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Abstract 

 

In summer 2010, field measurements of local ice loads were carried out in the Arctic Ocean using the Korean 

first icebreaking research vessel, ARAON. In some previous studies by the authors, several investigations for the 

data measured at 2010 including the relationship between the measuring points and ice loads, the possibility for 

observation of higher ice load and the relationship between the ship speed and ice loads were reported. During 10 

days in August 2013, new field measurements were performed in similar waters of the Arctic Ocean using the 

same vessel, ARAON. The aim of this study is to investigate the statistical properties of 2013 measurements and 

compare results by two periods. 
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1. Introduction 

The interest on northern sea route (NSR) is increasing as the Arctic ice thaws due to the recent rapid 

global warming. Opening of the NSR not only promotes development of resources in the Arctic Ocean but 

also leads to increased demand for icebreakers and ice class vessels that navigate ice-covered waters. There 

are many factors to be considered when developing and building the icebreakers and ice class vessels. As 

the sea ice in the Arctic coming in contact with or colliding into a navigating ship can seriously damage the 

ship (Marchenko, 2014), the ice load of the ship needs to be considered as one of the important factors in the 

design stage.  

The first Korean icebreaking research vessel, ARAON was built in 2009 and tested in the ice sea trial by 

the researcher of Arctic and Antarctic Research Institute (AARI) in Russia in 2010. The icebreaking and 

maneuvering performance were tested under various ice conditions field, and the ice loads acting on the ship 

structure was investigated (Likhomanov, 2010). In the summer of the same year, four sea ice property tests 

(Choi, et al., 2011), icebreaking performance tests (Kim, et al., 2011)  and ice load measurement tests (Lee, 
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et al., 2014) were conducted in the Chukchi Sea and Beaufort Sea. In January 2012, the full-scale ice trials 

were conducted in the Amundsen Sea near the Antarctic (Kim, et al., 2013). 

In August 2013, the ice load of the ARAON was measured again in the Arctic Ocean (Fig. 1). The 

measurement system consisted of 69 channels with 25 strain gauges including 3 single strain gauges 

attached inside the side shell on the portside of the bow thruster room. The test did not include the 

icebreaking test that was performed in 2010 to check the icebreaking performance.  

Since it is better to navigate the waters with less sea ice than having to break the ice floes when navigating a 

ship in the NSR, this study used the data measured during the general operations. The purpose of this study 

was to statistically analyze the ice load data measured during the general operations in 2013 and to compare 

them with the test conducted in 2010 (Lee, et al., 2014). The probability data revealed in the analysis will be 

useful for investigating the ice-induced fatigue problems (Suyuthi, 2013) in the future. Since the number of 

stresses measured above reference value is an important factor when calculating an ice induced fatigue, this 

study will be able to provide the values. 

2. Measurements during General Operations  

During navigation in the Arctic Ocean in 2013, the strain gauges were attached on locations inside the side 

shell of the bow thruster room as shown in Fig. 2 in order to measure the local ice load applied to the bow. 

As shown in the figure, 3 single strain gauges and 22 strain gauges for total of 69 channels were used.  

 

 
(a) Korean icebreaking research vessel, ARAON (Yonhap News) 

 

 
(b) Typical ice condition in general operations 

 

Fig. 1 ARAON and typical ice condition in 2013 Arctic Voyage 
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Fig. 2 Location of strain gauges in thruster room 

 

G13, G14 and G15 were located the closest to the bow, and the vertical position of the second deck was 

7,100 A/B (above baseline). It should be noted that the designed draft and maximum draft of the ARAON 

were 6,820 A/B and 7,620 A/B, respectively. The material of the area where the gauges were affixed was 

EH36 (yield strength 355 MPa), and its thickness was 34.5 mm. The frame space was 800mm, and a 

stiffener with the same size as the frame was placed between the frames for reinforcement. 

Table 1 shows the number of peaks over 20MPa at each time among the data measured during the general 

operation in the ice-covered sea. Since the ice load measurements were conducted during the navigation 

between research stations, the measuring times differ. The mean draft in the bow was recorded, and the ice 

concentration (max.: 10) was estimated using the ice concentration chart at the time of measurement. 

According to Table 1, total of 1,222 peaks over 20MPa were measured. They included the simultaneous 

measurements from 69 channels. The total measuring time of 68,400 seconds is equivalent to around 19 

hours or 80% of a day, indicating that the total navigated distance in the icy sea area was considerable. It 

also shows that the ice concentration at 03:28 data lower than at 07:28 data but the number of measurement 

over 20MPa is more than at 07:28 for measuring time. Because the ice concentration was not measured 

directly and assumed by the ship location with ice concentration map on that data, the ice concentration may 

not be accurate. Also, the measured value is not considered the relationship between the ice mechanical 

property and ship speed, it may not show the actual situation. 

2.1. Analysis of Measured Data 

First, the correlation of location-measurement was checked from the change of measurements according to 

the gauge location. If it was judged that there was no significant correlation, then a probability density 

function to express the actual likelihood using all measurements was developed. The relationship between 

the stress converted from the measured strain data and the ship speed was estimated to extrapolate the data 

to the maximum velocity of the Araon (16 knot). 

This chapter describes the analysis procedure in detail using the measurements of 03:28 on August 26 

having the highest ice load measurement among the data shown in Table 1. Fig. 3~4 and Fig. 5~6 show the 

change of measurements according to the location of gages along the longitudinal directions and vertical 

directions, respectively, in graphical forms. The position of R3 was used as the reference (i.e., position 0.0), 

and the direction toward the bow and upward direction were used as the positive (+) directions. The focus 

was on peak stresses along the longitudinal direction. Since the G5 and G6 gauges recorded no values above 

20 MPa, the graphs of vertical direction having G4~G6 were disregarded in this study. 

Fig. 3~4 show the relationship between the gauge locations along the longitudinal direction and stress in 

 Table 1 Summary of measurements and ice conditions in Araon’s 2013 Arctic Voyage 
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Date August 26 
Sum 

Starting time 03:28 07:28 17:40 

Measuring time (sec) 14,400 36,000 18,000 68,400 

No. of peak over 20MPa 262 387 573 1,222 

Mean draft (m) 6.8 6.8 6.8  

Max peak stress (MPa) 176.24 103.04 103.8  

Estimated ice concentration 1~3 4~6 7~8  

 

graphs. In Fig. 3, there was no peak over 20MPa on the G16 location (800mm position). The peak decreased 

from the R1 location (-1200mm position) to S2 location (-400 position) and then increased as the location 

approached the bow side. The Pearson’s correlation coefficient of the data between R1 and S2 was about -

0.246, indicating weak correlation. A correlation coefficient of 1 or -1 means the absolute positive or 

negative correlation. A correction coefficient of above 0.4 is considered to indicate somewhat high 

correlation (Yang, 2012). 

 

 
Fig. 3 Relationship between stress and location of strain gauges in longitudinal direction (R1~G14) 

 

 
Fig. 4 Relationship between stress and location of strain gauges in longitudinal direction (R2~G13) 
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Fig. 5 Relationship between stress and location of strain gauges in vertical direction (R2~R6) 

 

 
Fig. 6 Relationship between stress and location of strain gauges in vertical direction (G10~G12) 

 

Fig. 5~6 show the peak stress according to the gauge location along the vertical direction. In Fig. 5, 4 

gauges except R4 showed the peak values above 20MPa. While the peak values decreased from R6 to R5, 

the values of R2 and R3 were similar. In the analysis of gauge measurement, the correlation between two 

points is not much significant, and the trend can be considered to be significant only when there are three 

points or more. Therefore, the overall trend between R6 (-1500mm position) and R2 (500mm position) in 

Fig. 5 shows the decrease. However, its correlation coefficient was -0.245, indicating a weak correlation 

also. 

3. Statistical Analysis of Measurements 

Tables 2(a)~(c) summarize the correlation coefficients based on location of gauges at each measuring time, 

and Table 2(d) summarizes the correlation coefficients of all data. Most of them showed low correlation 

coefficients of less than 0.4, and the sub groups showed higher correlation coefficients than the whole 

groups. The highest correlation coefficient was -0.546 recorded by the bottom sub group of the vertical 
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direction (R2~R6). Although the coefficient can be considered to show high correlation, it was the 

comparison of the data between two points not an overall trend, and thus it was not much significant. 

 

Table 2 Summary for correlation coefficient based on location of strain gauges   

 

(a) 20130826-0328 file 

S/G location 
Correlation 

coefficient 
Sub-S/G group  

Correlation coeff. of 

sub group 

R1~G14 0.015 
R1~S2 -0.246 

S2~G14 0.121 

R2~G13 0.103 
R2~G7 0.155 

G7~G13 -0.003 

R4~G15 0.21  

R2~R6 -0.256 
R2~R3 0.25 

R5~R6 -0.355 

G1~G3 -0.012 
G1~G2 -0.096 

G2~G3 0.235 

G7~G9 0.026 
G7~G8 0.159 

G8~G9 -0.325 

G10~G12 0.052 
 

G13~G15 -0.2 

 

(b) 20130826-0728 file 

S/G location 
Correlation 

coefficient 
Sub-S/G group  

Correlation coeff. of 

sub group 

R1~G14 0.366 

R1~S1 0.108 

S1~R3 -0.037 

G2~G11 0.203 

R2~G13 0.314 
 

R4~G15 0.283 

R2~R6 -0.225 
R2~R3 0.04 

R5~R6 -0.338 

G1~G3 0.078 
 

G7~G9 -0.058 

G10~G12 -0.05 
G10~G11 -3.66 

G11~G12 0.374 

G13~G15 0.294  

 

(c) 20130826-1740 file 

S/G location 
Correlation 

coefficient 
Sub-S/G group  

Correlation coeff. of 

sub group 

R1~G14 0.012 
R1~S2 0.406 

S2~G14 0.018 

R2~G13 -0.041 
R2~G1 -0.045 

G1~G13 -0.026 

R4~G15 -0.072  

R2~R6 -0.342 R2~R3 -0.061 
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R5~R6 -0.546 

G1~G3 -0.013 

 
G7~G9 -0.047 

G10~G12 0.038 

G13~G15 -0.039 

 

(d) Whole data 

S/G location 
Correlation 

coefficient 
Sub-S/G group  

Correlation coeff. of 

sub group 

R1~G14 0.129 
R1~S3 0.037 

G2~G14 0.08 

R2~G13 0.056 
 

R4~G15 0.053 

R2~R6 -0.221 
R2~R3 0.016 

R5~R6 -0.282 

G1~G3 0.005  

G7~G9 -0.05 
G7~G8 -0.04 

G8~G9 -0.02 

G10~G12 -0.016 
 

G13~G15 -0.056 

 

Since the change of peak stresses according to the gauge location along the longitudinal and vertical 

direction had no significant correlation, the whole of measured peak stresses could be processed as the 

individual data. As such, the stress levels were divided into intervals of 10 MPa. Fig. 7(a) shows the 

observation probability of each interval of the 03:28 data, and Fig. 7(b) magnifies the areas of high stress. In 

the graph, R2 is the coefficient representing the error rate. As the value approaches 1, the error is smaller. 

Comparison of the R2 values of two functions in the graph indicates that the power function of negative is 

much better than the exponential function.  

Fig. 8 and Fig. 9 show the data in the other two times. They indicate that the R2 value of the exponential 

function is slightly higher. However, the R2 value of the power function of negative is still higher than 0.94, 

and the difference is small. Therefore, one can consider that the power function of negative better reflects 

the trend. 

Since the material of the measured area in the Araon is EH36, the minimum required yield stress is 355MPa. 

The observation probability of this value using the power function of negative was 0.00082, 0.00168, and 

0.00033 for each time, respectively. The highest probability was observed at 07:28. The result can be 

attributed to the fact that the data in that time had the larger portion of relatively high stress values although 

it had fewer peaks over 20MPa than other times. 

Next, after synchronized process against the ship speed at peak stress the relationship between peak 

stresses and the ship speed was investigated. Fig. 10 shows the result with the measurements of 03:28 on 

August 26 along with the AARI data measure in the similar measurement locations conducted in the 

Antarctic (Likhomanov, 2010). Unlike the curve for AARI data, the peak stress decreased as the speed 

increased. The maximum peak value was 176MPa, and the speed at that time was 8.3kt which was lower 

than other speeds. 

3.1. Comparison with Measurement in 2010 

The ice load was also measured using the strain gauge during 4 icebreaking and general operation in the 

vicinity of the Chukchi Sea and Beaufort Sea in the Arctic Ocean between July 16 and August 12 in 2010. 

Total of 14 gauges including 10 gauges in the longitudinal direction and 4 gauges in the vertical direction with 
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total of 30 channels were used for measurement (Lee, et al., 2014). Compared to the gauge location for the 

measurement in 2013, the R1~S3 gauges in the longitudinal direction and gauges R2~R5 in the vertical 

direction were in the same locations. 

 

 (a) 20130826-0328 file  (b)Data over 80 MPa 

 

Fig. 7 Histogram and probability density approximation of stress 

 

 

Fig. 8 Histogram and p.d.f  of stress (20130826-0728 file) 

 

 

Fig. 9 Histogram and p.d.f of stress (20130826-1740 file) 
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Fig. 10 Maximum stresses - ship speed curve including AARI data and extrapolation (20130826-0328 file) 

 

The overall correlation coefficients of data measured by the gauges installed in the longitudinal and vertical 

directions in 2013 varied 0.037~0.129 in the longitudinal direction and -0.282~0.016 in the vertical direction. 

The correlation coefficients between the peak stress and location measured during the general operation in 

2010 showed the variation of -0.591~0.42 in the longitudinal direction and -0.439~0.427 in the vertical 

direction, indicating considerably wider range than the data measured in 2013. Likewise, the correlation 

coefficients measured during the icebreaking operation in 2010 showed the variation of -0.15~0.268 in the 

longitudinal direction and -0.335~0.376 in the vertical direction, indicating the wider range in the vertical 

direction. Although the variations of correlation coefficients indicate high correlation under certain navigation 

conditions, it is considered that there is no close correlation between the measurement location and peak 

stresses. 

Next, the observation probabilities of peak stress in the overall data of August 26 2013 (Fig. 11) as well as 

the general operation data (Fig. 12) and icebreaking operation data (Fig. 13) of 2010 are shown. Since it was 

already concluded above that there was no correlation between the measurement location and ice load, the 

observation probabilities of whole data were compared regardless of measurement locations. The 

observation probability of 355MPa, which is the yield stress of the ice load measurement point, in the order 

of the graph was 0.00068, 0.00037, and 0.00168. It is known that the highest observation probability was 

shown during icebreaking since many high stresses were measured under the condition with relative high ice 

concentration. 

 

 

Fig. 11 Histogram and p.d.f. of stress (20130826  file) 
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Fig. 12 Histogram and p.d.f. of stress (Aug. 2010 in general operation) 

 

Since ship speed is also important factor when ice breaking, Fig. 14~16 show the graph about the stress 

with ship speed in 2010 and 2013. In the figure, unlike AARI graph, all graph show the decease of the stress 

when the ship speed is faster. Also the maximum stress of all three cases is shown at 4~8kt ship speed. 

To help a better understanding, the ice property of the ice breaking data in 2010 is summarized as Table 3 

(Lee, et al., 2015). The test in 2010 was performed of three times, as used herein the ice data has thickness 

and floe size in 2nd year ice sheet. 

Table 4 shows the number of peaks over 20 MPa per min according to the ice concentration during the 

operation of the Arctic regions in 2010 and 2013. The highest value of average per minute was 4.72 with ice 

concentration of 9~10 recorded on August 6 2010. 

 

 

Fig. 13 Histogram and p.d.f. of stress (Aug. 2010 in ice trial operation) 

 

 

Fig. 14 Maximum stresses - ship speed curve including AARI data and extrapolation (20130826 file) 
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Fig. 15 Maximum stresses - ship speed curve including AARI data and extrapolation (2010 General operation) 

 

 

Fig. 16 Maximum stresses - ship speed curve including AARI data and extrapolation (2010 Ice-breaking operation) 

 

4. Conclusion 

This study statistically analyzed the ice load measured during the general operation in the ARAON’s 2013 

Arctic voyage and compared them with the data measured in 2010. Following conclusions were deduced 

from the present analysis: 1) The analysis of data measured in August 2013 showed that there was low 

correlation between the gauge location and stress. That means that no stress was measured particularly high 

at specific locations. 2) The power function well represented the observation probability of the stress level. 

For the yield stress (355MPa) at the measurement location, the observation probability was maximum 

0.00168.  3) Comparison of observation probability of 2010 and 2013 data showed that the peak stresses 

during icebreaking in 2010 were higher. It means that more data with higher stress values were measured 

because of higher ice concentration. 4) With identify the number of stresses above reference value, it will be 

able to be provided the data when calculating damage on ice induced fatigue problem.  

 

 Table 3 Summary of measurements and ice conditions in 2010 ice-breaking performance tests 

Date 
Mean ice 

thickness [m] 

Ice floe size 
Remark 

Length Width 

08-04 2.22 200m 80m 2nd year ice 

08-05 1.88 280m 100m 2nd year ice 

08-06 2.46 300m 110m 2nd year ice 
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Table 4 Number of data over 20 and 100 MPa per min. 

Date 
Test 

no. 

Ice 

concentration 

Data over 20 

MPa 

Data over 100 

MPa 

2010-07-31 

1 6 3.40 0.10 

2 4~5 1.30 0.07 

3 4~5 0.90 - 

2010-08-01 1 8 1.80 - 

2010-08-02 1 6 1.70 - 

2010-08-04 - 9~10 0.53 - 

2010-08-05 - 9~10 0.80 - 

2010-08-06 - 9~10 4.72 0.07 

2010-08-07 

1 9 3.73 0.10 

2 - 3.80 - 

3 - 1.90 - 

4 - 1.90 0.03 

5 7~8 1.40 - 

6 - 0.90 - 

2010-08-08 
1 9 1.37 0.03 

2 - 1.10 0.03 

2013-8-26 03:28 - 1~3 1.09 - 

2013-8-26 07:28 - 4~6 0.65 - 

2013-8-26 17:40 - 7~8 1.91 - 
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