purpose.

The peak stresses measured at the symmetric points of the port and the starboard sides in each time zone were also
compared. From the result, the measured ice load in the middle of the ice breaking test showed a large difference between
the port and the starboard sides. From this, it can be concluded that the ice contact situations on the port and the starboard
sides were not similar. Especially, when comparatively high level peak stress was measured, the relative ratio was below 7%
in average.
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