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Abstract 
 
This study presents the analysis of relationship between ship speed and local ice load on the Korean Icebreaker 

ARAON. The relationship curves were made from the data obtained at two areas: the Arctic and the Antarctic; and for 
two operation condition: the icebreaking condition in sea ice trial and general operation in ice covered sea. The strain 
data were converted to the equivalent stress value, and the influence of ship speed on the local ice load was analyzed 
and compared each other. These analysis results are useful in working on a statistically valid hull design approach 
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1. Introduction  

The ice load is the force acting on hull structure when the vessel navigating in the ice covered waters con-

tacts on the sea ice. This load has been divided into global and local categories, where the former analyzes 

the behavior of the entire hull and the latter analyzes the behavior of the local structure. It is important to 

compute exactly such ice load in the design of icebreaking vessel. 

Accordingly, using the first Korean icebreaking research vessel (IBRV) ARAON, the measurement of ma-

terial properties of the sea ice and the full scale measurement of the local ice load acting on the bow of port 

side were carried out separately by ice breaking and sea ice general operation in August 2010. As a follow 

up, next full scale test was carried out in the Amundsen Sea in January 2012. After selecting the sea ice 

based on its size and properties, full scale test was done to measure the ice load by using the strain gauge 

attached to the bow of port side shell. However, measuring material properties of sea ice was not carried out 

in the general operation performed from Arctic sea. 

Generally the factors affecting the ice load magnitude are considered by icebreaking mode, material prop-

erties of sea ice, vessel size, stem shape, power, ice thickness, relative velocity between the ice and vessel, 
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and contact mode between ice and hull etc. In this study, the material properties and ship speed were also 

included to the parameters of interest. 

Previous ramming data predicts increase in the stress with increasing ship speed as reported by the scien-

tists from Russian Arctic and Antarctic Research Institution in the Antarctic sea in February 2010 (Likho-

manov, 2010). 

Along the similar vein, this study investigates the influence of ship speed and material properties of sea ice on 

local ice load from the analysis of the data measured in Arctic and Antarctic. 

 

2. Prior actual measurement data 

2.1 Lgarka, Super Kapitan Danilkin (Tsoy et al. 1998) 

Ice load measurement test was carried out using SA-15 class icebreaking cargo ship named Lgarka and Su-

per Kapitan Danilkin in July to August 1998 in Arctic passage ranging from Murmansk to the Bering straits 

by Russia. They summarized relationship between ship speed and ice load or ship speed and contact area in 

the range by analyzing the results as shown in figure 1. 

According to the figure, up to about 4 m/sec ship speed ice load increases with the ship speed but reaches a 

plateau after that. On the other hand such plateau occurs at 2 m/sec ship speed when contact area is the main 

parameter of concern. 

2.2 Nanthaniel B. Palmer (St. John and Minnick, 1995) 

Using the versatile scientific research vessel, Nathaniel B. Palmer of the United States measured the ice 

load during August-September of Antarctic winter 1992. In this study, the ice load was measured by attach-

ing at four places including side shell, bottom, side panel, and aft panel. The test was carried out near the 

Antarctic Peninsula, South Shetland Islands, and South Orkney Islands; a total of 796 impact events were 

measured. 

They arranged pressure from the single sub-panel and ice load from the hull panel by ship speed, at this 

time these were represented by considering measurement locations, as shown in the figures 2 and 3. Because 

this data is extreme the degree of scattering, it is difficult to easily identify its features. But at the same 

speed, results demonstrate relatively higher value in the forward side and side shell than it in the forward 

bottom and aft panel. 

 

 
Fig. 1. Influence of ship’s speed upon ice pressure and contact area 
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Fig. 2. Single sub-panel pressure vs. ship speed 

 

 

Fig. 3. Hull panel ice load vs. ship speed 

2.3 Terry Fox (Ritch et al. 2008) 

Full scale test was carried out by using Terry Fox in June 2001 in Newfoundland northeast coast in Cana-

da; 178 impacts with the iceberg sculpture estimated by 20~22,000 ton was observed and the range of ship 

speed was from 0.2 m/sec to 6.5 m/sec. The relationship between speed and average pressure according to 

the mass of ice is represented as shown in figure 4; the analysis reports that although the effect of speed is 

indistinct, increased mass of ice results high pressure. 

3. Measuring the ice load in the arctic sea 

3.1 Measuring the ice load in icebreaking operation 

Full scale test was carried out during icebreaking operation against medium sized ice floe to measure the 

ice load acting on the hull; it was done by attaching the strain gauge in the bow using the first Korean ice-

breaking research vessel ARAON in August 2010. Please refer to Kim et al. (2011), Park et al. (2011) and 

Kim et al. (2012) for the overall reports of the ice field test in the Arctic sea and datum on the material prop-

erties and icebreaking performance of the ice floe. 

The strain gauges for measuring the ice load include six single gauges and eight rosette gauges, and are at-

tached on the port side shell in the bow thrust room as shown in figure 5. During the actual measurement 

because of the constraints of available amplifier channels, the signals of 24 channels are measured. In case 

of rosette gauge R1, R7 and R8 installed along the ship length only horizontal channels are measured. 
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Three-axis channels of the remaining all rosette gauges as well as six single gauges are measured. R8 is the 

nearest gauge to the bow, a knife edge for icebreaking is located in Fr. 109 and depth of the second deck is 

7,100 mm above baseline (A/B). 

As a reference, the design draft of the ARAON is 6,820 A/B; the maximum draft is 7,620 A/B; the material 

used in the instrumented area has the steel grade of EH36 (yield strength 355 MPa); and its thickness is 34.5 

mm. 

3.2 The effect of speed about ice load during ice breaking operation 

During ice breaking operation, ship speed was obtained by ship GPS data. In this paper, the ice load is ana-

lyzed using measured result acquired from second, third, fourth test excepting the first test with lower data 

accuracy as pre-test. Figure 6 is illustrated on ice loads, higher than 20 MPa, measured from second to 

fourth icebreaking test and corresponding ship speed. In the second test, most of the speed was about 

5.0~6.0 knots except only one case of 6.87 knot, and maximum peak value of 67.79 MPa is measured at 5.3 

knot. In the third test, peak stress values of 20~34 MPa were evenly distributed from 5.0 knot to 6.5 knot. In 

the fourth test, speed was about 3.6~4.5 knots, and maximum peak value of 51.31 MPa was measured at 

3.61 knot. In this study, peak stress means the maximum stress in the steel hull plating. 

 

 

Fig. 4. Probability of average pressure on a “design” area of 0.33 m2 (0.46 m wide by 0.76 m high) on the Terry Fox 

 

Fig. 5. Location of strain gauges in the Arctic Sea 
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Table 1. Summary of ice load measurements under general operation condition 

Date Test No. 
Measuring time, 

sec 
No. of peak over 

20 MPa 
Wind speed, 

knot 
Estimated ice 
concentration 

07-31 

1 1,800 52 6 6 

2 1,800 27 9 4~5 

3 1,800 51 8 4~5 

08-01 1 1,800 54 15 8 

08-02 1 1,800 51 12.5 6 

08-07 

1 1,800 112 12.7 9 

2 1,800 114 - - 

3 1,800 57 - - 

4 1,800 57 - - 

5 1,800 42 10.6 7~8 

6 1,800 27 - - 

08-08 
1 1,800 41 6.5 9 

2 1,800 33 3.0 - 

sum 23,400 718   

 

Of these results, especially in case of the second and third tests, the flexural strength of ice and the range of 

ship speed are similar (Kim et al., 2011). The difference of stress levels could be resulted from ice thickness 

and engine power. In other word, the thicker the ice floe is, the higher the engine power and the peak stress 

are. Meanwhile, in case of the fourth the measured peak stresses were in lower speed range than the others 

although the power is slightly higher. It seems because the strength and the thickness of sea ice in the fourth 

are higher relatively (Kim et al., 2011).  

According to Kim et al. (2011), the power data of the ARAON are follows: the capacity of propulsion mo-

tors (two Aquamaster motors) is 10 MW, total power of main engines (four Diesel-electric engines) is 14 

MW, and the maximum speed at 7.5 MW is 16.0 knots. 

 

 

Fig. 6. Peak stress vs. ship speed for ice breaking tests in the Arctic Sea 
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3.3 Influence of speed about measured ice load from general operation 

The data of stress level with higher than 20 MPa, are shown in Table 1 categorized by date. The measur-

ing time of each test was the same 1,800 seconds and ice concentrations in this table are visually estimated 

by the crew of the ARAON. Empty part of the marked '-' in the table stands for no related records. Also, the 

exact power data related measuring time was not collected.  

Selecting the different tests of ice concentration, speed data is arranged along the ice load in figure 7. For 

no. 2 test on July 31, ice concentration is 4~5 level, a range of ship speed is 5.76~10.34 knots, and maxi-

mum peak stress value of 80.05 MPa is measured at 9.24 knot. For no. 1 test on August 1, ice concentration 

is 8 levels, and maximum peak stress value of 95.62 MPa is measured at 5.63 knot. For no. 1 test on August 

2, ice concentration is 6 level, a range of ship speed is 4.35~8.13 knots, and maximum peak stress value of 

83.74 MPa is measured at 5.15 knot. For no. 5 test in August 7, ice concentration is 7~8 level, speed is 

2.95~9.09 knots, and maximum peak stress value of 83.9MPa is measured at 7.42 knot. In case of no. 1 test 

on August 8, ice concentration is 9 level, speed is 4.29~9.40 knots, and maximum peak stress value of 

127.6 MPa is measured at 6.95 knot.  

From these data, it is known the followings: first, it is known that the lower ice concentration level is, the 

larger the number of measured peak stress of higher than 20 MPa in a relatively high speed range (faster 

than 8 knot). It is considered due to the fact that relatively high speed can be maintained when passing the 

waters with the lower ice concentration. Second, the higher ice concentration level is, the bigger the maxi-

mum peak stress appears as shown in figure 7. The highest maximum peak stress was 127.6 MPa measured 

at August 8, and the ice concentration level was 9. Third, the number of measured peak stress becomes 

generally more in accordance with the ice concentration level except two tests including no. 5 test on Au-

gust 7 and no. 1 test on August 8 as known in table 1. Meanwhile, stresses tend to be lower after maximum 

peak regardless of high ice concentration. There is no more rapid increase of ice load after a specified 

speed as Tsoy et al. (1998)'s analysis. 

4. Measuring the ice load in Amundsen sea 

4.1 Measuring the ice load in Amundsen Sea 

In the Amundsen Sea from January to March 2012, two icebreaking tests were carried out including the 

measurement of the ice load. In the tests, 21 rosette gauges are attached in the same location of port and 

starboard side shell in bow thrust room. Figure 8 shows a location attached strain gauges. In this figure, R11 

is the rosette gauge in starboard side only. The others were attached in the symmetric position of both sides. 

 

 
Fig. 7. Peak stress vs. ship speed with various ice concentrations for general operation condition in the Arctic Sea 

 

 

 



 Tae-Wook Kim, Kyungsik Choi, Jong-Hyun Le and Tak-Kee Lee 31 
 Journal of Advanced Research in Ocean Engineering 1(1) (2015) 25-35  

 

Table 2. Mechanical properties of the Antarctic and Arctic ice floe (Kim et al, 2011; Kim et al, 2013) 

Mechanical 

properties 

 Arctic  Antarctic 

2nd. 3rd. 4th. 1st. 2nd. 

Temperature (℃) -0.77 -0.87 -1.00 -1.72 -1.55 

Density (g/m3) 0.91 0.93 0.90 0.84 0.86 

Salinity (‰) 1.98 2.51 2.06 4.0 3.6 

Compressive 

strength (MPa) 
 1.60 1.55 2.35 1.45 1.32 

Flexural  

strength (MPa) 
0.17 0.16 0.25 0.27 0.27 

Ice+snow 

thickness(m) 
2.25 1.91 2.49 1.39 1.97 

 

 
Fig. 8. Location of strain gauges in the Amundsen Sea 

 

Figure 9 shows the ice floe for the second icebreaking test. The size of the ice is 1100m x 600m, it belongs 

to big floe on the classification of ice. Meanwhile, the size of the ice used on the first test is 900m x 600m. 

The properties of the sea ice were also measured before the test is carried out. Table 2 gives the mechanical 

properties of sea ice collected from the Antarctic. It includes that of the Arctic ice floe. In the Table 2, flexi-

ble strength was calculated using the empirical formula of Timco and O’Brien (1994) and Schultz et al 

(1994). Compressive strength was measured directly by the testing equipment (Kim et al, 2011; Kim et al, 

2013). 

4.2 Influence of speed about ice load in Antarctic sea 

To investigate the influence of ship speed about ice load in Antarctic sea, peak values of 20 MPa or higher 

and the corresponding speed data were summarized as shown in figure 10. It includes the influence of en-

gine power. According to Kim et al. (2013), three times of power changes in the first test were recorded 

including 8MW. But unfortunately the speed data corresponding to operation with the engine power of 

8MW was not collected. And it notes that the values in this figure are not a data during whole testing time, 

but the data obtained only when the engine power was kept constantly. 

This figure shows that the peak stresses in the first test are higher than that in the second test in the similar 

speed range even though the engine power in the first test is lower than that in the second test. It seems that 

the higher compressive strength of the first test is one of the reasons.  

It is known that the relationship between measured peak stress and the speed is similar to the tendency in the 

Arctic sea. In other words, the stress induced by the ship-ice contacts increase with ship speed until the 

stress reaches the maximum value, but there is no further increase of the stress after that even though the 

speed goes faster. 
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Fig. 9. Ice target for ice breaking in the Amundsen Sea (2nd test) 

 

 
Fig. 10. Peak stress vs. ship speed in the Amundsen Sea 

 

5. Comparison of Influence of speed about the ice load in the Antarctic and arctic  

As mentioned earlier, the data measured in Arctic Sea are divided into icebreaking operation against ice 

floe and general operation in ice covered waters. Therefore comparison of Antarctic data is also separated 

into two things for analysis as shown in figures 11 and 14.  

Figure 11 shows the relationship between the peak stress and ship speed based on the full scale icebreaking 

tests in the Arctic and Antarctic. The maximum stress was measured in case of the first test in the Antarctic. 

Also, most of higher than 50 MPa of stress were measured over relatively lower speed range in that test. 

Generally, if the other operating condition is similar, the ship speed will become faster as the engine power 

goes higher. Under the same engine power, the decreasing of ship speed means the increasing of resistances. 

Among these resistances, it should be included the resistance induced by sea ice in the pole region. 

Figure 12 shows the stress – speed relationship over two tests with the same power of 5MW. As the speed 

ranges in both cases is very similar, it can be assumed that the resistances induced by sea ice including bro-

ken ice is almost the same. Therefore, the difference of maximum peak stresses in both cases might be 

caused by the mechanical properties, especially the flexural strength. According to table 2, the average flex-

ural strength of the Antarctic ice floe is 0.27 MPa, and it is higher about 70% than that of the third one in the 

Arctic.  
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Fig. 11. Peak stress vs. ship speed for ice breaking tests in the Arctic Sea and the Amundsen Sea 

 

 
Fig. 12. Peak stress vs. ship speed in icebreaking with 5MW power 

 

Figure 13 is the graph under the same power of 6 MW and 6.6 MW in average. First of all, it is known that 

the speed ranges in two cases with power of 6 MW are different each other. The case of the Antarctic first 

test seems to be more resistance than the Arctic second test. Also, it seems to be related to the difference of 

the flexural strengths in both cases. Considering that the main ice-breaking mode of the ARAN is the bend-

ing against the sea ice, it is possible that the higher the flexural strength is, the bigger the resistance is.  

In comparing between the results in the Antarctic first test with the power of 6 MW and in the Arctic fourth 

test with the power of 6.6 MW, the speed ranges are similar, but the maximum stress of the Antarctic test is 

higher than the Arctic test even though the power of the Arctic test is slightly higher. It also seems to be 

explained by using the higher flexural strength of the Antarctic sea ice. 

Finally, figure 14 gives the peak stress – ship speed relationship during some general operation over the 

Arctic sea and during ice-breaking operation over the Amundsen Sea. The ice-breaking operation against the 

ice floe needs generally more power than the general operation in ice-covered waters. So, it can be assumed 

that the potential maximum power in cases of the general operation is around 5 MW. Also, the ice concen-

tration level corresponding to be ice floe in front of the icebreaker might be possible as 9 or higher (see fig-

ure 9). In figure 14, most data related to ice-breaking test in the Antarctic are in the lower speed range. It can 

be analyzed that the higher the ice concentration level is, the bigger the resistance for ship operation is. 
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Fig. 13. Peak stress vs. ship speed in icebreaking with 6MW power 

 

Fig. 14. Peak stress vs. ship speed for general operation in the Arctic sea and for ice breaking tests in the Amundsen Sea 

6. Conclusions 

In this study, the influence of ship speed on local ice load at the Antarctic and Arctic during icebreaking 

and general operation are analyzed and compared.  

The full scale test was conducted by selecting the ice floe; investigating the material properties of sea ice 

which is the essential parameters to measure ice loading; and measuring speed and ice load. Ice load and the 

corresponding speed are then ordered and investigated. 

The results of the analysis generally could see that Antarctic ice load has higher value than Arctic's in ice-

breaking and general operation; even though it is hard to identify the tendency because of the scattered na-

ture of the data. It may happen for several reasons: compressive strength and flexural strength of sea ice in 

Antarctic are generally higher than that in Arctic, which is affected by the temperature, density, salinity of 

the ice and so on. 

Even though divided by icebreaking test and general operation, the relationship between the speed and ice 

load in both of these operation has been investigated in a same way. The interrelationship of the stress and 

the ship speed depends on the value of the speed at which the maximum stress occurs; there this should be 

considered carefully during the investigation. 
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Also, the results of this study are classified based on the ice concentration level of sea ice during general 

operation; result suggests that influence of the ship speed on the ice load would be higher if the sea ice is 

distributed with a higher ice concentration. The same observation about peak stress happens; the higher the 

ice concentration is, the higher the probability to be measured maximum value of the stress becomes. 
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