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Abstract 

Ice loads represent the dominant load for ice-going ships, and it is important to estimate 
both global and local ice loads on ship hulls. The global ice load governs the ship’s 
overall performance in ice, and it is an integrated effect of local ice loads over the hull 
area. Information on the distributions of local ice loads around the hull can be used for 
more effective design of ice-going ships both in terms of overall operation and from the 
structural point of view. 

The present thesis focuses on a numerical model for simulating ice–hull interaction and 
ship maneuvers in level ice. This model is partly based on the empirical data, by which 
the observed phenomena of continuous icebreaking can be reproduced. In the simulation 
of a full-scale icebreaking run, the interdependence between the ice load and the ship’s 
motion is considered, and the three degree-of-freedom (DOF) rigid body equations of 
surge, sway and yaw are solved by numerical integration. The thickness and strength 
properties of the ice encountered by the ship are assumed to be constant or predefined 
based on the statistical data. Accordingly the global and local ice loads on ship hulls can 
be obtained in a deterministic or probabilistic way.  

The convergence tests are carried out to make sure that this numerical method can give 
a convergent solution of both global and local ice loads. The computation time is also 
examined with the purpose of determining a balance between the computation time and 
the convergence. The influences of the assumptions and simplifications made in this 
numerical model are analyzed by changing different parameters and comparing with an 
empirical method and the measured data. 

The simulation results are discussed through three case studies, in which the global ice 
load effects on ship’s performance, the probabilistic and spatial variations of local ice 
loads around the hull and the short-term distribution of maximum ice loads on a frame 
are respectively analyzed and compared with field measurements conducted in the 
Baltic Sea. 

The ship’s performance in level ice is usually described by the speed that the ship can 
attain in the ice of a certain thickness. A case study with an icebreaker, Tor Viking II, is 
carried out by using the simulation program. In this study, the ice encountered by the 
ship is assumed to be uniform. The ship’s motion is obtained by solving the equations 
of motion in which the thrust and the global ice load both are identified. The speed that 
the ship can attain is then simulated in the ice of different thicknesses. The simulation 

i

 

Abstract 

Ice loads represent the dominant load for ice-going ships, and it is important to estimate 
both global and local ice loads on ship hulls. The global ice load governs the ship’s 
overall performance in ice, and it is an integrated effect of local ice loads over the hull 
area. Information on the distributions of local ice loads around the hull can be used for 
more effective design of ice-going ships both in terms of overall operation and from the 
structural point of view. 

The present thesis focuses on a numerical model for simulating ice–hull interaction and 
ship maneuvers in level ice. This model is partly based on the empirical data, by which 
the observed phenomena of continuous icebreaking can be reproduced. In the simulation 
of a full-scale icebreaking run, the interdependence between the ice load and the ship’s 
motion is considered, and the three degree-of-freedom (DOF) rigid body equations of 
surge, sway and yaw are solved by numerical integration. The thickness and strength 
properties of the ice encountered by the ship are assumed to be constant or predefined 
based on the statistical data. Accordingly the global and local ice loads on ship hulls can 
be obtained in a deterministic or probabilistic way.  

The convergence tests are carried out to make sure that this numerical method can give 
a convergent solution of both global and local ice loads. The computation time is also 
examined with the purpose of determining a balance between the computation time and 
the convergence. The influences of the assumptions and simplifications made in this 
numerical model are analyzed by changing different parameters and comparing with an 
empirical method and the measured data. 

The simulation results are discussed through three case studies, in which the global ice 
load effects on ship’s performance, the probabilistic and spatial variations of local ice 
loads around the hull and the short-term distribution of maximum ice loads on a frame 
are respectively analyzed and compared with field measurements conducted in the 
Baltic Sea. 

The ship’s performance in level ice is usually described by the speed that the ship can 
attain in the ice of a certain thickness. A case study with an icebreaker, Tor Viking II, is 
carried out by using the simulation program. In this study, the ice encountered by the 
ship is assumed to be uniform. The ship’s motion is obtained by solving the equations 
of motion in which the thrust and the global ice load both are identified. The speed that 
the ship can attain is then simulated in the ice of different thicknesses. The simulation 

i

 

Abstract 

Ice loads represent the dominant load for ice-going ships, and it is important to estimate 
both global and local ice loads on ship hulls. The global ice load governs the ship’s 
overall performance in ice, and it is an integrated effect of local ice loads over the hull 
area. Information on the distributions of local ice loads around the hull can be used for 
more effective design of ice-going ships both in terms of overall operation and from the 
structural point of view. 

The present thesis focuses on a numerical model for simulating ice–hull interaction and 
ship maneuvers in level ice. This model is partly based on the empirical data, by which 
the observed phenomena of continuous icebreaking can be reproduced. In the simulation 
of a full-scale icebreaking run, the interdependence between the ice load and the ship’s 
motion is considered, and the three degree-of-freedom (DOF) rigid body equations of 
surge, sway and yaw are solved by numerical integration. The thickness and strength 
properties of the ice encountered by the ship are assumed to be constant or predefined 
based on the statistical data. Accordingly the global and local ice loads on ship hulls can 
be obtained in a deterministic or probabilistic way.  

The convergence tests are carried out to make sure that this numerical method can give 
a convergent solution of both global and local ice loads. The computation time is also 
examined with the purpose of determining a balance between the computation time and 
the convergence. The influences of the assumptions and simplifications made in this 
numerical model are analyzed by changing different parameters and comparing with an 
empirical method and the measured data. 

The simulation results are discussed through three case studies, in which the global ice 
load effects on ship’s performance, the probabilistic and spatial variations of local ice 
loads around the hull and the short-term distribution of maximum ice loads on a frame 
are respectively analyzed and compared with field measurements conducted in the 
Baltic Sea. 

The ship’s performance in level ice is usually described by the speed that the ship can 
attain in the ice of a certain thickness. A case study with an icebreaker, Tor Viking II, is 
carried out by using the simulation program. In this study, the ice encountered by the 
ship is assumed to be uniform. The ship’s motion is obtained by solving the equations 
of motion in which the thrust and the global ice load both are identified. The speed that 
the ship can attain is then simulated in the ice of different thicknesses. The simulation 

i

 

Abstract 

Ice loads represent the dominant load for ice-going ships, and it is important to estimate 
both global and local ice loads on ship hulls. The global ice load governs the ship’s 
overall performance in ice, and it is an integrated effect of local ice loads over the hull 
area. Information on the distributions of local ice loads around the hull can be used for 
more effective design of ice-going ships both in terms of overall operation and from the 
structural point of view. 

The present thesis focuses on a numerical model for simulating ice–hull interaction and 
ship maneuvers in level ice. This model is partly based on the empirical data, by which 
the observed phenomena of continuous icebreaking can be reproduced. In the simulation 
of a full-scale icebreaking run, the interdependence between the ice load and the ship’s 
motion is considered, and the three degree-of-freedom (DOF) rigid body equations of 
surge, sway and yaw are solved by numerical integration. The thickness and strength 
properties of the ice encountered by the ship are assumed to be constant or predefined 
based on the statistical data. Accordingly the global and local ice loads on ship hulls can 
be obtained in a deterministic or probabilistic way.  

The convergence tests are carried out to make sure that this numerical method can give 
a convergent solution of both global and local ice loads. The computation time is also 
examined with the purpose of determining a balance between the computation time and 
the convergence. The influences of the assumptions and simplifications made in this 
numerical model are analyzed by changing different parameters and comparing with an 
empirical method and the measured data. 

The simulation results are discussed through three case studies, in which the global ice 
load effects on ship’s performance, the probabilistic and spatial variations of local ice 
loads around the hull and the short-term distribution of maximum ice loads on a frame 
are respectively analyzed and compared with field measurements conducted in the 
Baltic Sea. 

The ship’s performance in level ice is usually described by the speed that the ship can 
attain in the ice of a certain thickness. A case study with an icebreaker, Tor Viking II, is 
carried out by using the simulation program. In this study, the ice encountered by the 
ship is assumed to be uniform. The ship’s motion is obtained by solving the equations 
of motion in which the thrust and the global ice load both are identified. The speed that 
the ship can attain is then simulated in the ice of different thicknesses. The simulation 



ii

results agree well with the full-scale measurements. The turning circle diameter which 
is a measure of the ship’s maneuverability in ice is also investigated by using the 
simulation program. Herein the ship is assumed to turn freely with a given rudder angle, 
and the simulated turning circles are comparable to the full-scale ice trials. It is also 
found that the ship’s performance can be considerably affected by the geometry of 
simulated icebreaking patterns. If the shoulder crushing takes place (i.e. the ice is 
continuously crushed by hull shoulder without bending failure) both the forward speed 
and the turning rate of the ship will be significantly slowed down. This phenomenon is 
also observed in full-scale trials, but it is difficult to learn about its effect on ship’s 
performance as the actual ice conditions in-service usually are uncontrollable. It is 
expected that numerical simulations can supplement full-scale tests in providing more 
details about the continuous icebreaking processes and the global ice load effects on 
ship’s performance. 

The local ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. A case study with an icebreaking 
tanker, MT Uikku, is carried out by using the simulation program. In this study, the 
thickness and strength properties of the ice encountered by the ship are assumed to be 
constant or randomly generated using the Monte Carlo method. It is found that the 
variation of simulated ice loading process on a frame is noteworthy even if the ice 
properties are fixed. If the statistical variation of the ice conditions is considered, then 
the distributions of simulated load peaks are found to be comparable to the measured 
statistical distributions. In this case study, the spatial distribution of local ice loads 
around the hull is also investigated. The simulation results agree with previous 
experimental studies, that the turning operation may develop a high load level on the aft 
shoulder area.  

Ice conditions and ship operations in ice vary in the short term from voyage to voyage 
and in the long term from winter to winter. Long-term ice load measurements conducted 
in the Baltic Sea consist mainly of 12-hour load maxima which are gathered during the 
normal operation of the ship over several years. A case study with a chemical tanker, 
MS Kemira, is carried out by using the simulation program. In this study, the statistical 
data on the strength properties of Baltic Sea ice are applied and the thickness of the ice 
encountered by the ship are classified referring to the full-scale measurements onboard 
MS Kemira. The 12-hour maximum ice loads on a frame are evaluated by fitting a 
Gumbel I asymptotic extreme value distribution to the simulated 10-min load maxima 
in a certain ice condition. It can be expected that if a reasonable variance of the ice 
thickness is defined, the simulation results can be used for a preliminary estimation of 
the maximum ice loads within a 12 hours’ voyage in level ice. By applying the different 
ice thicknesses in simulations, the probable correlation between the simulated load 
maxima and the ice thickness is analyzed. A potential way to evaluate the long-term ice 
load statistics based on short-term simulations is then introduced. 

ii

results agree well with the full-scale measurements. The turning circle diameter which 
is a measure of the ship’s maneuverability in ice is also investigated by using the 
simulation program. Herein the ship is assumed to turn freely with a given rudder angle, 
and the simulated turning circles are comparable to the full-scale ice trials. It is also 
found that the ship’s performance can be considerably affected by the geometry of 
simulated icebreaking patterns. If the shoulder crushing takes place (i.e. the ice is 
continuously crushed by hull shoulder without bending failure) both the forward speed 
and the turning rate of the ship will be significantly slowed down. This phenomenon is 
also observed in full-scale trials, but it is difficult to learn about its effect on ship’s 
performance as the actual ice conditions in-service usually are uncontrollable. It is 
expected that numerical simulations can supplement full-scale tests in providing more 
details about the continuous icebreaking processes and the global ice load effects on 
ship’s performance. 

The local ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. A case study with an icebreaking 
tanker, MT Uikku, is carried out by using the simulation program. In this study, the 
thickness and strength properties of the ice encountered by the ship are assumed to be 
constant or randomly generated using the Monte Carlo method. It is found that the 
variation of simulated ice loading process on a frame is noteworthy even if the ice 
properties are fixed. If the statistical variation of the ice conditions is considered, then 
the distributions of simulated load peaks are found to be comparable to the measured 
statistical distributions. In this case study, the spatial distribution of local ice loads 
around the hull is also investigated. The simulation results agree with previous 
experimental studies, that the turning operation may develop a high load level on the aft 
shoulder area.  

Ice conditions and ship operations in ice vary in the short term from voyage to voyage 
and in the long term from winter to winter. Long-term ice load measurements conducted 
in the Baltic Sea consist mainly of 12-hour load maxima which are gathered during the 
normal operation of the ship over several years. A case study with a chemical tanker, 
MS Kemira, is carried out by using the simulation program. In this study, the statistical 
data on the strength properties of Baltic Sea ice are applied and the thickness of the ice 
encountered by the ship are classified referring to the full-scale measurements onboard 
MS Kemira. The 12-hour maximum ice loads on a frame are evaluated by fitting a 
Gumbel I asymptotic extreme value distribution to the simulated 10-min load maxima 
in a certain ice condition. It can be expected that if a reasonable variance of the ice 
thickness is defined, the simulation results can be used for a preliminary estimation of 
the maximum ice loads within a 12 hours’ voyage in level ice. By applying the different 
ice thicknesses in simulations, the probable correlation between the simulated load 
maxima and the ice thickness is analyzed. A potential way to evaluate the long-term ice 
load statistics based on short-term simulations is then introduced. 

ii

results agree well with the full-scale measurements. The turning circle diameter which 
is a measure of the ship’s maneuverability in ice is also investigated by using the 
simulation program. Herein the ship is assumed to turn freely with a given rudder angle, 
and the simulated turning circles are comparable to the full-scale ice trials. It is also 
found that the ship’s performance can be considerably affected by the geometry of 
simulated icebreaking patterns. If the shoulder crushing takes place (i.e. the ice is 
continuously crushed by hull shoulder without bending failure) both the forward speed 
and the turning rate of the ship will be significantly slowed down. This phenomenon is 
also observed in full-scale trials, but it is difficult to learn about its effect on ship’s 
performance as the actual ice conditions in-service usually are uncontrollable. It is 
expected that numerical simulations can supplement full-scale tests in providing more 
details about the continuous icebreaking processes and the global ice load effects on 
ship’s performance. 

The local ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. A case study with an icebreaking 
tanker, MT Uikku, is carried out by using the simulation program. In this study, the 
thickness and strength properties of the ice encountered by the ship are assumed to be 
constant or randomly generated using the Monte Carlo method. It is found that the 
variation of simulated ice loading process on a frame is noteworthy even if the ice 
properties are fixed. If the statistical variation of the ice conditions is considered, then 
the distributions of simulated load peaks are found to be comparable to the measured 
statistical distributions. In this case study, the spatial distribution of local ice loads 
around the hull is also investigated. The simulation results agree with previous 
experimental studies, that the turning operation may develop a high load level on the aft 
shoulder area.  

Ice conditions and ship operations in ice vary in the short term from voyage to voyage 
and in the long term from winter to winter. Long-term ice load measurements conducted 
in the Baltic Sea consist mainly of 12-hour load maxima which are gathered during the 
normal operation of the ship over several years. A case study with a chemical tanker, 
MS Kemira, is carried out by using the simulation program. In this study, the statistical 
data on the strength properties of Baltic Sea ice are applied and the thickness of the ice 
encountered by the ship are classified referring to the full-scale measurements onboard 
MS Kemira. The 12-hour maximum ice loads on a frame are evaluated by fitting a 
Gumbel I asymptotic extreme value distribution to the simulated 10-min load maxima 
in a certain ice condition. It can be expected that if a reasonable variance of the ice 
thickness is defined, the simulation results can be used for a preliminary estimation of 
the maximum ice loads within a 12 hours’ voyage in level ice. By applying the different 
ice thicknesses in simulations, the probable correlation between the simulated load 
maxima and the ice thickness is analyzed. A potential way to evaluate the long-term ice 
load statistics based on short-term simulations is then introduced. 

ii

results agree well with the full-scale measurements. The turning circle diameter which 
is a measure of the ship’s maneuverability in ice is also investigated by using the 
simulation program. Herein the ship is assumed to turn freely with a given rudder angle, 
and the simulated turning circles are comparable to the full-scale ice trials. It is also 
found that the ship’s performance can be considerably affected by the geometry of 
simulated icebreaking patterns. If the shoulder crushing takes place (i.e. the ice is 
continuously crushed by hull shoulder without bending failure) both the forward speed 
and the turning rate of the ship will be significantly slowed down. This phenomenon is 
also observed in full-scale trials, but it is difficult to learn about its effect on ship’s 
performance as the actual ice conditions in-service usually are uncontrollable. It is 
expected that numerical simulations can supplement full-scale tests in providing more 
details about the continuous icebreaking processes and the global ice load effects on 
ship’s performance. 

The local ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. A case study with an icebreaking 
tanker, MT Uikku, is carried out by using the simulation program. In this study, the 
thickness and strength properties of the ice encountered by the ship are assumed to be 
constant or randomly generated using the Monte Carlo method. It is found that the 
variation of simulated ice loading process on a frame is noteworthy even if the ice 
properties are fixed. If the statistical variation of the ice conditions is considered, then 
the distributions of simulated load peaks are found to be comparable to the measured 
statistical distributions. In this case study, the spatial distribution of local ice loads 
around the hull is also investigated. The simulation results agree with previous 
experimental studies, that the turning operation may develop a high load level on the aft 
shoulder area.  

Ice conditions and ship operations in ice vary in the short term from voyage to voyage 
and in the long term from winter to winter. Long-term ice load measurements conducted 
in the Baltic Sea consist mainly of 12-hour load maxima which are gathered during the 
normal operation of the ship over several years. A case study with a chemical tanker, 
MS Kemira, is carried out by using the simulation program. In this study, the statistical 
data on the strength properties of Baltic Sea ice are applied and the thickness of the ice 
encountered by the ship are classified referring to the full-scale measurements onboard 
MS Kemira. The 12-hour maximum ice loads on a frame are evaluated by fitting a 
Gumbel I asymptotic extreme value distribution to the simulated 10-min load maxima 
in a certain ice condition. It can be expected that if a reasonable variance of the ice 
thickness is defined, the simulation results can be used for a preliminary estimation of 
the maximum ice loads within a 12 hours’ voyage in level ice. By applying the different 
ice thicknesses in simulations, the probable correlation between the simulated load 
maxima and the ice thickness is analyzed. A potential way to evaluate the long-term ice 
load statistics based on short-term simulations is then introduced. 



iii

Up to now the main source of knowledge about ice load statistics has been field 
measurement. While field measurements will continue to be important, numerical 
methods can provide useful information, since they can be easily used to study the 
effect of different parameters. As far as we know the present numerical model is the 
first one to deal with multiple subjects including the ice–hull interaction, the overall 
performance of icebreaking ships and the statistics of local ice loads around the hull. It 
is hoped that further studies on this numerical model can supplement the field and 
laboratory measurements in establishing a design basis for the ice-going ships, 
especially for ships navigating in first-year ice conditions. 
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Chapter 1 

Introduction 

1.1 Background and motivation 

The expected growth of oil and gas activities in Arctic and Sub-Arctic regions and 
shipping activities through the Northern Sea Route (NSR) will require dedicated designs 
of ice-going ships and planning of operations in ice. Ice is, depending on geographical 
locations, typically encountered in the form of level ice, ice ridges and icebergs. Fig. 1.1 
indicates typical geographical regions where the ice actions are of current concern 
(Gürtner, 2009). The design of ice-going ships includes reaching an adequate 
performance, adequate hull and machinery strength and proper functioning of the ship 
in ice and in cold weather, which is constantly evolving to take account of technical and 
commercial progress. In the following, the historical development of ice-going ships 
and some aspects of ship design for ice (Riska, 2010a) will be briefly introduced.  

Fig. 1.1 Typical geographical regions where the ice actions are of current concern (Gürtner, 2009) 

Historical development of ice-going ships 

The history of ice-going ships may date back to the time when the icebreaking boats 
appeared in 1830’s and 1840’s in the Delaware River in the US and in the Elbe River in 
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Germany. The first dedicated icebreakers appeared in 1860’s and 1870’s in the St. 
Petersburg and Hamburg harbors. Before the turn of the century several dedicated sea-
going icebreakers were in service. Fig. 1.2 shows the Russian Yermak, which was 
considered as the first modern polar icebreaker and sailed in heavy ice conditions for 
more than 1000 days from 1899 to 1911 (Marchenko, 2009). The development of 
merchant ships for ice started at the end of 19th century. The year-round navigation in 
the Baltic Sea started in 1877 with the introduction of the ship Express II sailing 
between the ports of Hanko and Stockholm. The hull design of this ship and many 
similar ones followed the design of icebreakers, only the machinery power was larger in 
icebreakers. 

 

Fig. 1.2 Yermak, the first modern polar icebreaker (en.company.msco.ru) 

Ships that were intended to sail independently in ice evolved in 1950’s in the Soviet 
Union with the emergence of the Lena and Amguema series of ships (the latter is also 
called Kapitan Gotskij series). These ships had an icebreaking bow shape and a high 
strength for Arctic trade. Several series of Arctic ships were built to Soviet and Russian 
owners (e.g. Norilsk and Norilsk Nikel series) and to Finnish owners (Lunni series), the 
Canadian ships MV Arctic and MV Umiak I were also built.  

The hull shape of the early icebreakers in the 19th century was characterized by a very 
small buttock line angle at the stem; values were usually smaller than 20º. The buttock 
lines and waterlines were rounded and the sides were inclined. The rounded stem was 
developed quite late (in the 1980’s) as a sharp bow was long deemed favorable for 
icebreaking. The principle of hull lines design is and has been to make the flare angle as 
small as possible. 

The general arrangement of ice-going ships has changed little during the years. The 
largest change in the arrangement took place in 1970’s when the superstructure was 
changed into deck house (i.e. no accommodation was placed in the hull). The reason for 
this change was partly to increase the height of the bridge to improve the visibility and 
partly to avoid the noise and vibration caused by ice in the crew accommodation. 

Machinery of icebreakers has experienced many changes since the early icebreakers 
with steam engines and fixed pitch propellers. The economy and torque capability of 
engines was improved much with the introduction of diesel-electric machinery (diesel 
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Ships that were intended to sail independently in ice evolved in 1950’s in the Soviet 
Union with the emergence of the Lena and Amguema series of ships (the latter is also 
called Kapitan Gotskij series). These ships had an icebreaking bow shape and a high 
strength for Arctic trade. Several series of Arctic ships were built to Soviet and Russian 
owners (e.g. Norilsk and Norilsk Nikel series) and to Finnish owners (Lunni series), the 
Canadian ships MV Arctic and MV Umiak I were also built.  

The hull shape of the early icebreakers in the 19th century was characterized by a very 
small buttock line angle at the stem; values were usually smaller than 20º. The buttock 
lines and waterlines were rounded and the sides were inclined. The rounded stem was 
developed quite late (in the 1980’s) as a sharp bow was long deemed favorable for 
icebreaking. The principle of hull lines design is and has been to make the flare angle as 
small as possible. 

The general arrangement of ice-going ships has changed little during the years. The 
largest change in the arrangement took place in 1970’s when the superstructure was 
changed into deck house (i.e. no accommodation was placed in the hull). The reason for 
this change was partly to increase the height of the bridge to improve the visibility and 
partly to avoid the noise and vibration caused by ice in the crew accommodation. 
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main engine with generators and electrical propulsion motors). The first diesel-electric 
icebreaker was the Swedish IB Ymer in 1933. The diesel-electric machinery is more 
expensive than a direct diesel drive but the torque performance of a fixed pitch propeller 
with a direct drive is not good. The solution for this is the use of controllable pitch (CP) 
propellers. These became common in early 1980’s in merchant ships. In December 1957, 
the icebreaker Lenin was launched in Leningrad (St. Petersburg). It was the first nuclear 
powered icebreaker and represented a major technological achievement.  

The bow propellers were introduced in icebreakers in the end of 19th century. The first 
European bow propeller icebreaker was the Finnish Sampo. The bow propeller 
improves the icebreaking capability by reducing the forces required to break ice and by 
reducing the friction. Only lately the bow propellers have been made superfluous by the 
introduction of so called azimuthing propulsion. The first icebreaker with azimuthing 
propulsion was the Finnish multi-purpose icebreaker Fennica. Since 1990 the major 
development of ice-going ships has been that of using Azipod units in ice with double 
acting tankers (DAT). The idea is to design an efficient icebreaking stern for the vessel, 
while keeping an efficient open water bow. Fig. 1.3 shows a DAT crude carrier going 
astern in ice.  

 
Fig. 1.3 A DAT crude carrier, MT Tempera, owned by Neste Oil and built by Sumitomo Heavy Industries 

in 2003 (Jones, 2004)  

Enormous technical progress has been made from the earliest icebreaking ships to 
double acting tankers. Ice will continue to be an important factor for dedicated ship 
design, as the expected growth of petroleum and shipping activities in Arctic and Sub-
Arctic regions. 

Ice conditions 

The ice-covered seas are located mostly in the high latitudes where the temperatures are 
low and also the daylight hours are short in winter. Sea ice can, however, be found in 
surprisingly low latitudes like the Caspian Sea, Sea of Azov and the Bohai Bay. For 
many sea areas it is clear that multi-year ice does not exist as all ice melts during the 
summer (e.g. Baltic Sea, Sea of Azov, Caspian Sea and Bohai Bay) while in some other 
areas the existence of multi-year ice is a crucial factor for ship design. 

As shown in Fig. 1.4, a typical first-year ice field is composed of some portion of open 
water and level ice with ice ridges scattered among the relatively level ice. The 
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description of ship transit through this kind of ice field requires the following data: (1) 
coverage of ice; (2) level ice thickness; (3) average thickness of ice ridges; and (4) 
density of ridges. Typical ice coverage in stationary ice field is about 90% and 
maximum level ice thickness typically in first-year ice areas is 1 m (Baltic) and 2 m in 
the Arctic. Average ridge thickness in the Baltic Sea is about 5 m and the ridge density 
varies from 4 to 10 ridges per kilometre. 

 

Fig. 1.4 A typical sea ice field with level ice, ice ridges and open water patches, a view from the Gulf of 
Finland (Riska, 2010b) 

If ice survives the summer melting season, multi-year ice is created. More than half of 
the ice in the Arctic is multi-year ice. Growth continues from year to year until the ice 
thickness reaches a maximum of about 3 m, at which point summer melt matches winter 
growth and the thickness oscillates through an annual cycle (Wadhams, 2002). When a 
first-year ridge survives the summer melt, the voids in the ridge get filled with fresh 
water and the sail melts. This produces slightly wavelike top and bottom surfaces and 
quite uniform thickness, typically in excess of 5 m. These multi-year ridges can be quite 
large in horizontal extents, several hundred meters across.  

The definition of design ice conditions is simplified in most cases by using the 
equivalent level ice thickness. Analysis of the ship performance and hull damages in the 
Baltic Sea shows that this definition gives a roughly good estimate on the severity of ice 
conditions (Riska, 2007a). Table 1.1 gives an example of the long-term statistics for the 
winter maximum equivalent level ice thickness. The effect of ice ridges is included by 
multiplying the mean level ice thickness with a factor, rk , shown also in Table 1.1. This 
factor is obtained based on the occurrence probability, rP , of ridges in an ice area 
(Kujala, 1994). 

The drift of sea ice, forced by winds and currents, shifts the ice edge, opens and closes 
leads, and forms pressure zones, which are all important factors for navigation in ice-
covered seas (Leppäranta, 2005). Also the hummocks and ridges resulting in local 
accumulation of ice volume and strength, as well as the drifting icebergs, may cause 
major problems to marine operations and constructions.  
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Table 1.1 Long-term statistics for the winter maximum equivalent ice thickness in various parts of the 
Baltic Sea (data from Kujala, 1994) 

Sea area 
Level ice thickness Ice ridge effect Equivalent ice thickness 

Mean (m) Std. (m) Pr kr Mean (m) Std. (m) 

Bothnian Bay 0.474 0.164 0.50 1.28 0.607 0.210 

Bothnian Sea 0.414 0.153 0.25 1.21 0.501 0.185 

Gulf of Finland 0.404 0.140 0.25 1.21 0.489 0.170 

Baltic proper 0.336 0.136 0.10 1.12 0.376 0.152 

Ship performance in ice 

Ship performance in ice consists of ability to break ice and to maneuver in ice. The 
ability to break ice is measured in uniform ice conditions by the speed that the ship can 
attain in the ice of a certain thickness, h , and in ridged ice conditions by the capability 
of ridge penetration which is sometimes coupled with level ice performance by using 
the equivalent level ice thickness (Riska, 2010b). The speed that the ship can attain in 
ice is determined by the propeller thrust available to overcome the ice resistance. The 
maneuvering performance is similarly determined by the transverse forces provided by 
the rudder(s) or azimuthing thruster(s) and the resisting forces mainly due to ice. It is 
thus clear that the performance in ice is influenced by the resisting forces and the 
propulsive forces, which can be improved (resisting forces minimized and propulsive 
forces maximized) by hull shape and propulsion design respectively. 

Jones (2004) presented a historical review of the scientific literature on ship 
performance in ice (an updated version of the previous review – Jones, 1989). As 
mentioned in Jones (2004), the first scientific paper on icebreakers was published by 
Runeberg (1888/89) with particular reference to the Baltic, and it was claimed that the 
derived results agreed, “tolerably well”, with the actual performance of six ships. From 
1900 to 1945, some empirical equations for determining the required power, 
displacement, length, and draught of an icebreaking ship, the importance of stem angle 
and the strength of ice in icebreaking, and a semi-empirical method for investigating 
continuous mode icebreaking resistance were introduced by Kari (1921), Simonson 
(1936) and Shimanskii (1938), respectively. From 1945 to 1960, Johnson (1946) 
described the U.S. Coast Guard’s icebreaking vessels and experience in detail; 
Vinogradov (1946) described some of Russian experience as well as giving an equation 
for the downward icebreaking force developed (paraphrased in Ferris (1959)); and 
German (1959) and Watson (1959) both reviewed the Canadian experience. A 
significant contribution to the literature was made by Jansson (1956a&b) with a major 
review article. He also discussed the science of icebreaking and gave a simple formula 
for the total ice resistance. The vast majority of the literature on ship performance in ice 
has been published since 1960. The development of model tests (e.g. Corlett and Snaith, 
1964, Crago et al., 1971, Enkvist, 1972, Timco, 1986, and Ettema et al., 1987) and both 
analytical (e.g. White, 1970, Milano, 1973, and Carter, 1983) and numerical (e.g. 
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described the U.S. Coast Guard’s icebreaking vessels and experience in detail; 
Vinogradov (1946) described some of Russian experience as well as giving an equation 
for the downward icebreaking force developed (paraphrased in Ferris (1959)); and 
German (1959) and Watson (1959) both reviewed the Canadian experience. A 
significant contribution to the literature was made by Jansson (1956a&b) with a major 
review article. He also discussed the science of icebreaking and gave a simple formula 
for the total ice resistance. The vast majority of the literature on ship performance in ice 
has been published since 1960. The development of model tests (e.g. Corlett and Snaith, 
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thus clear that the performance in ice is influenced by the resisting forces and the 
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Valanto, 2001) methods have contributed significantly to the prediction of ship 
performance in ice. The detailed expressions for ice resistance were developed and 
improved (e.g. Kashteljan et al., 1968, Lewis and Edwards, 1970, Enkvist, 1972, Vance, 
1975, Edwards et al., 1976, Lewis et al., 1982, Kotras et al., 1983, Zhan et al., 1987, and 
Lindqvist, 1989) based on physical analysis and model and full scale data, by 
characterizing the different components and influential factors of ice resistance (e.g. 
Johansson and Mäkinen, 1973, Mäkinen et al., 1975, Scarton, 1975, Virtanen et al., 
1975, Poznak and Ionov, 1981, Bulat, 1982, Enkvist, 1983, Tatinclaux, 1984, and 
Kitagawa et al., 1986). As another key factor for ship performance, the thrust or 
propulsion efficiency in ice was also extensively investigated (e.g. Vance, 1980, Vance 
et al., 1981, Juurmaa and Segercrantz, 1981, and Lewis et al., 1982). At the end of 
Jones’s review article, it was claimed that the modelling for ship performance in ice 
would continue to improve with emphasis on numerical simulations as well as physical 
modelling. This has been revealed in recent years (see e.g. Liu et al., 2006, Martio, 2007, 
Nguyen et al., 2009, Sawamura et al., 2010 and Lubbad and Løset, 2011). 

As introduced above, most expressions for ice resistance are based on regression on 
model and full scale data. Ice resistance in level ice is the basis of all other ice resistance 
formulations (brash ice and ice ridges), and it is assumed to be linear with ship speed 
and consist of three components (see e.g. Lindqvist, 1989 and Riska et al., 1998): 

ice b s fR R R R (1.1) 

where bR , sR  and fR  represent the breaking, submersion and friction components, 
respectively. The breaking component is attributed to the breaking of the ice (i.e. the 
crushing, bending and turning of the ice). The submersion component is attributed to 
pushing the broken ice down along the ship hull. The friction component is attributed to 
the sliding of the broken ice along the ship hull. Usually the velocity dependency of the 
ice resistance is attributed to the friction component. 

The total resistance in ice, totR , is assumed to be the sum of pure ice resistance, iceR , 
and open water resistance, owR : 

tot ice owR R R       (1.2) 

The net thrust concept, netT , can then be used to define the propeller thrust available to 
overcome the ice resistance: 

( ) ( ) 1 ( )net tot owT v T v t R v      (1.3) 

where v  is the ship speed, totT  is the total thrust at this speed, and t  is the thrust 
deduction factor. In early design, the net thrust can be estimated by (Juva and Riska, 
2002): 
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where owv  is the maximum open water speed, and pullT  is the bollard pull of the ship. 

Ship performance in level ice is described by ice thickness versus ship speed plots (i.e. 
h-v curve), in which the speed that the ship can attain in specified ice thicknesses at full 
power is plotted (see e.g. Fig. 1.5). In an early design phase, the h-v curve can simply be 
determined by solving the equation between the ice resistance and the net thrust. The 
calculation methods for both ice resistance and net thrust are at best semi-empirical and 
should be used cautiously, especially beyond the range of validity. These methods can 
not account for the details of hull shape. When the design proceeds, more exact 
calculations or model tests should be carried out to finalize the hull shape and to ensure 
an adequate maneuvering performance (e.g. the turning performance).    

 

Fig. 1.5 The h-v curves determined from the full-scale tests of 4 vessels (Riska et al., 2001)  

Turning performance in ice is measured by the diameter of the turning circle. Fig. 1.6 
shows an example of the full-scale turning circle test. The turning ability is not the only 
measure for the maneuvering performance of an ice-going ship. It is important to 
perform different maneuvers (e.g. zigzag and star maneuvers) in shortest time possible. 
A good maneuvering performance can be achieved by a proper hull form design, having 
a large turning rate of the rudder(s) or azimuthing thruster(s) and providing a large 
transverse force.  

Fig. 1.6 An example of the recorded data of a full-scale turning circle test (Riska et al., 2001) 
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Ice loads for hull strength assessment  

Design of ship hull structures requires knowledge of the ice loads acting on different 
regions of the hull. As ice loads arise from the contact with an ice edge, it is commonly 
assumed that the load acts mostly on a load patch which is narrow in vertical direction 
and long in horizontal direction. The load patch is thus idealized as rectangular for 
structural response calculation of local shell structures like plating, main frames, 
stringers and web frames. This simplification suggests that there are three quantities 
describing the local ice load: ice pressure, load height and load length. 

Several different theories about ice pressure have been suggested. The earliest model for 
ice pressure is to treat it uniform and proportional to the compressive strength of ice 
(Korzhavin, 1971). Much research was done to clarify the proportionality factors (see 
e.g. Cammaert and Muggeridge, 1988) depending on the shape of contact surface and 
on the “quality of contact” whereas the dependence on ice temperature and strain rate 
was included in the definition of compressive strength. But when it was realized that the 
measured compressive strength of ice depends much on the testing method and 
specimen quality (see e.g. Kendall, 1978 and Tuhkuri, 1996), the use of Korzhavin’s 
model diminished. Russian scientists analyzed the flow of crushed ice by assuming that 
the crushed ice is viscous fluid. Based on this assumption and Reynolds thin film fluid 
flow equations, another model for ice pressure was derived (Kurdjumov and Kheisin, 
1976) and used to develop a formulation for ice force using energy principles in an 
impact between an ice feature and a ship. The drawback of this ice pressure formulation 
is that many assumptions have been made (e.g. viscosity, uniform film thickness, and 
uniform source of crushed ice). The third formulation used for ice pressure is based on 
observation that the average ice pressure, avp , on an area is dependent on the magnitude 
of the area, A . Sanderson (1988) collected many different results and then suggested 
the pressure–area relationship as: 

0.578.1avp A       (1.5) 

where avp  and A  are in units of MPa and m2. The constant and exponent in the 
pressure–area relationship has been studied for example by Riska (1987), Masterson 
and Frederking (1993), Frederking (1999), Frederking (2003), and Jordaan et al. (2005). 
The pressure–area relationship is the one used most, though it is empirical and little 
physical basis exists for the area dependence. 

The dimensions of the load patch are difficult to determine for design purposes. In some 
cases an estimate of the load length or the load height can be given but usually the 
designer must assume most disadvantageous values for the dimensions. An example of 
the geometric reasoning for dimensions is given by the conceived load height in the 
Finnish-Swedish Ice Class Rules.  
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cases an estimate of the load length or the load height can be given but usually the 
designer must assume most disadvantageous values for the dimensions. An example of 
the geometric reasoning for dimensions is given by the conceived load height in the 
Finnish-Swedish Ice Class Rules.  
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Design of ship hull structures requires knowledge of the ice loads acting on different 
regions of the hull. As ice loads arise from the contact with an ice edge, it is commonly 
assumed that the load acts mostly on a load patch which is narrow in vertical direction 
and long in horizontal direction. The load patch is thus idealized as rectangular for 
structural response calculation of local shell structures like plating, main frames, 
stringers and web frames. This simplification suggests that there are three quantities 
describing the local ice load: ice pressure, load height and load length. 

Several different theories about ice pressure have been suggested. The earliest model for 
ice pressure is to treat it uniform and proportional to the compressive strength of ice 
(Korzhavin, 1971). Much research was done to clarify the proportionality factors (see 
e.g. Cammaert and Muggeridge, 1988) depending on the shape of contact surface and 
on the “quality of contact” whereas the dependence on ice temperature and strain rate 
was included in the definition of compressive strength. But when it was realized that the 
measured compressive strength of ice depends much on the testing method and 
specimen quality (see e.g. Kendall, 1978 and Tuhkuri, 1996), the use of Korzhavin’s 
model diminished. Russian scientists analyzed the flow of crushed ice by assuming that 
the crushed ice is viscous fluid. Based on this assumption and Reynolds thin film fluid 
flow equations, another model for ice pressure was derived (Kurdjumov and Kheisin, 
1976) and used to develop a formulation for ice force using energy principles in an 
impact between an ice feature and a ship. The drawback of this ice pressure formulation 
is that many assumptions have been made (e.g. viscosity, uniform film thickness, and 
uniform source of crushed ice). The third formulation used for ice pressure is based on 
observation that the average ice pressure, avp , on an area is dependent on the magnitude 
of the area, A . Sanderson (1988) collected many different results and then suggested 
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The resulting force or its normal component may thus be determined by analyzing the 
motion of the colliding bodies (ice and hull). Two cases for the calculation of ice force 
(and partly disregarding the load patch dimensions) have been given. The first one 
(Popov et al., 1968) investigates the collision of two bodies and deduces a one 
dimensional equation for the indentation along the normal to the contact surface. This 
model is essentially energy based and suitable for the so called oblique collision where 
the ship collides with a smaller ice floe and the collision area is on one side of the bow. 
This simplified model assumed a constant ice pressure, and Daley (2001) incorporated 
the pressure–area relationship into this model. Another case where the ice force has 
been calculated is the normal collision on a multi-year ice floe. This case includes 
crushing of the ice edge followed by the ship sliding up onto the ice. For a collision 
where the ice mass is assumed large as compared with the displacement of the ship, the 
force has been deduced by Riska et al. (1996). This calculation is based on the theory 
developed in Riska (1987) and can be used to calculate the shear forces and bending 
moments on the hull. 

The ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. Up to now, the main source of 
knowledge about ice load statistics is field measurement. There have been many ship–
ice load measurement campaigns conducted in Canada, US, Germany, Japan, Russia 
and Finland, herein most of the data available for statistical analysis (e.g. Vuorio et al., 
1979, Varsta, 1984, Kujala, 1996, and Kujala et al., 2009) are from the Finnish sources 
(see e.g. Hänninen, 2004 and Frederking et al., 2005). From the beginning, one 
objective of the measurements has been to establish a distribution for the observed loads. 
Such distribution could then be used to estimate the probability of extreme ice loads that 
may damage the hull. The applied distribution models are of two types. The observed 
loads follow some primary distribution for which a distribution model like exponential 
distribution is sought. On the other hand, the asymptotic extreme value distributions (i.e. 
Gumbel distributions of type I, II and III) are considered where the maximum ice load 
within a certain observation period is sought (Lensu, 2002).  

The ice load is a statistical quantity and thus the design load value must in principle be 
determined assuming a probability level or a return period of occurrence for the load 
like once per lifetime, once per ice season, or once per voyage. The selected return 
period of the load must be in balance with the consequences of exceeding the allowable 
structural responses. This procedure of defining the design points requires thus (Riska, 
2007b): (1) definition of the loads in probabilistic terms; (2) definition of the responses 
in terms of stresses, elastic deflections or permanent deflections; and (3) definition of 
the limit states in order to ensure a consequent risk implied by the failure of different 
structural components (e.g. shell plating and frames).  

As even the description of the ice loads is not a simple task, the above procedure 
requires quite much work in fine tuning the final design loads and allowable structural 
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responses. Fig. 1.7 shows a schematic illustration of this procedure. It is based on the 
statistics of ice loads (right hand side of the sketch) and two design criterions which are 
illustrated by two different permanent deflections 0w  and 1w  of the plating. This 
illustration also shows how important it is to define an appropriate return period of the 
load in balance with the allowable structural response: a different definition would 
result in a quite different design value. 

 

Fig. 1.7 Schematic illustration of the design point definition (Riska, 2007b)

Ice loads for the assessment of propeller-machinery strength 

The propulsion machinery consisting of propellers(s), shafts, gears and couplings, and 
the main engine, all the shaft line components must have adequate strength to withstand 
the ice impacts. If the propeller is submerged at an adequate depth (i.e. has an adequate 
ice clearance), the propeller will not be in contact with unbroken ice. The ice loading on 
the shaft line is from impacts of broken ice floes on the propeller blades. The design 
point of the propeller blades is thus an impact with an individual ice floe.  

The design forces of the propeller blades are determined by the size of the impacting ice 
floe. Several, mostly empirical investigations of the blade loading have been conducted 
(e.g. Koskinen and Jussila, 1991 and Marquis et al., 2008). Measurements have 
suggested a formulation for blade loading which has been adopted by several ice rules 
(see e.g. in FSICR 2008).   

It is difficult to define the design torques for various components of shafts, only the 
loads on the propeller and the torque excitation (i.e. the design torque at the propeller) 
can be given (see e.g. in Browne and Norhamo, 2007). The designer must then do the 
detailed structural analyses for an individual design, and the principle of progressive 
strength should be followed in designing the shaft and its components. Herein the 
progressive strength means that the components along the shaft line get progressively 
stronger from the propeller towards the main engine (e.g. if the propeller fails, it acts as 
a “fuse” for other components). 

Ice loads for the assessment of propeller-machinery strength are not followed up in this 
thesis. 
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Winterization aspects 

Operation in cold weather places requirements for the general arrangement of the ship, 
especially for areas and spaces that are exposed to icing, snow and rain. Bridge, 
mooring equipment and lifting apparatus must be designed to guarantee adequate 
visibility. The construction materials for the ship hull and for all the exposed 
equipments must have proper strength and integrity in low temperatures. All these 
winterization aspects must also be taken into account in ship design, otherwise the 
operability and functioning of the ship may be impaired. 

The winterization aspects are not followed up in this thesis. 

Ice class rules 

The classification societies and also some maritime authorities (e.g. Finnish and 
Swedish Maritime Administrations and Transport Canada) have developed rules for 
designing ice-going ships. These ice class rules define several different ice classes 
depending on the severity of ice conditions. Ice class rules define the scantlings of the 
hull and shaft line structures and give some requirements for ship performance in ice 
and structural arrangement. At present there are three main sets of ice class rules: the 
Finnish-Swedish Ice Class Rules (FSICR), the Russian Maritime Register of Shipping 
(RMRS) ice class rules and the unified Polar Class (PC) rules of the International 
Association of Classification Societies (IACS). 

The FSICR have been adopted by most of the classification societies (all except RMRS) 
and described as an “industry standard” for first-year ice conditions even if they are 
intended only for ships navigating in the Baltic. The FSICR (2008) contain 
requirements for ship hull, ship machinery and also for ship performance in ice. Four 
different ice classes (IA Super, IA, IB and IC) are defined and also the open water ships 
have their own ice class notations (II and III). The classification societies follow their 
own notations, but the basic rules are the same as FSICR. 

The RMRS ice class rules consist of nine ice classes and additionally four ice classes for 
icebreaker. They are mainly used for ships with the Russian flag or ships operating in 
Russian waters, and contain also the requirements for hull, machinery and powering. 
The powering requirements for the Baltic are the same as the corresponding FSICR ice 
classes. 

The IACS ice class rules have been under development since mid 1990’s and finally 
accepted in 2008. At the moment all IACS members are incorporating the unified rules 
into their own rule structure.  There are seven polar classes (PC 1-7) in the IACS rules, 
where the ice description follows the World Meteorological Organization’s practice. 
Hull design in PC classes is based on plastic structural limit and it has been stated that 
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Winterization aspects 

Operation in cold weather places requirements for the general arrangement of the ship, 
especially for areas and spaces that are exposed to icing, snow and rain. Bridge, 
mooring equipment and lifting apparatus must be designed to guarantee adequate 
visibility. The construction materials for the ship hull and for all the exposed 
equipments must have proper strength and integrity in low temperatures. All these 
winterization aspects must also be taken into account in ship design, otherwise the 
operability and functioning of the ship may be impaired. 

The winterization aspects are not followed up in this thesis. 
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(RMRS) ice class rules and the unified Polar Class (PC) rules of the International 
Association of Classification Societies (IACS). 

The FSICR have been adopted by most of the classification societies (all except RMRS) 
and described as an “industry standard” for first-year ice conditions even if they are 
intended only for ships navigating in the Baltic. The FSICR (2008) contain 
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the return period of the loads causing response up to the limit is one year. Machinery 
design in PC classes is based on the same theory of ice loads as in the FSICR.  

Many ships having a Baltic ice class (IA Super or IA) have navigated in the Arctic 
successfully. This experience has prompted an action to parallel the lowest PC classes 
with the highest Baltic classes. This equivalency is recognized by the Baltic authorities 
and also by the Canadian authorities in the following form: “As an interim measure for 
navigation purposes, Transport Canada will consider that PC 6 and 7 vessels will be 
allowed to operate as Type A and B vessels (Baltic IA Super and IA construction) 
respectively.” (Transport Canada Bulletin No. 04/2009) 

An overview of the design aspects of ice-going ships is given above. Up to now, the 
ship’s performance in ice and the strength of ship hull are still mostly designed based on 
the experiences from earlier ships and model tests. While the full-scale experiences and 
model tests will continue to be important, numerical methods can provide useful 
information, since they can be easily used to study the effect of different parameters.  

1.2 Objectives and scope of the thesis 

This thesis is presented in the form of a collection of five papers appended in the 
Appendix. The primary aim of this thesis is to introduce a numerical model for 
simulating ice–hull interaction and ship maneuvers in level ice, with focus on a 
deterministic or probabilistic assessment of both global and local ice loads on ship hulls. 
Tor Viking II, MT Uikku and MS Kemira, navigating in the Baltic Sea are selected for 
three specific case studies, in which the global ice load effects on ship’s performance, 
the probabilistic and spatial variations of local ice loads around the hull and the short-
term distribution of maximum ice loads on a frame are respectively analyzed and 
compared with field measurements. As far as we know the present numerical model is 
the first one to deal with multiple subjects including the ice–hull interaction, the overall 
performance of icebreaking ships and the statistics of local ice loads around the hull, 
which can be used to supplement the field and laboratory measurements in establishing 
a design basis for ice-going ships, especially for ships navigating in first-year ice 
conditions. 

The scope of the present work is constituted by the following sub-tasks:  

1) To reproduce the continuous icebreaking process of a ship moving forward and 
turning in level ice, by considering the interdependence between the ice loads 
and the planar motion (surge, sway and yaw) of the ship; 

2) To determine the integrated ice load over the hull area and its effects on ship’s 
performance; 

12  Chapter 1 

the return period of the loads causing response up to the limit is one year. Machinery 
design in PC classes is based on the same theory of ice loads as in the FSICR.  

Many ships having a Baltic ice class (IA Super or IA) have navigated in the Arctic 
successfully. This experience has prompted an action to parallel the lowest PC classes 
with the highest Baltic classes. This equivalency is recognized by the Baltic authorities 
and also by the Canadian authorities in the following form: “As an interim measure for 
navigation purposes, Transport Canada will consider that PC 6 and 7 vessels will be 
allowed to operate as Type A and B vessels (Baltic IA Super and IA construction) 
respectively.” (Transport Canada Bulletin No. 04/2009) 

An overview of the design aspects of ice-going ships is given above. Up to now, the 
ship’s performance in ice and the strength of ship hull are still mostly designed based on 
the experiences from earlier ships and model tests. While the full-scale experiences and 
model tests will continue to be important, numerical methods can provide useful 
information, since they can be easily used to study the effect of different parameters.  

1.2 Objectives and scope of the thesis 

This thesis is presented in the form of a collection of five papers appended in the 
Appendix. The primary aim of this thesis is to introduce a numerical model for 
simulating ice–hull interaction and ship maneuvers in level ice, with focus on a 
deterministic or probabilistic assessment of both global and local ice loads on ship hulls. 
Tor Viking II, MT Uikku and MS Kemira, navigating in the Baltic Sea are selected for 
three specific case studies, in which the global ice load effects on ship’s performance, 
the probabilistic and spatial variations of local ice loads around the hull and the short-
term distribution of maximum ice loads on a frame are respectively analyzed and 
compared with field measurements. As far as we know the present numerical model is 
the first one to deal with multiple subjects including the ice–hull interaction, the overall 
performance of icebreaking ships and the statistics of local ice loads around the hull, 
which can be used to supplement the field and laboratory measurements in establishing 
a design basis for ice-going ships, especially for ships navigating in first-year ice 
conditions. 

The scope of the present work is constituted by the following sub-tasks:  

1) To reproduce the continuous icebreaking process of a ship moving forward and 
turning in level ice, by considering the interdependence between the ice loads 
and the planar motion (surge, sway and yaw) of the ship; 

2) To determine the integrated ice load over the hull area and its effects on ship’s 
performance; 

12  Chapter 1 

the return period of the loads causing response up to the limit is one year. Machinery 
design in PC classes is based on the same theory of ice loads as in the FSICR.  

Many ships having a Baltic ice class (IA Super or IA) have navigated in the Arctic 
successfully. This experience has prompted an action to parallel the lowest PC classes 
with the highest Baltic classes. This equivalency is recognized by the Baltic authorities 
and also by the Canadian authorities in the following form: “As an interim measure for 
navigation purposes, Transport Canada will consider that PC 6 and 7 vessels will be 
allowed to operate as Type A and B vessels (Baltic IA Super and IA construction) 
respectively.” (Transport Canada Bulletin No. 04/2009) 

An overview of the design aspects of ice-going ships is given above. Up to now, the 
ship’s performance in ice and the strength of ship hull are still mostly designed based on 
the experiences from earlier ships and model tests. While the full-scale experiences and 
model tests will continue to be important, numerical methods can provide useful 
information, since they can be easily used to study the effect of different parameters.  

1.2 Objectives and scope of the thesis 

This thesis is presented in the form of a collection of five papers appended in the 
Appendix. The primary aim of this thesis is to introduce a numerical model for 
simulating ice–hull interaction and ship maneuvers in level ice, with focus on a 
deterministic or probabilistic assessment of both global and local ice loads on ship hulls. 
Tor Viking II, MT Uikku and MS Kemira, navigating in the Baltic Sea are selected for 
three specific case studies, in which the global ice load effects on ship’s performance, 
the probabilistic and spatial variations of local ice loads around the hull and the short-
term distribution of maximum ice loads on a frame are respectively analyzed and 
compared with field measurements. As far as we know the present numerical model is 
the first one to deal with multiple subjects including the ice–hull interaction, the overall 
performance of icebreaking ships and the statistics of local ice loads around the hull, 
which can be used to supplement the field and laboratory measurements in establishing 
a design basis for ice-going ships, especially for ships navigating in first-year ice 
conditions. 

The scope of the present work is constituted by the following sub-tasks:  

1) To reproduce the continuous icebreaking process of a ship moving forward and 
turning in level ice, by considering the interdependence between the ice loads 
and the planar motion (surge, sway and yaw) of the ship; 

2) To determine the integrated ice load over the hull area and its effects on ship’s 
performance; 

12  Chapter 1 

the return period of the loads causing response up to the limit is one year. Machinery 
design in PC classes is based on the same theory of ice loads as in the FSICR.  

Many ships having a Baltic ice class (IA Super or IA) have navigated in the Arctic 
successfully. This experience has prompted an action to parallel the lowest PC classes 
with the highest Baltic classes. This equivalency is recognized by the Baltic authorities 
and also by the Canadian authorities in the following form: “As an interim measure for 
navigation purposes, Transport Canada will consider that PC 6 and 7 vessels will be 
allowed to operate as Type A and B vessels (Baltic IA Super and IA construction) 
respectively.” (Transport Canada Bulletin No. 04/2009) 

An overview of the design aspects of ice-going ships is given above. Up to now, the 
ship’s performance in ice and the strength of ship hull are still mostly designed based on 
the experiences from earlier ships and model tests. While the full-scale experiences and 
model tests will continue to be important, numerical methods can provide useful 
information, since they can be easily used to study the effect of different parameters.  

1.2 Objectives and scope of the thesis 

This thesis is presented in the form of a collection of five papers appended in the 
Appendix. The primary aim of this thesis is to introduce a numerical model for 
simulating ice–hull interaction and ship maneuvers in level ice, with focus on a 
deterministic or probabilistic assessment of both global and local ice loads on ship hulls. 
Tor Viking II, MT Uikku and MS Kemira, navigating in the Baltic Sea are selected for 
three specific case studies, in which the global ice load effects on ship’s performance, 
the probabilistic and spatial variations of local ice loads around the hull and the short-
term distribution of maximum ice loads on a frame are respectively analyzed and 
compared with field measurements. As far as we know the present numerical model is 
the first one to deal with multiple subjects including the ice–hull interaction, the overall 
performance of icebreaking ships and the statistics of local ice loads around the hull, 
which can be used to supplement the field and laboratory measurements in establishing 
a design basis for ice-going ships, especially for ships navigating in first-year ice 
conditions. 

The scope of the present work is constituted by the following sub-tasks:  

1) To reproduce the continuous icebreaking process of a ship moving forward and 
turning in level ice, by considering the interdependence between the ice loads 
and the planar motion (surge, sway and yaw) of the ship; 

2) To determine the integrated ice load over the hull area and its effects on ship’s 
performance; 



Introduction  13 

3) To identify the origin of the probabilistic variation of local ice loads, by 
considering the variations in the external ice conditions and in the icebreaking 
processes of the ship; 

4) To investigate the probabilistic distribution of ice-induced peak loads on a frame; 

5) To gain improved understanding of the spatial distribution of local ice loads 
around the hull; 

6) To analyze the correlation between the short-term distribution of maximum ice 
loads and the ice thickness; 

7) To derive a preliminary approach for the evaluation of long-term ice load 
statistics based on short-term simulations. 

1.3 Thesis outline 

The present thesis is constituted by the following chapters: 

After a brief introduction in Chapter 1 concerning background, motivation and 
objectives of this thesis, Chapter 2 describes the development of present numerical 
model, which is partly based on the empirical data. Paper 1 and Paper 3 are associated 
with this chapter. In Paper 1, the empirical estimates of the ice crushing force, ice 
bending failure and the submersion and friction components of ice resistance are 
clarified, respectively. The numerical method used to detect the ice–hull collision and 
the collision force is explained. The convergence tests are carried out to make sure that 
this numerical method can give a convergent solution of both global and local ice loads. 
The computation time is examined with the purpose of determining a balance between 
the computation time and the convergence. The influences of the empirical assumptions 
made in this numerical model are analyzed by changing different parameters and 
comparing with the measured data. In Paper 3, the numerical model is extended to more 
complex ice conditions by considering random ice thickness and strength properties. 
The procedure to randomize the ice encountered by the ship is also illustrated in this 
chapter.  

Chapter 3 deals with a specific case study on ship’s performance in ice. Paper 1 and 
Paper 2 are associated with this chapter. In Paper 1, the speed that the ship can attain in 
ice is investigated, by comparing the simulation results with the h-v curves determined 
from field measurements. Paper 2 focuses on the turning performance which is 
measured by the turning circle diameter.  

Chapter 4 deals with a specific case study on the probabilistic and spatial distribution 
of local ice loads around the hull. Paper 3 and Paper 4 are associated with this chapter. 
In Paper 3, the origin of the probabilistic variation of local ice loads is investigated, by 
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considering the variations in the external ice conditions and in the icebreaking processes 
of the ship. The probabilistic distribution of ice-induced peak loads on a frame is then 
analyzed and compared with field measurements. In Paper 4, the simulation results on 
the spatial distribution of local ice loads around the hull are presented.  

Chapter 5 deals with a specific case study on the short-term distribution of maximum 
ice loads on a frame. In Paper 5, the correlation between the short-term distribution of 
maximum ice loads and the ice thickness is analyzed. A potential way to evaluate the 
long-term ice load statistics based on short-term simulations is introduced. 

In Chapter 6, the work carried out is summarized and several recommendations for 
future studies are given.  
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Chapter 2 

Description of the Numerical Model 

The development and validation of present numerical model are introduced in this 
chapter, based on Paper 1 and Paper 3. 

2.1 General 

Research on the numerical modeling of ice–hull interaction and ship maneuvering in 
level ice can be found for example in Valanto (2001), Liu et al. (2006), Martio (2007), 
Nguyen et al. (2009), Sawamura et al. (2010) and Lubbad and Løset (2011). For the 
simulation of full-scale icebreaking runs, a more integrated model was developed and 
improved by Su et al. (2010a and 2011a – Paper 1 and Paper 3). This model is partly 
based on the empirical data, and the simulation program has been established to 
reproduce the observed icebreaking patterns and the continuous ice loading processes in 
a uniform level ice and the ice with randomly varying thickness and strength properties. 

The methodology and assumptions used in the ice–hull interaction model are: 

1) The basic geometric model includes the full-size waterline of the ship and the 
edge of the ice both discretized; 

2) The motions (surge, sway and yaw) of the ship on the horizontal plane are taken 
into account and the icebreaking forces are assumed to act on the waterline; 

3) The contact zones around the hull and the resulting ice forces and icebreaking 
patterns are numerically determined based on the empirical estimates of ice 
crushing force and ice bending failure; 

4) Ice forces induced after the ice wedges are broken from the ice edge are taken 
into account by the Lindqvist’s ice resistance formula (Lindqvist, 1989); 

5) The hydrodynamic effects on the ship’s motion (drag and added mass) are 
derived from a numerical calculation before the simulation in ice;  

6) Wave, wind and current forces in a level ice condition are neglected as they are 
minor forces compared to ice forces; 
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7) The rigid-body equations of motion are solved by numerical integration; 

8) Iterations are performed at each time step to find a balance between the 
indentation into ice and the contact forces.  

In the following section, the construction of present numerical model is described based 
on the above items. 

2.2 Construction of the numerical model 

As shown in Fig. 2.1, the ice forces encountered by a ship transiting a level sheet of ice 
depend primarily on the processes, by which its hull breaks and displaces ice. First, 
when the ice sheet contacts the hull, crushing happens. The crushing force will keep 
growing with an increasing contact area until its vertical component is large enough to 
cause a bending failure of ice. After the ice floes have been broken from the ice sheet, 
the advance of ship forces them to turn on edge until parallel with the hull. Then, the 
floes will become submerged and slide along the hull until they can not maintain 
contact with the hull. In some hull zones, typically at the very bow and at the shoulders 
which have large slope angles (almost vertical), crushing may be the only failure mode 
(Lindqvist, 1989). This can lead to a considerable ice resistance. 

 

Fig. 2.1 The overall process of ice–hull interaction in level ice (Riska, 2010b)   

 

Fig. 2.2 Idealized time histories of ice forces and the definition of ice resistance (Riska, 2010a) 
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Early research on level ice resistance was usually carried out based on this break–
displace process (see e.g. Fig. 2.2). Although it may be questionable (Enkvist et al., 
1979), most of the ice resistance formulas were established on this assumption (e.g. 
Enkvist, 1972, Lewis, 1982, and Lindqvist, 1989). In the present numerical model, the 
icebreaking forces are numerically detected, while the ice forces induced after the ice 
wedges are broken from the ice edge are taken into account by the Lindqvist’s ice 
resistance formula (the submersion and friction components given in Lindqvist (1989)). 

2.2.1 Geometric model for ice–hull interaction 

The basic geometric model for ice–hull interaction includes the full-size waterline of the 
ship and the edge of the ice. As shown in Fig. 2.3, the waterline of the ship is 
discretized into a closed polygon and the edge of the ice is discretized into a polyline in 
the established simulation program. At each time step, the simulation program is set to 
detect the ice nodes which are inside the hull polygon. Then, each contact zone can be 
found. To check whether the ice node is inside the hull polygon, the specific geometric 
tools for computer graphics are adopted. The detailed algorithm can be found in 
Schneider et al. (2002).  

Fig. 2.3 Geometrical idealization of ice–hull interaction 

At each contact zone shown in Fig. 2.3, it is assumed that the contact surface between 
ice and hull is flat, and the contact area, cA , is simply determined by the contact length, 

hL , and the indentation depth, dL . Herein, hL is calculated from the distance between 
adjacent hull nodes, and dL is calculated from the perpendicular distance from the cusp 
of ice nodes to the contact surface (see e.g. in Fig. 2.4). As shown in Fig. 2.5, two cases 
must be considered in the calculation of contact area:  

1 Case 1: tan( )
2 cos( )

1 / tan( ) Case 2: tan( )
2 sin( )

d
c h d i

d i i
c h h d i

d

LA L L h

L h hA L L L h
L

   (2.1) 

where ih  is the ice thickness,  is a slope angle of varying values at different hull 
zones (i.e. different locations of hull nodes). 
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Fig. 2.4 Illustration of the contact length ( hL ) and indentation depth ( dL ) at each contact zone   
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Fig. 2.5 Two cases for the calculation of contact area 

2.2.2 Ice crushing force 

As shown in Fig. 2.6, it is assumed that the ice is uniformly crushed on the contact 
surface. The crushing force, crF , is normal to the contact surface and calculated as the 
product of the effective ice crushing strength, c , and the contact area, cA : 

cr c cF A        (2.2) 

where the effective ice crushing strength, c , is derived from the measured ice crushing 
pressure on ship hull (Kujala, 1994). 

Herein, the frictional force is also taken into account, which is divided into two 
components, Hf  and Vf , according to the relative motion between ice and hull: 

2 2

,1
rel rel rel

H i cr t t nf F v v v     (2.3) 
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2 2

,1 ,1
rel rel rel

V i cr n t nf F v v v    (2.4) 

where i  is the frictional coefficient, relv  is the relative velocity between ice and hull, 
and the decomposed force and velocity components are illustrated in Fig. 2.7. 

The horizontal and vertical components, HF  and VF , of the total contact force are then 
calculated as:  

sin( ) cos( )H cr VF F f      (2.5) 

cos( ) sin( )V cr VF F f      (2.6) 

Fig. 2.6 Calculation of the ice crushing force

Fig. 2.7 Decomposed force and velocity components 

2.2.3 Ice bending failure 

If the vertical component of the contact force between ice and hull ( VF , shown in Fig. 
2.7) exceeds the bending failure load of ice cover, fP , given in Equation (2.7), the ice 
wedge (as shown in Fig. 2.3) will be broken from the edge of the ice:  

2
2

f f f iP C h      (2.7) 

where  is the opening angle of the idealized ice wedge shown in Fig. 2.8, f  is the 

flexural strength of the ice, ih  is the thickness of the ice, and fC  is an empirical 
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parameter. Equation (2.7) accounts for the opening angle, and it is an empirical equation 
(introduced by Kashtelyan (Kerr, 1975), applied in Wang (2001), Liu et al. (2006), and 
Nguyen et al. (2009)). Thus, the constant fC  must be obtained from measurements. 

The geometrical idealization of the ice wedge in contact with the hull is illustrated in 
Fig. 2.8, where the bending crack is determined by the interpolation of the icebreaking 
radius at the first and last contact node (i.e., fR  and lR ). The icebreaking radius R  is 
found by the expression given in Wang (2001) (based on information from Enkvist 
(1972) and Varsta (1983)): 

   ,21.0 rel
l v nR C l C v      (2.8) 

where ,2
rel

nv  is the relative normal velocity between the contact surface and the hull 

node (illustrated in Fig. 2.7), lC  and vC  are two empirical parameters obtained from 
field measurements, and l  is the characteristic length of the ice: 
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where E  is the elastic modulus of ice,  is the Poisson’s ratio, w  is the density of 
water, g  is the acceleration of gravity. 

Based on these assumptions and simplifications, the icebreaking pattern and the 
continuous icebreaking forces can be determined using a step-by-step procedure.  

Fig. 2.8 Geometrical idealization of the ice wedge in contact with the hull 
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2.2.4 Ship’s motion 

The simulation of ship’s motion is conducted in three degrees of freedom, that is, in 
surge, sway and yaw directions. The ship’s motion in global coordinate system can be 
described by the Newton’s second law: 

   

g g

g g

z

m u FX

m v FY

I r N

      (2.10) 

where gFX , gFY  are the forces in surge and sway directions; N  is the yaw moment; 
m  is the mass of the ship; zI  is the moment of inertia in yaw direction; gu , gv  and r  
are the velocities in surge, sway and yaw, respectively; the dot notation denotes the 
derivative with respect to time. 

The forces and velocities can be translated into the ship coordinate system by: 
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where  is the heading angle of the ship (as shown in Fig. 2.9). 

Fig. 2.9 The coordinate system used for the simulation of ship’s motion 

The accelerations in the ship coordinate system are obtained by differentiating Eq. 
(2.12): 
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By inserting Eqs. (2.11) and (2.13) into Eq. (2.10), the ship’s motion in the ship 
coordinate system can then be described by: 
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To define the forces and moment terms, Eq. (2.14) is then substituted by a general 
matrix form of the linear coupled differential equations of motion: 

( ) ( ) ( ) ( )t t t tM + A x B x C x F     (2.15) 

where the added mass coefficients are calculated by the boundary element method, and 
the damping and restoring terms are taken as zero in this simulation. Fig. 2.10 shows an 
example of the ship geometry model used in the hydrodynamic and open water 
resistance calculations (Bertram, 2000) which are carried out before the simulation in 
ice.   

 

Fig. 2.10 Ship geometry model of MT Uikku used in the hydrodynamic and open water resistance 
calculations 

The forces and moments that result from the ice, propeller, rudder and open water are 
considered in this simulation. Eq. (2.16) shows the decomposed components of the 
forces and moment acting on the ship: 
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where the subscripts 1, 2 and 6 refer to the directions of surge, sway and yaw, the 
superscripts i, p, r and ow refer to the ice, propeller, rudder and open water, respectively. 

A step-by-step numerical integration method is then applied to solve the equations of 
motion that are established above. According to Newmark’s method, the general 
integral equations are given by: 
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These equations are obtained by a Taylor-series expansion in which the residual term is 
approximated by the quadrature formulas. The weighting terms  and  are free 
parameters in the quadrature formulas that are determined by the requirements related to 
stability and accuracy. If a linear acceleration is assumed within the time interval t , 
Eq. (2.17) can be translated into: 
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where  

 1
1 1 1 1( ) ( ) ( ) ( )k k k kt t t tx M + A F B x C x    (2.19) 

This is a popular method because it leads to continuity in the acceleration, velocity and 
displacement. By inserting Eq. (2.19) into Eq. (2.18), this method can be translated into 
an explicit form: 
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2.2.5 Interdependence between the ship’s motion and the ice loads 

As shown in Eq. (2.20), the forces and moment 1( )kF t  at time step k+1 are unknown at 
time step k due to the interdependence between the ice loads and the ship’s motion. 
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2.2.5 Interdependence between the ship’s motion and the ice loads 

As shown in Eq. (2.20), the forces and moment 1( )kF t  at time step k+1 are unknown at 
time step k due to the interdependence between the ice loads and the ship’s motion. 
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Thus, iterations are performed at each time step until the accuracy is acceptable. The 
convergence criterion is based on the change of forces and moment from iteration step i 
to iteration step i+1, which can be expressed by: 

 
2 2 2 2 2 21 1 1

1 1 2 2 6 6 1 2 6
i i i i i i i i iF F F F F F F F F    (2.22) 

where  is a small, positive number on the order of 10-3. 

2.3 Convergence test 

The effects of the applied discretization size (the distance between adjacent ice or hull 
nodes, as shown in Fig. 2.3) and time step length on the simulated global and local ice 
loads, as well as the computation time are tested, respectively. 

A 30-min icebreaking run of MT Uikku is simulated for each test. The specified ice 
thickness is 0.3 m, and the ship is set to move straightly ahead at full power. Different 
values of the discretization size of ice nodes (1600, 800, 400, 200, 100, 50, 25 mm) and 
the time step length (0.032, 0.016, 0.008, 0.004, 0.002, 0.001, 0.0005 s) are applied. The 
ice resistance encountered by the ship (global ice load), the mean value of ice-induced 
frame loads (local ice load on Frame 196.5, divided by the frame spacing) and the 
computation time are plotted in Figs. 2.11 to 2.16, as a function of the discretization size 
and time step length, respectively. 

It is found that the simulated global ice load converges quite well when the 
discretization size or the time step length decreases. The deviation is not so big even if a 
big discretization size or time step length is used. The convergence of local ice load is 
acceptable, but not as quick as that of global ice load. This is because the local ice load 
is more sensitive to the contact and icebreaking patterns, as compared with the global 
ice load which is an integrated value of local ice loads over the hull area. As shown in 
Figs. 2.13 and 2.16, the computation time increases with the decreasing discretization 
size and time step length, the time step length in particular has a direct influence on the 
computation time. To achieve a balance between the computation time and the 
convergence, a discretization size of 50 mm and a time step length of 0.001 s are finally 
applied in the simulation program.  
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size and time step length, the time step length in particular has a direct influence on the 
computation time. To achieve a balance between the computation time and the 
convergence, a discretization size of 50 mm and a time step length of 0.001 s are finally 
applied in the simulation program.  
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Fig. 2.11 Simulated global ice load as a function of discretization size 

 

Fig. 2.12 Simulated local ice load as a function of discretization size 

 

Fig. 2.13 The computation time as a function of discretization size  
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Fig. 2.14 Simulated global ice load as a function of time step length 

 

Fig. 2.15 Simulated local ice load as a function of time step length 

 

Fig. 2.16 The computation time as a function of time step length 
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2.4 Comparative study  

As introduced in Section 2.2, the applied icebreaking model is based on the empirical 
data, so the simulated icebreaking forces should, to a certain extent be comparable to the 
empirical estimate. Fig. 2.17 shows a 1-min time history of simulated icebreaking forces 
for Tor Viking II (ice thickness: 0.5 m, constant ship speed: 5 m/s). The mean value of 
instantaneous icebreaking forces is then compared with the breaking ice resistance 
proposed by Lindqvist (1989), by changing different parameters. Fig. 2.18 shows the 
mean value of simulated icebreaking forces as a function of ice thickness, under the 
influence of the empirical parameter, fC  (defined in Eq. (2.7)). It is found that the 
correlation between simulated breaking ice resistance and the ice thickness is in general 
consistent with Lindqvist’s formulation. The fluctuation of simulation results is due to 
the influence of fC  and the different icebreaking patterns.  

 

Fig. 2.17 An example of the time history of simulated icebreaking forces and the breaking ice resistance 
proposed by Lindqvist (1989) 

 

Fig. 2.18 Comparison of the breaking ice resistance between the specified simulations and Lindqvist’s 
formulation 

As shown in Fig. 2.19, the occurrence of shoulder crushing (i.e. the ice is continuously 
crushed by hull shoulder without bending failure) can result in the increased breaking 
ice resistance at bow shoulder, which may considerably impair the ship’s performance 
in ice. The shoulder crushing is also observed in full-scale trials, but it is difficult to 
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learn about its actual effect on ice resistance. In this respect, the present numerical 
method can provide some supplementary information on that. As shown in Figs. 2.20 
and 2.21, the simulated breaking ice resistance in 0.5 m thick ice is about 8% higher 
than in 0.6 m thick ice due to shoulder crushing. Herein, the occurrence and the extent 
of shoulder crushing are determined by the geometry of simulated icebreaking pattern 
which is dependent on the ice condition (especially the ice thickness), the hull shape and 
the ship’s motion.       

 

Fig. 2.19 Two different icebreaking patterns 

 

Fig. 2.20 A 1-min time history and the mean value of simulated icebreaking forces in 0.6 thick ice, 
without shoulder crushing 

 

Fig. 2.21 A 1-min time history and the mean value of simulated icebreaking forces in 0.5 thick ice, with 
shoulder crushing 

Fig. 2.22 shows a comparison between the simulated h-v plots and the h-v curve 
determined from full-scale measurements (Riska et al., 2001). Two sets of empirical 
parameters ( fC  and lC , defined in Eqs. (2.7) and (2.8) respectively) are applied in the 
simulations. The simulation results are in general consistent with the measured 
parabolic regression curve. It is considered that the numerical method can be used for 
the prediction of ship’s overall performance in level ice.             
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Fig. 2.22 Comparison of the h-v curve between the specified simulations and the full-scale measurements 
presented by Riska et al. (2001) 

2.5 Statistical variation of the ice properties 

The ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. The ice model is then extended to 
more complex ice conditions by considering random ice properties. The main random 
variables used in this model are ice thickness, ice crushing pressure and ice flexural 
strength, by referring to the semi-empirical method (Kujala, 1994). Herein, the 
referenced data of ice properties specifically come from sites in the Baltic Sea. For a 
more general use, it is necessary to have a good understanding of the present stage-of-
knowledge of sea ice properties (which can refer to the excellent review work recently 
done by Timco and Weeks (2010)).  

2.5.1 Statistical variation of the ice thickness 

The thickness of the ice cover is highly variable, which is caused by thermal and 
mechanical factors. The thermal factor is a continuous component and is related to 
changes in air temperature and snow cover above the ice surface. The mechanical 
factors are discrete components that are caused by the rafting, ridging, and opening of 
leads and polynyas. 

The existing data of the ice thickness variations are very limited. In Kujala (1994), the 
relevant data characterizing Baltic Sea ice were reviewed. Fig. 2.23 shows an example 
of the distribution of pack ice thickness that was measured at 10 m intervals along a line 
of 1 km length on March 1975 on the Bothnian Bay (a survey that was reproduced from 
Udin (1976) and Leppäranta (1981)). Two distinct groups of data can be seen in Fig. 
2.23. The lower values indicate the distribution of the level ice, and the thickness values 
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that are higher than 0.8 m are assumed to represent deformed (ridged or rafted) ice 
(Leppäranta, 1981). 

 

Fig. 2.23 Distribution of the ice thickness as measured at 10 m intervals along a line of 1 km length on 
March 1975 on the Bothnian Bay (digitized from Kujala (1994)) 

The situation is further complicated when the prevailing ice thickness variations are 
observed in full-scale ice load measurements during the normal operations of a ship. 
Then the definition of the ice thickness is usually based on visual observations of the 
upper and lower limit of the level ice thickness occurring on the sea area covered by the 
voyage of the ship. For ice ridges, the occurrence probability and height of the sail are 
usually the only parameters that can be observed routinely during the voyages (Kujala, 
1994).  

2.5.2 Statistical variation of the ice crushing strength 

As discussed in Section 2.2.2, the definition of effective crushing strength is used to 
determine the contact force in ice–hull interaction. The statistical variation of ice 
crushing strength is then considered by using the measured statistical data on ice 
crushing pressure.    

In Kujala (1994), a formulation of the ice crushing pressure in statistical terms was 
introduced. The resulting crushing pressure is a gamma-distributed variable with small 
contact areas (< 0.001 m2) and a normally distributed variable with larger contact areas. 
As the contact area increases, the mean value of the crushing pressure asymptotically 
approaches a constant value, and the standard deviation, p , decreases as a function of 
the contact area, A : 

    
0.065

p A      (2.23) 
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where p  is given in MPa, A  is given in m2. 

By comparing this calculation with the field measurements obtained by Riska et al. 
(1990), the mean value and the standard deviation of ice crushing strength are then 
identified as 2.3 and 0.65 MPa in the Monte Carlo simulation described below. 

2.5.3 Statistical variation of the ice flexural strength 

The strength properties of the ice are sensitive to a number of physical parameters such 
as the temperature, grain size, crystallographic orientation, porosity, brine content and 
strain rate. Thus, the strength of the ice under bending is typically studied by conducting 
on-site flexural strength tests. As discussed in Kujala (1994), the flexural strength is not 
a basic material property because it is usually determined from the measured failure 
force by applying linear bending theory with homogenous and isotropic material 
properties throughout the ice thickness. The advantage of field testing is that the natural 
variations of the ice properties throughout the thickness of the ice are included in the 
test results. 

Fig. 2.24 shows a histogram of the measured flexural strength values of Baltic Sea ice 
(data from Kujala (1994)). The mean value (0.58 MPa) and standard deviation (0.11 
MPa) of the ice flexural strength given in Fig. 2.24 are then used in the Monte Carlo 
simulation described below. 

 
Fig. 2.24 Distribution of the measured flexural strength values of Baltic Sea ice (digitized from Kujala 

(1994)) 

2.5.4 Monte Carlo simulation 

The Monte Carlo method is applied to predefine an ice field where the ice thickness, ice 
crushing strength and ice flexural strength are randomly generated using a certain 
specified probability distribution along the sailing route of the ship. If a normal 
distribution is assumed, and the correlation between these three variables is neglected, 
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then the cumulative distribution function (CDF), ( )F X , and its inverse CDF 1( )F U  
can be expressed by: 
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where  and  are the mean value and the standard deviation of random variable X , 
U  is a randomly generated number between 0 and 1. 

Because there is no information about the correlation of the spatial ice properties, the 
sensitivity of a possible correlation is investigated by sampling the properties at the 
spatial points with different intervals. As shown in Eq. (2.24), if a particular mean value 
and standard deviation are given, then a random value of X  can be generated. Using 
the statistical values that are introduced in Sections 2.5.1 to 2.5.3, the ice thickness, ice 
crushing strength and ice flexural strength can be randomized along the route by the 
following procedure: (1) a series of sampling points are fixed along the route, with a 
certain interval; (2) a random value of the ice property is generated for each sampling 
point independently; and (3) the intermediate value between two adjacent points is 
determined by linear interpolation.  

Fig. 2.25 shows a random sample of the varying ice properties along a 10 km route, 
where it is assumed that the ice thickness ( ih ), ice crushing strength ( c ) and ice 
flexural strength ( f ) follow a normal probability distribution and they are independent 
on each other. Fig. 2.26 shows three simulated icebreaking runs in which the ice 
properties are randomized at different intervals (25, 50 and 100 m). The 10-minute time 
histories of the calculated forward speed of the ship (at the same thrust) are also shown 
in Fig. 2.27. These results show that, by decreasing the interval between two adjacent 
sampling points, the randomness of the simulated icebreaking pattern increases while 
the excursion of the calculated ship speed decreases. 

As previously introduced, the spatial correlation of the ice properties is neglected 
between two adjacent sampling points. Therefore, a relatively long interval (50 m) is 
finally used in the simulation program. The fine tuning of the spatial sampling point can 
be done by comparing the time histories of simulated ship speed (as shown in Fig. 2.27) 
with the relevant record from full-scale voyages, and the issues of correlation remain for 
further analysis. 
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Fig. 2.25 A random sample of the varying ice properties along a 10 km route 

Fig. 2.26 Simulated icebreaking runs under randomly varying ice conditions

 
Fig. 2.27 Time histories of the calculated ship speed (at the same thrust) 
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Chapter 3 

Ship’s Performance in Level Ice 

A case study with an icebreaker, Tor Viking II, is carried out to investigate the ship’s 
performance in level ice. Paper 1 and Paper 2 are associated with this subject. In Paper 
1, the speed that the ship can attain in ice is investigated, by comparing the simulation 
results with the h-v curves determined from field measurements. Paper 2 focuses on the 
turning performance which is measured by the turning circle diameter.  

3.1 General 

Ship performance in ice consists of ability to break ice and to maneuver in ice. At early 
design phase some analytical methods can be applied to determine the level ice 
performance of an icebreaking ship. As mentioned in Chapter 1, these methods are at 
best semi-empirical and should be used cautiously, especially beyond the range of 
validity. The analytical methods can not account for the details of hull shape. When the 
design proceeds, more exact calculations or model tests should be carried out to finalize 
the hull shape and to ensure an adequate maneuvering performance which can not be 
verified by the analytical methods. 

For the present numerical method, the 3D ship geometry (see e.g. Fig. 2.9) is considered 
in the hydrodynamic calculations, and the 2D hull shape (see e.g. Fig. 2.3) is considered 
in ice–hull interaction. In this chapter, the level ice performance of a Swedish multi-
purpose icebreaker, Tor Viking II (as shown in Fig. 3.1), is investigated by comparing 
the simulation results with the field measurements obtained by Riska et al. (2001).  

 

Fig. 3.1 Icebreaker Tor Viking II (www.ils.fi) 

35 

 

Chapter 3 

Ship’s Performance in Level Ice 

A case study with an icebreaker, Tor Viking II, is carried out to investigate the ship’s 
performance in level ice. Paper 1 and Paper 2 are associated with this subject. In Paper 
1, the speed that the ship can attain in ice is investigated, by comparing the simulation 
results with the h-v curves determined from field measurements. Paper 2 focuses on the 
turning performance which is measured by the turning circle diameter.  

3.1 General 

Ship performance in ice consists of ability to break ice and to maneuver in ice. At early 
design phase some analytical methods can be applied to determine the level ice 
performance of an icebreaking ship. As mentioned in Chapter 1, these methods are at 
best semi-empirical and should be used cautiously, especially beyond the range of 
validity. The analytical methods can not account for the details of hull shape. When the 
design proceeds, more exact calculations or model tests should be carried out to finalize 
the hull shape and to ensure an adequate maneuvering performance which can not be 
verified by the analytical methods. 

For the present numerical method, the 3D ship geometry (see e.g. Fig. 2.9) is considered 
in the hydrodynamic calculations, and the 2D hull shape (see e.g. Fig. 2.3) is considered 
in ice–hull interaction. In this chapter, the level ice performance of a Swedish multi-
purpose icebreaker, Tor Viking II (as shown in Fig. 3.1), is investigated by comparing 
the simulation results with the field measurements obtained by Riska et al. (2001).  

 

Fig. 3.1 Icebreaker Tor Viking II (www.ils.fi) 

35 

 

Chapter 3 

Ship’s Performance in Level Ice 

A case study with an icebreaker, Tor Viking II, is carried out to investigate the ship’s 
performance in level ice. Paper 1 and Paper 2 are associated with this subject. In Paper 
1, the speed that the ship can attain in ice is investigated, by comparing the simulation 
results with the h-v curves determined from field measurements. Paper 2 focuses on the 
turning performance which is measured by the turning circle diameter.  

3.1 General 

Ship performance in ice consists of ability to break ice and to maneuver in ice. At early 
design phase some analytical methods can be applied to determine the level ice 
performance of an icebreaking ship. As mentioned in Chapter 1, these methods are at 
best semi-empirical and should be used cautiously, especially beyond the range of 
validity. The analytical methods can not account for the details of hull shape. When the 
design proceeds, more exact calculations or model tests should be carried out to finalize 
the hull shape and to ensure an adequate maneuvering performance which can not be 
verified by the analytical methods. 

For the present numerical method, the 3D ship geometry (see e.g. Fig. 2.9) is considered 
in the hydrodynamic calculations, and the 2D hull shape (see e.g. Fig. 2.3) is considered 
in ice–hull interaction. In this chapter, the level ice performance of a Swedish multi-
purpose icebreaker, Tor Viking II (as shown in Fig. 3.1), is investigated by comparing 
the simulation results with the field measurements obtained by Riska et al. (2001).  

 

Fig. 3.1 Icebreaker Tor Viking II (www.ils.fi) 

35 

 

Chapter 3 

Ship’s Performance in Level Ice 

A case study with an icebreaker, Tor Viking II, is carried out to investigate the ship’s 
performance in level ice. Paper 1 and Paper 2 are associated with this subject. In Paper 
1, the speed that the ship can attain in ice is investigated, by comparing the simulation 
results with the h-v curves determined from field measurements. Paper 2 focuses on the 
turning performance which is measured by the turning circle diameter.  

3.1 General 

Ship performance in ice consists of ability to break ice and to maneuver in ice. At early 
design phase some analytical methods can be applied to determine the level ice 
performance of an icebreaking ship. As mentioned in Chapter 1, these methods are at 
best semi-empirical and should be used cautiously, especially beyond the range of 
validity. The analytical methods can not account for the details of hull shape. When the 
design proceeds, more exact calculations or model tests should be carried out to finalize 
the hull shape and to ensure an adequate maneuvering performance which can not be 
verified by the analytical methods. 

For the present numerical method, the 3D ship geometry (see e.g. Fig. 2.9) is considered 
in the hydrodynamic calculations, and the 2D hull shape (see e.g. Fig. 2.3) is considered 
in ice–hull interaction. In this chapter, the level ice performance of a Swedish multi-
purpose icebreaker, Tor Viking II (as shown in Fig. 3.1), is investigated by comparing 
the simulation results with the field measurements obtained by Riska et al. (2001).  

 

Fig. 3.1 Icebreaker Tor Viking II (www.ils.fi) 



36  Chapter 3 

The main dimensions of Tor Viking II are presented in Table 3.1. The specification 
values of the vessel in ice are: (1) minimum forward speed of 3.0 knots in 1.0 m thick 
level ice; (2) minimum speed astern of 3.0 knots in 0.5 m thick level ice; and (3) the 
turning circle diameter less than 500 m in 0.5 m thick level ice. The level ice capability 
of Tor Viking II was tested in ice fields of two thicknesses, and the test results met the 
above requirements. 

Table 3.1 Main dimensions of Tor Viking II 

Length over all 83.7 m 

Length between perpendiculars  75.2 m 

Breadth, moulded 18.0 m 

Draught, maximum icebreaking 6.5 m 

Deadweight 2,528 ton 

Power output 13.4 MW 

3.2 Forward speed 

In the simulation with a free-running model, the ship’s motion is obtained by solving 
the equations of motion in which the thrust and the global ice load both are identified.
Fig. 3.2 shows a time history of simulated forward speed in 0.6 m thick ice, where the 
ship is moving at full power and the starting forward speed is 4.0 m/s. The speed that 
the ship can attain in 0.6 m thick ice is then determined as 5.68 m/s. As shown in Fig. 
3.3, the total ice forces encountered by the ship consist of a time varying component and 
an almost constant component. The time varying component is due to the continuous 
icebreaking process which is numerically detected, while the constant component is the 
submersion and friction resistance derived from Lindqvist’s formulation (Lindqvist, 
1989). 

 

Fig. 3.2 A simulated time history of the forward speed of the ship, from a starting speed to the full speed 
(in 0.6 m thick ice)  

36  Chapter 3 

The main dimensions of Tor Viking II are presented in Table 3.1. The specification 
values of the vessel in ice are: (1) minimum forward speed of 3.0 knots in 1.0 m thick 
level ice; (2) minimum speed astern of 3.0 knots in 0.5 m thick level ice; and (3) the 
turning circle diameter less than 500 m in 0.5 m thick level ice. The level ice capability 
of Tor Viking II was tested in ice fields of two thicknesses, and the test results met the 
above requirements. 

Table 3.1 Main dimensions of Tor Viking II 

Length over all 83.7 m 

Length between perpendiculars  75.2 m 

Breadth, moulded 18.0 m 

Draught, maximum icebreaking 6.5 m 

Deadweight 2,528 ton 

Power output 13.4 MW 

3.2 Forward speed 

In the simulation with a free-running model, the ship’s motion is obtained by solving 
the equations of motion in which the thrust and the global ice load both are identified.
Fig. 3.2 shows a time history of simulated forward speed in 0.6 m thick ice, where the 
ship is moving at full power and the starting forward speed is 4.0 m/s. The speed that 
the ship can attain in 0.6 m thick ice is then determined as 5.68 m/s. As shown in Fig. 
3.3, the total ice forces encountered by the ship consist of a time varying component and 
an almost constant component. The time varying component is due to the continuous 
icebreaking process which is numerically detected, while the constant component is the 
submersion and friction resistance derived from Lindqvist’s formulation (Lindqvist, 
1989). 

 

Fig. 3.2 A simulated time history of the forward speed of the ship, from a starting speed to the full speed 
(in 0.6 m thick ice)  

36  Chapter 3 

The main dimensions of Tor Viking II are presented in Table 3.1. The specification 
values of the vessel in ice are: (1) minimum forward speed of 3.0 knots in 1.0 m thick 
level ice; (2) minimum speed astern of 3.0 knots in 0.5 m thick level ice; and (3) the 
turning circle diameter less than 500 m in 0.5 m thick level ice. The level ice capability 
of Tor Viking II was tested in ice fields of two thicknesses, and the test results met the 
above requirements. 

Table 3.1 Main dimensions of Tor Viking II 

Length over all 83.7 m 

Length between perpendiculars  75.2 m 

Breadth, moulded 18.0 m 

Draught, maximum icebreaking 6.5 m 

Deadweight 2,528 ton 

Power output 13.4 MW 

3.2 Forward speed 

In the simulation with a free-running model, the ship’s motion is obtained by solving 
the equations of motion in which the thrust and the global ice load both are identified.
Fig. 3.2 shows a time history of simulated forward speed in 0.6 m thick ice, where the 
ship is moving at full power and the starting forward speed is 4.0 m/s. The speed that 
the ship can attain in 0.6 m thick ice is then determined as 5.68 m/s. As shown in Fig. 
3.3, the total ice forces encountered by the ship consist of a time varying component and 
an almost constant component. The time varying component is due to the continuous 
icebreaking process which is numerically detected, while the constant component is the 
submersion and friction resistance derived from Lindqvist’s formulation (Lindqvist, 
1989). 

 

Fig. 3.2 A simulated time history of the forward speed of the ship, from a starting speed to the full speed 
(in 0.6 m thick ice)  

36  Chapter 3 

The main dimensions of Tor Viking II are presented in Table 3.1. The specification 
values of the vessel in ice are: (1) minimum forward speed of 3.0 knots in 1.0 m thick 
level ice; (2) minimum speed astern of 3.0 knots in 0.5 m thick level ice; and (3) the 
turning circle diameter less than 500 m in 0.5 m thick level ice. The level ice capability 
of Tor Viking II was tested in ice fields of two thicknesses, and the test results met the 
above requirements. 

Table 3.1 Main dimensions of Tor Viking II 

Length over all 83.7 m 

Length between perpendiculars  75.2 m 

Breadth, moulded 18.0 m 

Draught, maximum icebreaking 6.5 m 

Deadweight 2,528 ton 

Power output 13.4 MW 

3.2 Forward speed 

In the simulation with a free-running model, the ship’s motion is obtained by solving 
the equations of motion in which the thrust and the global ice load both are identified.
Fig. 3.2 shows a time history of simulated forward speed in 0.6 m thick ice, where the 
ship is moving at full power and the starting forward speed is 4.0 m/s. The speed that 
the ship can attain in 0.6 m thick ice is then determined as 5.68 m/s. As shown in Fig. 
3.3, the total ice forces encountered by the ship consist of a time varying component and 
an almost constant component. The time varying component is due to the continuous 
icebreaking process which is numerically detected, while the constant component is the 
submersion and friction resistance derived from Lindqvist’s formulation (Lindqvist, 
1989). 

 

Fig. 3.2 A simulated time history of the forward speed of the ship, from a starting speed to the full speed 
(in 0.6 m thick ice)  



Ship’s Performance in Level Ice                    37

 

Fig. 3.3 A simulated time history of the ice forces encountered in surge direction (in 0.6 m thick ice) 

Ship’s performance in level ice is usually measured by the h-v curve. As shown in Fig. 
3.4, the simulation results agree well with the full-scale measurements (Riska et al., 
2001). It is also found that the forward speed of the ship may be considerably slowed 
down (see e.g. the simulation result in 0.5m or 1.0 m thick ice) due to the occurrence of 
shoulder crushing, as discussed in Section 2.4. In a certain full-scale ice trial, the natural 
variation of ice thickness is inevitable. If a reasonable range of variation is defined, this 
effect can also be included in the simulations.   

Fig. 3.4 Comparison of the h-v curve between the present simulations and the full-scale tests presented by 
Riska et al. (2001) 

3.3 Turning circle 

Fig. 3.5 shows a simulated turning circle in 0.6 m thick ice, where tD  denotes the 
turning circle diameter which is a measure of the ship’s maneuverability in ice. In this 
simulation, the ship starts moving straightly ahead at full power. The rudders are then 
assumed to be turned to the full angle (45º) instantly, and the ship starts turning freely 
with a constant rudder angle. As shown in Fig. 3.6, the forward speed is sharply slowed 
down when the ship starts turning. As compared to Fig. 3.3, the time history of the ice 
forces shown in Fig. 3.7 is quite different, and the mean force is also increased due to 
the continuous crushing at hull shoulder.          
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effect can also be included in the simulations.   

Fig. 3.4 Comparison of the h-v curve between the present simulations and the full-scale tests presented by 
Riska et al. (2001) 

3.3 Turning circle 

Fig. 3.5 shows a simulated turning circle in 0.6 m thick ice, where tD  denotes the 
turning circle diameter which is a measure of the ship’s maneuverability in ice. In this 
simulation, the ship starts moving straightly ahead at full power. The rudders are then 
assumed to be turned to the full angle (45º) instantly, and the ship starts turning freely 
with a constant rudder angle. As shown in Fig. 3.6, the forward speed is sharply slowed 
down when the ship starts turning. As compared to Fig. 3.3, the time history of the ice 
forces shown in Fig. 3.7 is quite different, and the mean force is also increased due to 
the continuous crushing at hull shoulder.          
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Fig. 3.5 A simulated turning circle (in 0.6 m thick ice) 

 

Fig. 3.6 A simulated time history of the forward speed of the ship, from straight going to turning freely 
with a constant rudder angle (in 0.6 m thick ice) 

 

Fig. 3.7 A simulated time history of the ice forces encountered in surge direction, during turning 
operation (in 0.6 m thick ice) 

As shown in Fig. 3.8, the simulated values of turning circle diameter in different ice 
thicknesses are comparable to full-scale measurements. But it is also found that the 
calculated turning circle diameters in thicker ice (e.g. 0.8 m and 0.9 m) deviate from the 
trend established by measurements or simulations. This is attributed to the different 
icebreaking patterns described below. 
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Fig. 3.8 Comparison of the turning circle diameter between the present simulations and the full-scale tests 
presented by Riska et al. (2010) 

3.4 Influence of shoulder crushing on ship’s performance  

As discussed in Section 2.4, the continuous ice crushing at bow shoulder can result in 
the increased breaking ice resistance, and it is found in Section 3.2 that the forward 
speed of the ship may be considerably slowed down due to the occurrence of shoulder 
crushing. In turning operations, this effect is more notable because the aft shoulder can 
also be in contact with ice. 

As shown in Fig. 3.9 and Figs. 3.10 to 3.12, it happens often in both full scale and the 
simulations that only occasionally some ice floes are broken by bending at the aft 
shoulder and sometimes the ice edge is just crushed. The corresponding time histories 
of the heading angle are also shown in Figs. 3.13 to 3.15. It can be clearly seen that the 
simulated turning process is very sensitive to the occurrence of shoulder crushing, and if 
it happens the turning process will be considerably slowed down. In 0.7 m thick ice (as 
shown in Figs. 3.10 and 3.13), shoulder crushing happens intermittently, so a devious 
time history of the heading angle comes up. In 0.9 m thick ice (as shown in Figs. 3.11 
and 3.14), shoulder crushing seldom happens, so the ship has a more rapid turning 
process even than in 0.7 m thick ice. In 1.0 m thick ice (as shown in Figs. 3.12 and 3.15), 
shoulder crushing happens all the time, so the turning process becomes very slow. 

 

Fig. 3.9 Full-scale ship turning in ice 
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Fig. 3.10 Simulated ship turning in 0.7 m thick ice 

 

Fig. 3.11 Simulated ship turning in 0.9 m thick ice 

 

Fig. 3.12 Simulated ship turning in 1.0 m thick ice 
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Fig. 3.13 Simulated time history of the heading angle in 0.7 m thick ice 

 

Fig. 3.14 Simulated time history of the heading angle in 0.9 m thick ice 

 

Fig. 3.15 Simulated time history of the heading angle in 1.0 m thick ice 

Fig. 3.16 shows the simulated turning circle in 0.7 m thick ice. As compared with Fig. 
3.5 (in 0.6 m thick ice), the turning track can not be taken as a circle due to the 
intermittent crushing. During the full-scale ice trials (Riska et al., 2001), the turning 
operations with 3 deg heeling angle were also tested, and the measured turning circle 
diameters in thicker ice also show a deviation from the trend in even keel condition (as 
shown in Fig. 3.8). This may be attributed to the reduced shoulder crushing as it occurs 
in the simulations, but more validation of the data is needed. 
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Fig. 3.16 Simulated turning circle in 0.7 m thick ice 
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Fig. 3.16 Simulated turning circle in 0.7 m thick ice 
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Chapter 4 

Probabilistic and Spatial Distribution of Local Ice 
Loads around the Hull 

A case study with an icebreaking tanker, MT Uikku, is carried out to investigate the 
probabilistic and spatial distribution of local ice loads around the hull. Paper 3 and 
Paper 4 are associated with this chapter. In Paper 3, the origin of the probabilistic 
variation of local ice loads is investigated, by considering the variations in the external 
ice conditions and in the icebreaking processes of the ship. The probabilistic distribution 
of ice-induced peak loads on a frame is then analyzed and compared with field 
measurements. In Paper 4, the simulation results on the spatial distribution of local ice 
loads around the hull are presented.  

4.1 General 

The ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the icebreaking processes of ships. The statistical characteristics of the 
local ice loads on ships have been studied almost exclusively on the basis of full-scale 
measurements. 

MT Uikku (as shown in Fig. 4.1) is a double-hull icebreaking motor tanker that is 
owned by Neste Shipping and Kvaerner Masa-Yard’s joint venture company, Nemarc. 
The main dimensions of MT Uikku are presented in Table 4.1. The ship was 
constructed to meet the standards of the highest Finnish-Swedish Ice Class, IA Super. In 
1998, the hull was strengthened for voyages in the Arctic Sea. After strengthening, the 
hull was stronger than the Finnish-Swedish Ice Class IA Super demands (Kujala et al., 
2009). In 1998, MT Uikku was instrumented to measure the ice loads from different 
parts of the hull during the ARCDEV voyage (Kotisalo and Kujala, 1999). In 2003, 
three voyages were made between the Gulf of Finland and the Bothnian Bay (Hänninen, 
2003), and the statistical characteristics of the ice loads measured on the bow area were 
discussed in Kujala et al. (2009) in which the analyzed data were gathered from the 
sensors that were mounted on frame 196.5 (as shown in Fig. 4.2).  
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A case study with MT Uikku is then carried out by using the simulation program. In this 
study, the thickness and strength properties of the ice encountered by the ship are 
assumed to be constant or randomly generated using the Monte Carlo method. The 
statistical data on the strength properties of Baltic Sea ice (as introduced in Section 2.5) 
are applied in this simulation. The ice-induced frame loads (see e.g. Fig. 4.2) are 
analyzed using the line load on the frame. This is obtained by dividing the normal force 
on the frame by the frame spacing (0.35 m), the units are thus in kN/m. As shown in Fig. 
4.3, a frame on the bow area (frame 196.5) and another frame on the bow shoulder area 
(frame 175.5) are selected for the comparison between the simulation results and the 
field measurements obtained by Kotisalo and Kujala (1999) and Hänninen (2003).  

 

Fig. 4.1 Icebreaking tanker MT Uikku (personal.inet.fi/koti/jaakko.vahala) 

Table 4.1 Main dimensions of MT Uikku 

Length over all 164.4 m 

Length between perpendiculars  150.0 m 

Breadth, moulded 22.2 m 

Draught 12.0 m 

Deadweight 15,750 ton 

Power output 11.4 MW 

 

 

Fig. 4.2 A side view of MT Uikku (bow area) 
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study, the thickness and strength properties of the ice encountered by the ship are 
assumed to be constant or randomly generated using the Monte Carlo method. The 
statistical data on the strength properties of Baltic Sea ice (as introduced in Section 2.5) 
are applied in this simulation. The ice-induced frame loads (see e.g. Fig. 4.2) are 
analyzed using the line load on the frame. This is obtained by dividing the normal force 
on the frame by the frame spacing (0.35 m), the units are thus in kN/m. As shown in Fig. 
4.3, a frame on the bow area (frame 196.5) and another frame on the bow shoulder area 
(frame 175.5) are selected for the comparison between the simulation results and the 
field measurements obtained by Kotisalo and Kujala (1999) and Hänninen (2003).  
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Fig. 4.3 Two frames selected for the comparison between the simulation results and field measurements 

It should be noted that the submersion and sliding processes of the broken ice are not 
simulated by this numerical method. The effects of the submersion and sliding 
processes on the global ice loads are derived from Lindqvist’s formulation, in which the 
bow is assumed to be completely covered by ice, and the bottom is covered for 70% of 
the length of the ship (Lindqvist (1989)). If the calculated submersion and friction 
resistance (less than 1000 kN) is divided evenly among all frames (the frame spacing is 
350 mm, as shown in Fig. 4.2), the load value for each frame will be less than 5 kN. 
Therefore, it is assumed that the ice-induced frame loads, especially the peak loads on 
the frame, are primarily determined by the icebreaking process. 

4.2 Probabilistic distribution of ice-induced frame loads   

The origin of the probabilistic variation in ice loading has been attributed earlier to the 
variations in the ice types and ice properties. In the following simulations, the level ice 
with uniform and varying properties is considered while other ice types (e.g. ice ridge 
and brash ice) are not taken into account.  

4.2.1 Simulation in uniform ice conditions 

In this section, the thickness and strength properties of the ice that is encountered by the 
ship are assumed to be constant during an icebreaking run. 

Fig. 4.4 shows the 10-min time histories of the calculated ice loads on frame 196.5, 
which consists of six icebreaking runs in which different constant values for the ice 
thickness (0.30 to 0.40 m) are simulated. The simulated frame loads are very sensitive 
to the given ice thickness. This result is not unexpected because it is concluded in Paper 
1 that the simulated icebreaking pattern is very sensitive to the ice thickness. Under 
certain ice conditions, it is possible that the specified frame is never in contact with the 
ice during the relevant icebreaking pattern. Thus, as shown in Fig. 4.4, the ice loads can 
maintain a value of zero during the entire icebreaking run. 

Fig. 4.5 shows three icebreaking runs that are simulated with different thrusts, and the 
calculated mean values of ship speed varied between 2.90 and 5.67 m/s. The simulated 
frame loads are also sensitive to the motion of the ship because the icebreaking pattern 
is also dependent on the relative velocity between the hull and the ice wedges that are in 
contact. 
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Fig. 4.4 Time histories of the simulated ice loads on frame 196.5 with different constant values of the ice 
thickness (h) 

 

Fig. 4.5 Time histories of the simulated ice loads on frame 196.5 with different mean values of ship speed 
(dependent on the given thrust) 
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Individual ice loads need to be separated when studying the time histories of ice loads. 
The Rayleigh separation method (as introduced in Vuorio et al. (1979) and Kujala et al. 
(2009)) is used in this study to collect the peak loads within a certain time interval. Fig. 
4.6 shows the occurrence frequency of the peak loads as a function of the ice thickness, 
where the frequency is calculated by dividing the number of peaks by the time interval 
(10 min). As shown in this figure, the frequency of the peak loads can vary from 0 to 
about 2 Hz due to a small variation in the ice thickness, and it is uncertain whether this 
frequency will increase or decrease. This is because a small change of both the ice 
conditions and the motion of the ship can lead to a chain of changes in the icebreaking 
patterns around the hull, which may totally change the locations of the contact zones (as 
shown in Fig. 2.3).  

 

Fig. 4.6 Frequency of the simulated peak loads on frame 196.5 as a function of the ice thickness (h) 

 

Fig. 4.7 Distributions of the simulated peak loads on frame 196.5 with different constant values of the ice 
thickness (h) 
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Fig. 4.7 shows the distributions of the peak loads which are plotted in the form of 
histogram. It is found that the simulated peak loads are scattered although the external 
ice conditions are fixed. This is attributed to the variation in the contact and icebreaking 
patterns. The contact and icebreaking patterns are determined by the interaction between 
ship and ice, which is a continuously varying process and can increase the variation of 
ice-induced frame loads. 

4.2.2 Simulation in randomly varying ice conditions 

In this section, the thickness and strength properties of the ice that is encountered by the 
ship are randomized along the route. The statistical data that are applied in this study are 
presented in Table 4.2. 

Table 4.2 Statistical data on the ice properties 

 Mean  Std.   

Ice thickness 0.340 m  0.109 m 

Ice crushing strength 2.30 MPa 0.65 MPa 

Ice flexural strength 0.58 MPa 0.11 MPa 

In Kujala et al. (2009), the exponential, gamma and Weibull distributions were fitted to 
the measured peak loads on frame 196.5, and it was found that the Weibull distribution 
with a shape factor of 0.75 gave the best fit to the measured statistical distributions. In 
this study, the distributions of the simulated peak loads on the same frame are then 
analyzed using the Weibull probabilistic model. 

The cumulative distribution function of the 2-Parameter Weibull distribution is given by: 

( ) 1 exp / kF x x     (4.1) 

where k  is the shape factor and  is the scale factor of the distribution. 

Fig. 4.8 shows the fitted distributions to the simulated peak loads (recorded in a period 
of 12 hours), where ix  are the ordered values of peak loads ( ix =1, 2, 3… kN/m); iF  are 
the cumulative probabilities of ix ; ln()  is the natural logarithm function. If ix  exactly 
follow a Weilbull distribution, the ln( ln(1 ))iF  versus ln( )ix  plot should be a straight 
line with a slope equal to the shape factor of Weibull distribution. As shown in this 
figure, the Weibull distribution (shape factor k  = 0.75) which was found to give the 
best fit to the measured data can also be fitted to the simulation results. But, it seems 
that a smaller shape factor is better fitted for the low peak loads and a bigger shape 
factor is better fitted for the high peak loads. 
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Fig. 4.8 Distributions of the simulated peak loads (recorded in a period of 12 hours) on frame 196.5 and 
fitted probability distributions by using the Weibull model 

In this simulation, the thickness and strength properties of the ice are randomized by the 
normal distribution, while the simulated peak loads on a frame are found to 
approximately fit a Weibull distribution. This is because there is an internal source of 
the probabilistic variation in ice loading due to the icebreaking processes of the ship, 
other than the external ice conditions. 

Fig. 4.9 shows the variation of the contact between frame 196.5 and the ice in a period 
of 10 min. Herein the contact length is the load length within the frame area, and the 
variation of the contact length is attributed to the time varying icebreaking process of 
the ship. The frame spacing is 0.35 m on the bow area of MT Uikku. So, it means that 
the frame is fully in contact with ice when the contact length equals to 0.35 m. 

Fig. 4.10 shows a 10-min time history of the ice loads simulated in a randomly varying 
ice condition. The load peaks are separated in two groups, where the peaks indicated by 
red squares are in accordance with full contact while the peaks indicated by green 
squares are in accordance with varying contact length. 

Fig. 4.11 shows the probabilistic distribution of simulated peak loads (recorded in a 
period of 12 hours), where iP  are the occurrence percentages of the peak loads that are 
varying from 1i -x  to ix . In the situation that the frame is fully in contact with ice, the 
distribution of simulated peak loads is dominated by the variations in the thickness and 
strength properties of the ice which are assumed to be normally distributed along the 
route. As a whole, it is dependent on the variations in both the external variables and the 
contact and icebreaking patterns, which results in the different distributions between the 
low peak loads and the high peak loads shown in Fig. 4.8. 
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period of 12 hours), where iP  are the occurrence percentages of the peak loads that are 
varying from 1i -x  to ix . In the situation that the frame is fully in contact with ice, the 
distribution of simulated peak loads is dominated by the variations in the thickness and 
strength properties of the ice which are assumed to be normally distributed along the 
route. As a whole, it is dependent on the variations in both the external variables and the 
contact and icebreaking patterns, which results in the different distributions between the 
low peak loads and the high peak loads shown in Fig. 4.8. 
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Fig. 4.9 Time varying contact length between frame 196.5 and the ice (average ice thickness: 0.34 m) 

 

Fig. 4.10 A 10-min history and separated peak values of the ice loads simulated in a randomly varying ice 
condition (average ice thickness: 0.34 m) 

Fig. 4.11 Probabilistic distribution of the simulated peak loads (recorded in a period of 12 hours) on frame 
196.5 with varying or full contact 

4.2.3 Comparison with field measurements 

Fig. 4.12 shows a 10-min time history of simulated ice loads on frame 196.5, where the 
ice properties were randomly sampled along the route, the average ice thickness is 0.125 
m (with a standard deviation of 0.0625 m), and the average ship speed is 5.43 m/s. The 
simulated ice loading process has a clear stochastic nature due to variations in the ice 
conditions and in the contact and icebreaking patterns. Fig. 4.13 shows a 10-min time 
history of measured ice loads on frame 196.5, where the measurement was performed 
during the ARCDEV voyage (Kotisalo and Kujala, 1999) under various ice conditions. 
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As shown by these two figures, the simulated ice loading history is comparable to the 
measurements even though the actual ice conditions in-service may be much more 
complex than the level ice (with varying thickness and strength properties) simulated 
here. 

Fig. 4.14 shows an example of the distribution of measured peak loads on frame 196.5, 
which is plotted in the form of logarithmic histogram (data from Hänninen (2003)). This 
measurement was performed in a thin level ice condition, where the average ice 
thickness is 0.125 m, the average ship speed is 5.55 m/s, and the time interval is 10 min. 
The same scenario is applied to the simulations. Fig. 4.15 shows the distribution of 
simulated peak loads on frame 196.5, which are obtained from three simulated 
icebreaking runs. As shown by these two figures, the simulated distribution form is 
similar to the measured one, except for the very low peak loads (less than 40 kN/m). 
This is because in field measurements numerous of small peaks might be induced by the 
electronic noise, open water and brash ice (Kujala et al., 2009), which are not included 
in the simulated frame loads. It is found that the simulated maximum ice loads in the 
10-min time interval are comparable to the measured value, and the variation of 
simulated load maxima is due to the scatter of sampled ice properties and the variation 
in the contact and icebreaking patterns. More simulation samples are thus needed for the 
statistical analysis of the maximum ice load within a certain period (as described in 
paper 5).       

 

Fig. 4.12 A 10-min time history of simulated ice loads on frame 196.5 (average ice thickness: 0.125 m, 
average ship speed: 5.43 m/s) 

 

Fig. 4.13 A 10-min time history of measured ice loads on frame 196.5 (reproduced from Kotisalo and 
Kujala (1999), different types of ice conditions) 
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Fig. 4.14 Distribution of the peak loads on frame 196.5, measured in a 10 min full-scale trial (data from 
Hänninen (2003), average ice thickness: 0.125 m) 

         

Fig. 4.15 Distribution of the peak loads on frame 196.5, obtained from three simulated icebreaking runs 
(average ice thickness: 0.125 m) 
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4.3 Spatial distribution of local ice loads around the hull 

The origins of ice loads on different hull areas are different. When the ship proceeds 
straight ahead, only the bow waterline is breaking ice. Other areas of the hull encounter 
hits from broken ice pieces. The midship and aft areas can break ice when the ship is 
maneuvering (e.g. turning) or going astern. As the ice loads on different hull areas are of 
different origins, it is clear that the magnitudes of the loads are also different. This is 
taken into account in most ice rules by dividing the ship hull into regions and giving so 
called hull area factor for each region. 

In FSICR the ship hull is divided into forward, midship and aft regions, among which 
the forward region (bow) has the highest hull area factor (i.e. 1.0). This is because the 
dominant operational mode of a ship is moving straight ahead. Accordingly the long-
term ice loads at the bow should be considerably higher than the short-term ice loads. 
The load level defined in the ice rules of course need to reflect the long-term ice loads. 
But it has been suggested by the model tests (Izumiyama, 2006) and numerical 
calculations (Valanto, 2007) that in turning operation the ice loads at aft shoulder are 
pronounced and may be higher than at the bow area. Thus for the aft shoulder, the safety 
reserve in the ice rules may be lower than elsewhere. Information on the spatial 
distribution of local ice loads around the hull can thus be used for more reliable design 
of the ship which is intended to have a good turning ability in ice.  

As shown in Fig. 4.16, thirty frames on different hull areas of MT Uikku are selected at 
10 m intervals, the frame spacing is assumed to be same and equal to 0.35 m on each 
hull area. The spatial distribution of local ice loads is then investigated in both straight 
going and turning operations.  

Figs. 4.17 and 4.18 show the simulated time histories of the ice-induced frame loads on 
two different hull areas when the ship is turning with a 30º steering angle (of the Azipod 
propulsion system). Since the spatial distribution of local ice loads around the hull is 
investigated in this simulation, the thickness and strength properties of the ice are thus 
assumed to be uniform. The frame in Fig. 4.17 is at the bow, the simulated ice loads on 
bow frames are similar in both straight going and turning operations. As shown in Fig. 
4.17, the simulated ice loading process consists of numerous short duration spike-like 
peaks. It is quite similar to the normal pattern of local ice loads obtained from full-scale 
trials which are usually performed in straight going mode. The frame in Fig. 4.18 is at 
aft shoulder, where the ice loading history is quite different from the bow frames. This 
is because the frame at aft shoulder is close to vertical, accordingly the ice edge in the 
outside of the turning circle (the starboard side shown in Fig. 4.16) can be continuously 
crushed by the aft shoulder without bending failure. In this situation, the band-like load 
peaks may occur, and the mean ice load may increase considerably. It should be noted 
that the mean ice load may be overestimated, as the buckling or shearing failure of the 
ice is neglected in this simulation while it occasionally takes place in practice. 
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The peak values with a non-exceedance probability of 99% (refer to Izumiyama et al. 
(2005)) and the time averages (mean ice loads) are then derived from the ice loading 
histories. Fig. 4.19 shows the spatial distribution of simulated peak loads on frames 
around the hull. Three different steering angles (5, 15 and 30 deg) are used for the 
simulation of turning operations, all of them can result in high loads at aft shoulder, 
which means the aft shoulder of MT Uikku may be equally or even more vulnerable to 
ice damage as compared to frames on the bow area, when this ship is turning in a 
considerably severe ice condition. It is also found that the steering angle has only a 
slight influence on the magnitude of high peak load at the aft shoulder, while it has a 
significant influence on the number of frames which are under this high load level. Fig. 
4.20 shows the spatial distribution of simulated mean ice loads on frames around the 
hull. Herein the steering angle has a significant influence on the magnitude of the mean 
ice load at aft shoulder, and this magnitude can be much higher than that at the bow. It 
means that in turning operations the aft shoulder of MT Uikku may encounter much 
heavier turning resistance as compared with the bow area.          

 

Fig. 4.16 Numbering of the frames on different hull areas of MT Uikku  

 

Fig. 4.17 A simulated time history of the local ice loads on frame 13 (uniform ice thickness: 0.34 m, 
steering angle: 30 deg) 

 

Fig. 4.18 A simulated time history of the local ice loads on frame 5 (uniform ice thickness: 0.34 m, 
steering angle: 30 deg) 
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Fig. 4.19 Spatial distribution of simulated peak loads around the hull (uniform ice thickness: 0.34 m) 

 

Fig. 4.20 Spatial distribution of simulated mean ice loads around the hull (uniform ice thickness: 0.34 m)  

The spatial distribution of both peak loads and mean loads analyzed above are 
dependent on the different frame angles around the hull, as well as the shape of ship 
waterline. MT Uikku is an icebreaking tanker which has a larger length to beam ratio 
than conventional icebreaking ships (e.g. Tor Viking II). This hull form may develop 
high loads at aft shoulder. In a straight going test, e.g. the ARCDEV voyage in the Kara 
Sea (Kotisalo and Kujala, 1999), the measured load maximum at bow shoulder was 
about 50% higher than at the bow. As shown in Fig. 4.19 (frames 13 to 15, and frames 
16 to 18), the simulated variation is quite close to this value. It can be expected that 
most other ice types, than the level ice simulated here, existing in the field would cause 
a similar load distribution form along the hull, even if the actual magnitude of the ice 
loads may be very different (Valanto, 2007). It is expensive and technically difficult to 
perform the ice load measurements around a wide hull area (such as that shown in Fig. 
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Chapter 5 

Short-Term Distribution of Maximum Ice Loads on a 
Frame 

A case study with a chemical tanker, MS Kemira, is carried out to investigate the short-
term distribution of maximum ice loads on a frame. In Paper 5, the correlation between 
the distribution of simulated load maxima and the ice thickness is analyzed. A potential 
way to evaluate the long-term ice load statistics based on short-term simulations is 
introduced.  

5.1 General 

Ice conditions and ship operations in ice vary in the short term from voyage to voyage 
and in the long term from winter to winter. Long-term ice load measurements conducted 
in the Baltic Sea consist mainly of 12-hour load maxima which are gathered during the 
normal operation of the ship over several years. 

In this study, the full-scale measurements onboard MS Kemira (as shown in Fig. 5.1) 
are taken as reference. The main dimensions of MS Kemira are presented in Table 5.1. 
A detailed description of the full-scale measurements during the winters from 1985 to 
1988 is given in Kujala (1989). In this report, the operation profile of the ship and the 
prevailing ice conditions are also summarized. The thickness values of the ice 
encountered by the ship are grouped in 9 classes: (1) 0.01 – 0.02 m; (2) 0.03 – 0.06 m; 
(3) 0.07 – 0.12 m; (4) 0.13 – 0.20 m; (5) 0.21 – 0.30 m; (6) 0.31 – 0.42 m; (7) 0.43 – 
0.56 m; (8) 0.57 – 0.72 m; (9) > 0.73 m. 

 

Fig. 5.1 Chemical tanker MS Kemira (www.flickr.com) 
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During the full-scale measurements, the actual ice conditions may include all possible 
variants of ice features within a 12 hours’ voyage. In this numerical study, a number of 
10-min voyages are simulated and the icebreaking loads on frame 127 are gathered. 
Within each voyage, the strength properties of the ice are assumed to be normally 
distributed along the route (as introduced in Section 2.5), the ice thickness is assumed to 
be uniformly or normally distributed. The 12-hour maximum load in a certain ice 
condition is then evaluated by fitting a Gumbel I asymptotic extreme value distribution 
(see e.g. Fig. 1.7) to the simulated 10-min load maxima. 

Table 5.1 Main dimensions of MS Kemira 

Length over all 112.7 m 

Length between perpendiculars  105.0 m 

Breadth, moulded 17.5 m 

Draught, service 6.6 m 

Deadweight 8,145 ton 

Power output 3.384 MW 

5.2 Short-term distribution of simulated load maxima 

Figs. 5.2 and 5.3 show the simulation results in the ice where the thickness is assumed 
to be normally distributed along the route. The specified mean value of the ice thickness, 

hm , is 0.165 m, and the analysis is carried out with different values of the standard 
deviation, h . As shown in Fig. 5.2, the Gumbel I distribution is well fitted to the 
simulated 10-min load maxima, w , with a given h . A mean value of measured 12-
hour load maxima in the level ice assigned to ice thickness class 4 (0.13 – 0.20 m) is 
shown in Fig. 5.3 (data from Kujala (1989), with few data points recorded under level 
ice condition). It can be expected that if a reasonable variance of the ice thickness is 
defined, the simulation results can be used for a preliminary estimation of the maximum 
ice loads within a 12 hours’ voyage in level ice. 

 

Fig. 5.2 Cumulative distribution of simulated 10-min load maxima, as plotted on Gumbel paper (average 
ice thickness: 0.165 m, number of samples: 72) 
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Fig. 5.3 Cumulative distribution of simulated 10-min load maxima, which is plotted as a function of the 
return period (average ice thickness: 0.165 m) 

5.3 Correlation between the distribution of load maxima and the ice 
thickness 

Fig. 5.4 shows the simulation results in the ice where the thickness is assumed to be 
uniformly distributed along the route. The Gumbel I distribution is fitted to the 
simulated 10-min load maxima, within each ice thickness class (except for class 8 and 
class 9, as the maximum icebreaking capacity of MS Kemira is about 0.5 m): 
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where the parameters ic  and iu  are related to the mean value, w , and coefficient of 
variation, k , of w :  
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where  is Euler’s constant, 0.577. The cumulative distribution function given in Eq. 
(5.1) is defined as conditional because the parameters ic  and iu  are correlated with the 
classified ice thickness, ih .  

As shown in Fig. 5.5, the correlation between ic , iu  and ih  can be determined by an 
approximate linear or quadratic regression. The conditional cumulative distribution 
function can then be translated into: 
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where the parameters ck , ,1uk  and ,2uk  are determined from Fig. 5.5. It should be noted 
that these parameters are dependent on the hull shape and the frame angle. The assumed 
correlation in Fig. 5.5 is fit for a specified frame on a specified ship hull, herein further 
validations are needed. 

The final cumulative distribution function of w  can be obtained by integrating the 
conditional cumulative distribution function over the relevant statistics of ih : 
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where ( )
iH if h  is the probability density function of ih , maxh  represents the maximum 

icebreaking capacity of the ship. 

Fig. 5.4 Fitted Gumbel distribution to the simulated 10-min load maxima within each ice thickness class

Fig. 5.5 Parameters of fitted Gumbel distribution as a function of the classified ice thickness 
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The empirical studies (e.g. Kujala, 1994) have shown that the best correlation between 
measured winter maximum ice load values and prevailing ice conditions is obtained 
when the equivalent level ice thickness is used to describe the annual ice conditions 
instead of parameters such as the maximum ice extent, fast or pack ice thickness. In 
view of this, Eq. (5.5) indicates a potential way to evaluate the long-term ice load 
statistics based on short-term simulations.
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Chapter 6 

Conclusions and Recommendations for Future Work 

6.1 Conclusions 

The present thesis focuses on a numerical model for simulating ice–hull interaction and 
ship maneuvers in level ice. This model is partly based on the empirical data, by which 
the observed phenomena of continuous icebreaking can be reproduced. In the simulation 
of a full-scale icebreaking run, the interdependence between the ice load and the ship’s 
motion is considered, and the three degree-of-freedom rigid body equations of surge, 
sway and yaw are solved by numerical integration. The thickness and strength 
properties of the ice encountered by the ship are assumed to be constant or predefined 
based on the statistical data. Accordingly the global and local ice loads on ship hulls can 
be obtained in a deterministic or probabilistic way.  

As far as we know the present numerical model is the first one to deal with multiple 
subjects including the ice–hull interaction, the overall performance of icebreaking ships 
and the statistics of local ice loads around the hull. The simulation results are discussed 
through three case studies, in which three ships in service are modeled and the 
corresponding field data are used for comparison. While field measurements will 
continue to be important in understanding the ice actions on ships, numerical methods 
can provide useful information, since they can be easily used to study the effect of 
different parameters.  

The main contributions of the present work are summarized as follows:       

1) The full-scale icebreaking process in level ice is continuously reproduced by 
considering the interdependence between the ice load and the ship’s motion. The 
computation time and the accuracy can be effectively controlled by adjusting the 
discretization size of the ice and the time step length. The simulated icebreaking 
resistance is comparable to the empirical estimate and it is found that the 
occurrence of shoulder crushing can result in the increased resistance. Herein, 
the occurrence and the extent of shoulder crushing are determined by the 
geometry of simulated icebreaking pattern which is dependent on the ice 
condition (especially the ice thickness), the hull shape and the ship’s motion. It 
is also observed in full-scale tests that sometimes the ice edge is just crushed by 
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hull shoulder without bending failure, but it is difficult to learn about its actual 
effect on ice resistance and ship’s performance. In this respect, the present 
numerical method can provide some complementary information on that.  

2) The global ice load encountered by the ship is obtained as an integrated value of 
local ice loads around the hull. The global ice load effects on ship’s performance 
are investigated in both straight going and turning operations. The calculated 
speed that the ship can attain in ice and the turning circle diameter agree well 
with full-scale measurements. It is found that the forward speed of the ship can 
be considerably slowed down due to the occurrence of shoulder crushing. In 
turning operations, this effect is more notable because the aft shoulder can also 
be in contact with ice. It happens often in both full scale and the simulations that 
only occasionally some ice floes are broken by bending at aft shoulder and 
sometimes the ice edge is just crushed. The simulation results to a certain extent 
reflect the complexity of icebreaking process and the influence of an alternative 
hull shape on ship’s maneuvering performance in ice. 

3) A randomly varying ice condition is considered in the numerical simulation of 
ice–hull interaction. The thickness and strength properties of the ice encountered 
by the ship can be predefined based on the statistical data and the Monte Carlo 
method. The origin of the probabilistic variation of local ice loads is investigated, 
by considering the variations in the external ice conditions and in the 
icebreaking processes of the ship.  

4) The probabilistic distribution of ice-induced peak loads on a frame is analyzed 
referring to field measurements. It is found that the Weibull distribution which is 
found to give the best fit to the measured data can also be fitted to the simulation 
results, with a smaller shape factor better fitted for the low peak loads and a 
bigger shape factor better fitted for the high peak loads. This is because the 
distribution of high peak loads is dominated by the variations in the thickness 
and strength properties of the ice which are assumed to be normally distributed 
along the route, while the distribution of low peak loads is dominated by the 
variation of icebreaking patterns which may change the contact length between a 
given frame and the ice edge from zero to the whole frame spacing.   

5) The spatial distribution of local ice loads around the hull is investigated in both 
straight going and turning operations. The simulation results agree with previous 
experimental and numerical studies, that the turning operation may develop a 
high load level on the aft shoulder area. It is also found that the aft shoulder may 
encounter much heavier turning resistance as compared with the bow area. This 
is dependent on the different frame angles around the hull, as well as the shape 
of waterline. It can be expected that this hull form with a larger length to beam 
ratio than conventional icebreaking ships may develop high loads at aft shoulder. 
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Information on the distributions of local ice loads around the hull can be used for 
more effective design of ice-going ships both in terms of overall operation and 
from the structural point of view. It is expensive and technically difficult to 
perform the full-scale ice load measurements around a wide hull area. The 
present numerical method can thus compensate the shortage of field data.  

6) For the first time, a preliminary way to evaluate the long-term ice load statistics 
based on short-term simulations is proposed. The Gumbel I asymptotic extreme 
value distribution is fitted to the simulated 10-min load maxima under a 
predefined ice condition referring to field measurements and the statistical data 
on the strength properties of Baltic Sea ice. The correlation between the 
distribution of simulated load maxima and the ice thickness is summarized, and 
the long-term cumulative distribution can thus be obtained by the integration 
over the long-term statistics of ice thickness. 

In brief, a new numerical method is developed and applied in this thesis to predict both 
global and local ice loads on ship structures. It is demonstrated that this method can 
supplement field and laboratory measurements by providing more detailed information 
about the following issues: 

1) The continuous icebreaking process and its effect on ice resistance and ship’s 
performance: the occurrence of shoulder crushing can result in the increased ice 
resistance and impair ship’s performance. 

2) The origin of the probabilistic variation of local ice loads: the variation in the 
contact and icebreaking patterns is found to be an internal factor, other than the 
external ice conditions. 

3) The spatial distribution of local ice loads around the hull: the turning operation 
may develop a high load level on the aft shoulder area. 

4) The correlation between the short-term distribution of maximum ice loads on a 
frame and the ice thickness: a reasonable correlation is found and the long-term 
cumulative distribution can be obtained by the integration over the long-term 
statistics of ice thickness.         

6.2 Recommendations for future work 

In this section, several considerations which are of interest and of importance in relation 
to the present thesis are presented. However, they are not conducted due to the time 
constraints. These may be the subjects for future studies: 

1) Empirical data are used in the present numerical model to estimate the bearing 
capacity and the breaking length of a floating ice sheet. Empirical models for 
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6.2 Recommendations for future work 

In this section, several considerations which are of interest and of importance in relation 
to the present thesis are presented. However, they are not conducted due to the time 
constraints. These may be the subjects for future studies: 

1) Empirical data are used in the present numerical model to estimate the bearing 
capacity and the breaking length of a floating ice sheet. Empirical models for 
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these predictions are usually the very simplified ones which assume that the ice 
structure acts as an elastic, homogeneous, isotropic plate on an elastic 
foundation, while other models (e.g. FEM model) tend to bring more 
uncertainties on the ice properties, fracture criterion, fluid–ice interaction (see 
e.g. Sawamura et al. (2008)), and so on. Further studies on these issues would be 
beneficial to improve the modeling of ice–hull interaction. 

2) In the present numerical model, the ice is assumed to be uniformly crushed on 
the contact surface, and a constant ice pressure (i.e. effective ice crushing 
strength) is used to calculate the contact force between ice and hull. If relevant 
data are provided, the pressure–area relationship can easily be considered in 
refining the ice loading process.  

3) The present numerical model focuses on the icebreaking process. The effects of 
the submersion and sliding of broken ice on the global ice load are derived from 
Lindqvist’s formulation, while their effects on the local ice load are not taken 
into account. Due to the complexity of fluid–ice interaction, it is difficult for a 
simulation program to exactly detect the flow of individual ice pieces after they 
are broken from the ice edge. Specialized model tests would help to get a better 
understanding of that. 

4) Heave, roll and pitch motions of the ship are not taken into account in the 
present simulation. An improved simulation program including 6DOF ship 
motions, is now under development at CeSOS. 

5) Spatial correlation of the thickness and strength properties of the ice along the 
route and the correlation between different ice properties are not considered in 
predefining a random ice field. This can easily be taken into account if the 
relevant information is provided.  

6) Station-keeping of a moored ship in drifting level ice is also of interest, a case 
study has been carried out by using the simulation program and considering a 
heading controller (Zhou et al., 2011). Further work would be done on these 
issues. In addition, the influence of different hull shapes on ship’s performance 
and on the distribution of local ice loads around the hull, the thrust or propulsion 
efficiency in ice and the different maneuvering methods are not discussed in the 
present thesis. These issues remain for further analysis.    
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1. Introduction

Ship operations in ice infested waters have increased significantly
in the last decades due to the increased hydrocarbon exploration and
exploitation as well as ship transport in the arctic region. Parallel
developments have resulted in a suite of engineering tools for ice-
worthy ship performance evaluation at the design stage, although
present methods are subjected to significant uncertainty.

A typical operating scenario of interest for an ice region would
require the ship to maintain a reasonable speed in the level ice of a
certain thickness, and to be assured of making progress in much
thicker ice. In practice, the ship must also be able to operate in snow-
covered ice, and to transit certain ridge and rubble configurations.
Furthermore, the ship must have a verifiable turning ability in the
specified ice conditions (Kim et al., 2005).

Above all, ship performance in level ice is of most concern, and
usually measured by ice thickness–ship velocity curve (h–v curve).
The h–v curve is usually determined from full-scale trials and model
tests. In early design, some empirical formulas for the calculation of
ice resistance and ship propulsion can be used to give a direct figure of
h–v curve. The purpose of this paper is to establish a numerical
method partly based on empirical data to simulate both the
continuous-mode icebreaking and ship motions. Then the ice
thickness–ship velocity curve as well as the time series of ice forces
is obtained. Finally, the numerical results of a real icebreaker AHTS/IB
Tor Viking II are discussed and compared with measured data (Riska
et al., 2001).

2. Simulation of icebreaking pattern

2.1. Review

The resistance encountered by a ship transitting a level sheet of ice
depends primarily on the processes, by which its hull breaks and
displaces ice. First, when the ice sheet contacts the hull, crushing
happens. The crushing force will keep growing with an increasing
contact area until its vertical component is great enough to cause a
bending failure of ice. After the ice floes have been broken from the ice
sheet, the advance of ship forces them to turn on edge until parallel
with the hull. Then, the floes will become submerged and slide along
the hull until they cannot maintain contact with the hull. In some hull
zones, typically at the stem and at the shoulders which have large
slope angles (almost vertical), crushing may be the only failure mode
(Lindqvist, 1989). This can lead to a significant ice resistance.

Early research on level ice resistance was usually carried out based
on this break-displace process (see e.g. Fig. 1). Although it may be
questionable (Enkvist et al., 1979), most of the ice resistance formulas
were established on this assumption (e.g. Enkvist, 1972; Lewis et al.,
1982; Lindqvist, 1989).

In an attempt to simulate continuous icebreaking pattern and real-
time ice forces, Izumiyama et al. (1992) proposed a simulation
strategy for the force of an advancing level ice acting on a fixed cone
structure. The ice failure model was based on the plastic limit theory,
and the size of the broken ice floes was randomly generated from an
assumed normal distribution which was observed from the model
tests. Wang (2001) followed a similar strategy, and the ice-cone
interaction was simulated computationally by a geometric grid
method based on the mechanical ice failure model, which was
derived from the empirical formula proposed by Kashtelian (given by
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Kerr, 1975) and calculations by Varsta (1983). Nguyen et al. (2009)
have applied this derived ice failure model to ice-ship interaction.
Sawamura et al. (2008) simulated the dynamic response of floating
ice due to a rapid forcing and obtained the bending behaviour of
floating ice, then they proposed a continuous contact procedure to
calculate the repetitive ice forces.

In this paper, the continuous-mode icebreaking is simulated by
using an ice failure model similar to that derived in Wang (2001).
However a more refined contact procedure is introduced herein,
because we need to solve the coupling problem between ice forces
and ship motions, while Wang (2001) only considered a stationary
rotational symmetric structure.

2.2. Contact area

The 2D ship hull and ice edge are discretized into a number of
nodes in the established simulation program. As shown in Fig. 2, the
discretized ship hull is a closed polygon. At each time step, the
program will collect the ice nodes which are inside this hull polygon.
Then, every contact zone can be found. To check the ice node whether
it is inside the hull polygon, some effective computer geometric tools
are adopted. The detailed algorithm can be found in Schneider and
Eberly (2002).

Ice wedges involved in the break-displace process are determined
by the bending cracks, which are idealized and described by a single
parameter, i.e. icebreaking radius. The icebreaking radius is found by
the expression given in Wang (2001) (based on information from
Enkvist, 1972; and Varsta, 1983):

R = Cllð1:0 + Cvv
rel
n Þ ð1Þ

where, vnrel is the relative normal velocity between ice and hull node; Cl
and Cv are empirical parameters, Cl has a positive value and Cv has a

negative value, both of them are tunable in the simulation program; l
is the characteristic length of ice:

l =
Eh3i

12ð1−ν2Þρwg

 !1
4

: ð2Þ

As shown in Fig. 3, the ice wedge is idealized and determined by
the interpolation of icebreaking radius at the first and last contact
nodes (i.e. Rf and Rl), the opening angle of ice wedge is marked as θ.
The contact zone is discretized by a number of triangles (the red
marked triangles shown in Fig. 3) based on the hull nodes involved in
contact. Then the contact area can be calculated as discussed below.

To calculate every contact area, we assume that the contact surface
between hull and ice is flat. This implies that two cases must be
considered. As shown in Fig. 4, Lh is calculated from the distance
between adjacent hull nodes, Lc is calculated from the distance
between the contacting ice nodes and hull nodes, φ is the slope angle
of ship hull, hi is ice thickness.

Case 1. Lc⁎ tan(φ)≤hi

Ac =
1
2
Lh

Lc
cosðφÞ : ð3Þ

Case 2. Lc⁎ tan(φ)Nhi

Ac =
1
2

Lh + Lh
Lc−hi = tanðφÞ

Lc

� �
hi

sinðφÞ: ð4Þ

2.3. Crushing force

Before bending failure, we assume that ice is just crushed on the
contact surface, crushing force Fcr is normal to the contact surface and
determined by the ice crushing strength σc (the mean value of
crushing pressure, refer to Kujala, 1994) and contact area Ac:

Fcr = σcAc: ð5Þ

As shown in Fig. 5, the crushing force has a horizontal component
FH and vertical component FV. Here, the frictional force is taken into
account, which also has a horizontal component fH and vertical
component fV. To determine each component of frictional force, we
assume that there is no vertical displacement of the ice wedge before
bending failure. So, fH is proportional to the relative velocity
component vt

rel and fV is proportional to the relative velocity
component vn,1rel (denoted as the red lines shown in Fig. 5):

fH = μiFcrv
rel
t =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvrelt Þ2 + ðvreln;1Þ2

q
ð6Þ

fV = μiFcrv
rel
n;1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvrelt Þ2 + ðvreln;1Þ2

q
ð7Þ

FH = Fcr sinðφÞ + fV cosðφÞ ð8Þ

Fig. 1. Idealized time histories of ice forces and the definition of ice resistance (Riska,
2007).

Fig. 2. Discretization of ship hull and ice edge.
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Kerr, 1975) and calculations by Varsta (1983). Nguyen et al. (2009)
have applied this derived ice failure model to ice-ship interaction.
Sawamura et al. (2008) simulated the dynamic response of floating
ice due to a rapid forcing and obtained the bending behaviour of
floating ice, then they proposed a continuous contact procedure to
calculate the repetitive ice forces.

In this paper, the continuous-mode icebreaking is simulated by
using an ice failure model similar to that derived in Wang (2001).
However a more refined contact procedure is introduced herein,
because we need to solve the coupling problem between ice forces
and ship motions, while Wang (2001) only considered a stationary
rotational symmetric structure.

2.2. Contact area

The 2D ship hull and ice edge are discretized into a number of
nodes in the established simulation program. As shown in Fig. 2, the
discretized ship hull is a closed polygon. At each time step, the
program will collect the ice nodes which are inside this hull polygon.
Then, every contact zone can be found. To check the ice node whether
it is inside the hull polygon, some effective computer geometric tools
are adopted. The detailed algorithm can be found in Schneider and
Eberly (2002).

Ice wedges involved in the break-displace process are determined
by the bending cracks, which are idealized and described by a single
parameter, i.e. icebreaking radius. The icebreaking radius is found by
the expression given in Wang (2001) (based on information from
Enkvist, 1972; and Varsta, 1983):

R = Cllð1:0 + Cvv
rel
n Þ ð1Þ

where, vnrel is the relative normal velocity between ice and hull node; Cl
and Cv are empirical parameters, Cl has a positive value and Cv has a

negative value, both of them are tunable in the simulation program; l
is the characteristic length of ice:
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FV = Fcr cosðφÞ−fV sinðφÞ ð9Þ

where μi is the frictional coefficient between ice and hull.

2.4. Bending failure

Kerr (1975) presented a critical survey of the studies on the
bearing capacity of floating ice plates, in which Kashtelian's calcula-
tions for the direct determination of “failure load” Pf are discussed. As
introduced by Kerr (1975), Kashtelian's work is based on the
observation that the carrying capacity is reached when the floating
ice wedges are initially broken off, and the failure load for an ice
wedge of opening angle θ is given by:

Pf = Cf
θ
π

� �2
σf h

2
i ð10Þ

where, σf is the flexural strength of ice; hi is ice thickness; Cf is an
empirical parameter. Eq. (10) accounts for the opening angle but it is
an empirical equation. Thus the constant Cf should be obtained from
some measurements carried out. Quite small value (about 1) for this
constant was proposed by Kashtelian, while in Nguyen et al. (2009) a
value of 4.5 was used and validated by the empirical ice resistance
formula.

Here, Eqs. (9) and (10) are used to check whether the ice wedge
(shown in Fig. 3) is broken from the ice sheet. If FVbPf , no bending
failure, the ice wedge is just crushed at the cusp; if FV≥Pf , bending
failure happens, the ice wedge is crushed and cleared from the ice
edge.

Based on these assumptions, the continuous icebreaking pattern
and icebreaking forces can be determined step by step. Fig. 6 shows
the time history of icebreaking forces. The mean ice resistance
including crushing and bending components as proposed by Lindqvist
(1989), is also marked (0.5 m ice thickness; 5 m/s ship speed).

Fig. 7 gives the power spectrum of the time series shown in Fig. 6.
The dominant frequencies are identifiable, due to the periodic
icebreaking processes. The ice wedges around the hull are not broken
simultaneously, so there are more than one peaks of icebreaking force
in each breaking process (as shown in Fig. 8).

The effect of the empirical parameters introduced above is
investigated. Here, Cf is the empirical parameter in bending failure
calculation, which dominates the magnitude of icebreaking force. The
results for different values of Cf are given in Fig. 9, where h is ice
thickness. The value we choose for Cf is 3.1, which gives a relatively
reasonable mean icebreaking force as compared to the Lindqvist's ice
resistance (shown in Fig. 10).

As shown in Figs. 9 and 10, the icebreaking forces obtained by the
numerical method described above do not always increase with the
increasing ice thickness. The irregularity in resistance values shown in
Fig. 10 is due to changes in the nature of icebreaking pattern:
sometimes crushing dominates and sometimes bending. Two cases of
icebreaking pattern (shown in Fig. 11) may occur in the simulation. In

Fig. 3. Idealized icewedge anddiscretized contact zone. (For interpretationof the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Two cases of contact area calculation.

Fig. 5. Force and velocity components. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Time history of icebreaking forces and the Lindqvist's ice resistance in a 0.5 m thick ice and a ship speed of 5 m/s.
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Case 2, some parts of the ice sheet are continuously crushed by the
vertical parts of ship hull (i.e. shoulder crushing) without bending
failure, then the icebreaking forces will become more severe. As
shown in Fig. 12, the time series of icebreaking forces in these two
cases are quite different, it has a larger mean value in Case 2, even if
the ice thickness is bigger in Case 1 (0.6 m in Case 1 and 0.5 m in
Case 2; 5 m/s ship speed in both cases).

3. Simulation of ship motions

3.1. Review

Ship maneuvers in ice are as yet not sufficiently analyzed because
of the interdependence between shipmotions and ice forces. Here, the
surge, sway and yaw motions involved in ship maneuvers are
simulated simultaneously, as well as icebreaking, the coupling
problem between ship motions and ice forces is solved by iteration.

3.2. General equations of motion

Let (X, Y, Z) be a right-handed coordinate system with Z vertically
upward, X in the direction of forward motion, and the origin at the
hull's center of gravity. Then, six linear coupled differential equations
of motion can be written in the following form:

ðM + AÞ__rðtÞ + B _rðtÞ + CrðtÞ = FðtÞ: ð11Þ

Fig. 8. Periodicity of icebreaking forces.

Fig. 9.Mean icebreaking forces and the Lindqvist's ice resistance with different values of
ice thickness.

Fig. 10. Mean icebreaking forces and the Lindqvist's ice resistance with different values
of ice thickness.

Fig. 11. Two cases of icebreaking pattern.

Fig. 7. Power spectrum corresponding to Fig. 6.
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Fig. 8. Periodicity of icebreaking forces.

Fig. 9.Mean icebreaking forces and the Lindqvist's ice resistance with different values of
ice thickness.

Fig. 10. Mean icebreaking forces and the Lindqvist's ice resistance with different values
of ice thickness.

Fig. 11. Two cases of icebreaking pattern.

Fig. 7. Power spectrum corresponding to Fig. 6.
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If it is assumed that the ship has lateral symmetry, then the 3DOF
(surge, sway and yaw) mass and added mass matrices are given by

M =
M 0 0
0 M 0
0 0 I66

2
4

3
5 ð12Þ

A =
A11 0 0
0 A22 A26
0 A62 A66

2
4

3
5 ð13Þ

where, M is the mass of the ship; I66 is the moment of inertia in Z
direction; the added mass coefficients are calculated from a given
BEM program.

The damping and hydrostatic restoring coefficients are assumed to
be zero in this 3DOF mode.

3.3. Excitation forces and moments

The icebreaking forces are obtained from the numerical simulation
described in Section 2, and a semiempirical approach is applied to
determine the forces and moments arising from the propeller, rudder
and ambient water.

3.3.1. Ice forces
The continuous icebreaking forces F brk(t) are simulated at each time

step, while the ice forces induced in the displacing process (turning,
submerging and sliding) are calculated from the ice resistance formula,
so the 3DOF ice force components can be expressed by:

Fice1 ðtÞ = Fbrk1 ðtÞ + Rs 1 + 9:4
vrelffiffiffiffiffiffiffiffiffiffi
gLWL

p
 !

×
vrel1

vrel
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where, Rs is the submersion component of ice resistance, the detailed
expression can be found in Lindqvist (1989); v1

rel and v2
rel are

respectively the forward and transverse components of the relative
velocity (vrel) between ship and ice; LWL is the ship water line length.

Ice displacing forces are mainly induced by the momentum
transfer and friction between ship hull and ice floes, which are
related to the relative velocity between ship and ice. So, the ice
displacing forces are approximated from the ice resistance formula by
multiplying the ratios between v1

rel, v2rel and vrel, as shown in Eqs. (14)
and (15).

3.3.2. Propeller and rudder forces
In early design and in the ice rules, the net thrust available to

overcome ice resistance, Tnet can be estimated as:

Tnet = TB 1−1
3
vrel1

vOW
−2

3
vrel1

vOW

 !2 !
ð17Þ

where, TB is the bollard pull; vow is open water speed; v1
rel is the

forward component of the relative velocity between ship and ice.
So, the forces and moment arising from the propeller and rudder

can simply be written as:

Fp1 ðtÞ = Tnet−
1
2
CDρwV

2
f Ar ð18Þ

Fp2 ðtÞ =
1
2
CLρwV

2
f Ar ð19Þ

Fp6 ðtÞ =
1
2
CLρwV

2
f Ar⋅xr ð20Þ

where, CL and CD are the lift and drag coefficients of the rudder; Vf is
flow velocity; Ar is rudder area; xr is the location of the rudder
(Bertram, 2000).

3.3.3. Hydrodynamic forces
The hydrodynamic forces due to the motion of the ship relative to

the ambient water are considered. The effects of ambient current are

Fig. 12. Two cases of icebreaking force (Case 1: in a 0.6 m thick ice; Case 2: in a 0.5 m thick ice; a ship speed of 5 m/s in both cases).
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181B. Su et al. / Cold Regions Science and Technology 60 (2010) 177–188



thus incorporated by using relative velocities, while the effects of
waves are neglected by assuming that the ambient water is totally
covered by ice.

Empirical formulas are often used to calculate the current forces
and moments on a ship (e.g. Faltinsen, 1990):

Fc1ðtÞ =
0:075

ðlog10Rn−2Þ2
1
2
ρwSWvrel1 jvrel1 j ð21Þ

Fc2ðtÞ =
1
2
ρw∫LCDðxÞDðxÞvrel2 ðxÞ jvrel2 ðxÞ jdx ð22Þ

Fc6ðtÞ =
1
2
ρw∫LCDðxÞDðxÞvrel2 ðxÞ jvrel2 ðxÞ jxdx ð23Þ

where, the integration is over the length L of the ship; Rn is Reynolds
number; SW is the wetted surface of the ship; CD(x) is the drag
coefficient for cross-flow past an infinitely long cylinder with the

cross-sectional area of the ship at the longitudinal coordinate x. D(x)
is the sectional draught.

The current force in surge direction F1
c(t) is not incorporated into

the excitation force F1(t) when we use Tnet to calculate the propeller
force, that is because the openwater resistance in surge direction have
been considered in the definition of Tnet.

Then, the total excitation forces can be calculated as the sum of the
ice, propeller and current forces:

F1ðtÞ = Fice1 ðtÞ + Fp1 ðtÞ ð24Þ

F2ðtÞ = Fice2 ðtÞ + Fp2 ðtÞ + Fc2ðtÞ ð25Þ

F6ðtÞ = Fice6 ðtÞ + Fp6 ðtÞ + Fc6ðtÞ: ð26Þ

Fig. 13. Icebreaker AHTS/IB Tor Viking II.

Table 1
Ice characteristics.

Parameter Symbol Value Unit

Density ρi 880 kg/m3

Young's modulus E 5400 MPa
Poisson ratio γ 0.33
Crushing strength σc 2.3 MPa
Flexural strength σf 0.55 MPa
Frictional coefficient μi 0.15

Fig. 14. Ship geometry model.

Table 2
Ship characteristics.

Parameter Symbol Value Unit

Length between perpendiculars LPP 75.20 m
Waterline length LWL 85.02 m
Beam B 18 m
Draught D 6.5 m
Wetted surface area S 1832.78 m2

Displacement M 5.79×106 kg
Moment of inertia I66 2.07×109 kg m2

Added mass coefficient A11 8.79×105 kg
Added mass coefficient A22 5.55×106 kg
Added mass coefficient A66 1.02×109 kg m2

Added mass coefficient A26, A62 1.77×107 kg m
Propeller diameter DP 4.1 m
Propulsion power PD 13440 kW
Bollard pull TB 202 t
Open water speed VOW 16.4 kn

Fig. 15. Simulated ship transitting in ice.
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thus incorporated by using relative velocities, while the effects of
waves are neglected by assuming that the ambient water is totally
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3.4. Numerical integration of the equations of motion

A step-by-step numerical integration method is applied to
solve the equations of motion established above. According to

Fig. 16. Simulated ship turning in ice.

Fig. 17. Full-scale ship turning in ice.

Fig. 18. Convergence of the mean ice force.

Fig. 19. Ship speed in transitting operation (in 0.6 m thick ice). a) Forward speed,
b) Transverse speed, c) Turning rate.
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b) Transverse speed, c) Turning rate.
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These equations above are obtained by a Taylor-series expansion
where the residual term is approximated by the quadrature formulas.
The weighting terms λ and β are free parameters in the quadrature
formulas, which are determined by requirements related to stability
and accuracy. If we assume a linear acceleration within the time
interval δt, Eqs. (27) and (28) can be translated into:

_rðtk + 1Þ = _rðtkÞ +
1
2
__rðtkÞδt +

1
2
__rðtk + 1Þδt ð29Þ

rðtk + 1Þ = rðtkÞ + _rðtkÞδt +
1
3
__rðtkÞδt2 +

1
6
__rðtk + 1Þδt2 ð30Þ

where
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This is a very popular method since it leads to continuity in
acceleration, velocity and displacement. By inserting Eq. (31) into

Eqs. (29) and (30), the method can be translated into an explicit
form:
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In Eq. (32), the excitation forces F(tk+1) at time step k+1 is
unknown at time step k due to the interdependence between ship
motion and ice force. So, iterations are performed at each time step,
until the accuracy is acceptable. The convergence criterion is based on
the change of excitation forces from one iteration to the next, which
can be expressed by:
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where, ε is a small, positive number, the magnitude of which is of the
order 10−3.

Fig. 20. Ice forces in transitting operation (in 0.6 m thick ice). a) Ice force in surge direction, b) Ice force in sway direction, c) Ice moment in yaw direction.
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4. Numerical results

The numerical method introduced above is implemented in a
computer program to simulate a full-scale ship operating in level ice,
with the input including ice and ship characteristics, and the output
including 3DOF instantaneous ice forces and shipmotions. Then, some
case studies with the Swedish multi-purpose icebreaker AHTS/IB Tor
Viking II (as shown in Fig. 13) are performed to validate the numerical
method.

4.1. Ice and ship characteristics

The level ice is assumed to be of a constant thickness and the
material characteristics of ice are defined by the following constants
in Table 1.

A 3D ship geometry (as shown in Fig. 14) is built for BEM
calculations. The obtained 3DOF added mass coefficients (calculated
in hydrostatic condition) and the main ship characteristics are given
in Table 2.

4.2. Operating conditions

Transitting and turning operations are simulated in the numerical
program (as shown in Figs. 15 and 16). Ice and current loads are the
main environmental loads taken into consideration. In transitting
operation, the propeller and rudder forces are just given in surge
direction, while in turning operation the 3DOF propeller and rudder
forces and moments are given.

The ice edge where the icebreaker enters is defined as an inclined
straight line, which is not laterally symmetric (shown in Figs. 15
and 16). When the ship goes deep into ice, both the ice force and ship
motion will be more stable and not significantly affected by the initial
condition.

Fig. 17 also shows ship in full-scale turning in ice. It is clearly seen
that the observed phenomena of icebreaking is quite well reproduced
by the numerical method.

4.3. Convergence study

The effect of the discretization length (the distance between
adjacent nodes) on the mean ice force is studied by changing the
length. The results of this study are shown in Fig. 18.

As shown in Fig. 18, different values of discretization length (1600,
800, 400, 200, 100, 50 mm) are used, and the results show that the
mean ice force converges quite well when the discretization length of
ice nodes decreases.

Fig. 22. Ship speed in turningoperation (in0.6 m thick ice). a) Forward speed, b) Transverse
speed, c) Turning rate.Fig. 21. Power spectrum corresponding to Fig. 19a.
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4.4. Ice forces and ship motions

The instantaneous ice forces and ship motions in both transitting
and turning operations have been calculated in the simulation
program. A sample of the results is given in Figs. 19 to 25.

4.4.1. Results in transitting condition
Fig. 19a–c shows the time series of 3DOF ship speed. The ship was

moving with full propulsion and the starting forward speed was

5.5 m/s, after about 100 s, it achieved a more stable value. The starting
transverse speedwas zero, in the first 10 s it went up to amuch higher
value due to the non-symmetric ice edge, then decreased and started
to oscillate around zero. The turning rate has the similar time series as
transverse motion.

Fig. 20a–c shows the time series of 3DOF ice forces during the
stable stage of ship motions. The ice resistance measured from the ice
trials is 825 kN, which is also marked in Fig. 20a. The mean value of

Fig. 23. Ice forces in turning operation (in 0.6 m thick ice). a) Ice force in surge direction, b) Ice force in sway direction, c) Ice moment in yaw direction.

Fig. 24. Power spectrum corresponding to Fig. 23a. Fig. 25. The h–v curve.

186 B. Su et al. / Cold Regions Science and Technology 60 (2010) 177–188

4.4. Ice forces and ship motions

The instantaneous ice forces and ship motions in both transitting
and turning operations have been calculated in the simulation
program. A sample of the results is given in Figs. 19 to 25.

4.4.1. Results in transitting condition
Fig. 19a–c shows the time series of 3DOF ship speed. The ship was

moving with full propulsion and the starting forward speed was

5.5 m/s, after about 100 s, it achieved a more stable value. The starting
transverse speedwas zero, in the first 10 s it went up to amuch higher
value due to the non-symmetric ice edge, then decreased and started
to oscillate around zero. The turning rate has the similar time series as
transverse motion.

Fig. 20a–c shows the time series of 3DOF ice forces during the
stable stage of ship motions. The ice resistance measured from the ice
trials is 825 kN, which is also marked in Fig. 20a. The mean value of

Fig. 23. Ice forces in turning operation (in 0.6 m thick ice). a) Ice force in surge direction, b) Ice force in sway direction, c) Ice moment in yaw direction.

Fig. 24. Power spectrum corresponding to Fig. 23a. Fig. 25. The h–v curve.

186 B. Su et al. / Cold Regions Science and Technology 60 (2010) 177–188

4.4. Ice forces and ship motions

The instantaneous ice forces and ship motions in both transitting
and turning operations have been calculated in the simulation
program. A sample of the results is given in Figs. 19 to 25.

4.4.1. Results in transitting condition
Fig. 19a–c shows the time series of 3DOF ship speed. The ship was

moving with full propulsion and the starting forward speed was

5.5 m/s, after about 100 s, it achieved a more stable value. The starting
transverse speedwas zero, in the first 10 s it went up to amuch higher
value due to the non-symmetric ice edge, then decreased and started
to oscillate around zero. The turning rate has the similar time series as
transverse motion.

Fig. 20a–c shows the time series of 3DOF ice forces during the
stable stage of ship motions. The ice resistance measured from the ice
trials is 825 kN, which is also marked in Fig. 20a. The mean value of

Fig. 23. Ice forces in turning operation (in 0.6 m thick ice). a) Ice force in surge direction, b) Ice force in sway direction, c) Ice moment in yaw direction.

Fig. 24. Power spectrum corresponding to Fig. 23a. Fig. 25. The h–v curve.

186 B. Su et al. / Cold Regions Science and Technology 60 (2010) 177–188

4.4. Ice forces and ship motions

The instantaneous ice forces and ship motions in both transitting
and turning operations have been calculated in the simulation
program. A sample of the results is given in Figs. 19 to 25.

4.4.1. Results in transitting condition
Fig. 19a–c shows the time series of 3DOF ship speed. The ship was

moving with full propulsion and the starting forward speed was

5.5 m/s, after about 100 s, it achieved a more stable value. The starting
transverse speedwas zero, in the first 10 s it went up to amuch higher
value due to the non-symmetric ice edge, then decreased and started
to oscillate around zero. The turning rate has the similar time series as
transverse motion.

Fig. 20a–c shows the time series of 3DOF ice forces during the
stable stage of ship motions. The ice resistance measured from the ice
trials is 825 kN, which is also marked in Fig. 20a. The mean value of

Fig. 23. Ice forces in turning operation (in 0.6 m thick ice). a) Ice force in surge direction, b) Ice force in sway direction, c) Ice moment in yaw direction.

Fig. 24. Power spectrum corresponding to Fig. 23a. Fig. 25. The h–v curve.

186 B. Su et al. / Cold Regions Science and Technology 60 (2010) 177–188



simulated ice forces in surge direction is 881 kN, which is slightly
higher than the measured value.

Fig. 21 gives the power spectrum of the time series shown in
Fig. 20a, the dominant frequencies are identifiable, due to the periodic
icebreaking processes and ship motions.

4.4.2. Results in turning condition
Fig. 22a–c shows the time series of 3DOF ship speed. The ship was

moving in ice with full propulsion. At the time of 100s, both of the two
rudders were turned to full angle (45°) and the ship started to turn in
ice. As compared to Fig. 19a, the mean forward speed in turning
operation is about 1.6 m/s lower than in transitting operation, but the
amplitude of variation is much higher.

As compared to Fig. 20a–c, the time series of ice forces shown in
Fig. 23a–c are quite different due to the continuous ice crushing on the
shoulder of ship hull. The mean value of ice force is also higher in
turning condition.

Due to the turning motions, low frequency components (lower
than 1 Hz) come up, and become more important in the power
spectrum (shown in Fig. 24).

4.5. The h–v curve

Ship performance in level ice is usually measured by the h–v curve.
The icebreaking capability of Tor Viking II is 1.2 m thick level ice, and
the specified value of ship speed in 1.0 m ice is 3.0 knots. The
simulated h–v series are given in Fig. 25, as well as the parabolic
regression curve determined from ice trial measurements (Riska et al.,
2001). These two results show good consistency, and the deviation
between the simulated h–v series is due to the two cases of
icebreaking pattern introduced above. It is also seen that the required
speed of 3.0 knots in 1.0 m ice is achieved with a good margin.

4.6. The turning circle diameter

The turning circle diameter Dt is a measure of the ship maneuver-
ability in ice, and the specified value of Tor Viking II is 500 m in 0.5 m
thick ice. The simulated results of the turning circle diameters with
different values of ice thickness are given in Fig. 26. The measured
values from the ice trials (Riska et al., 2001) with the icebreaker on
even keel and with a 3° heeling angle respectively, are also listed. As
shown in Fig. 26, when the turning circle diameter is calculated in
thicker ice, a deviation from the trend that was established by

measurements occurs. This may be attributed to the crushing and
bending phenomena at the aft shoulder area. It happens often in both
full scale and the simulations that only occasionally some ice floes are
broken by bending at the aft shoulder and sometimes the ice edge is
just crushed (seen in Figs. 16 and 17). This effect of intermittent
crushing will be investigated when this research proceeds.

5. Conclusions

A numerical method for predicting ship performance in level ice is
established based on empirical estimates of ice crushing pressure, ice
bending failure and ice resistance. The accuracy of the numerical
method is restricted by the empirical simplifications and assumptions
made. But the advantage is that these can easily be tuned in the
computer program if the improved data or models are achieved.

The full-scale data of Tor Viking II are used to validate the
numerical results, and the agreement is found to be good. Following
are the main conclusions from the numerical simulations:

(1) The observed phenomena of icebreaking can be well repro-
duced by the applied computer geometric tool, the sensitivity
of which is investigated, and the accuracy is tunable;

(2) The icebreaking pattern is very sensitive to ice thickness, while
the effect of ship speed is of less importance;

(3) Two cases of icebreaking pattern may occur in the simulations:
in Case 1, the shoulder crushing does not happen, while it
happens and results in a more severe icebreaking force in
Case 2;

(4) The instantaneous 3DOF ice forces and ship motions can be
efficiently determined by numerical integration;

(5) The simulated h–v series are non-monotonic, but have a similar
variation as the full-scale data;

(6) The simulated turning circle diameter is close to the specified
value, and the simulated results are also acceptable as
compared to the measurements.

These conclusions are based on the simulation of a specific
icebreaker. More hull shapes and environmental parameters should
be investigated. Further work is needed on:

(1) The influence of heave, roll and pitch motions on ice forces and
ship maneuvers (Ettema et al., 1987);

(2) The consideration of fluid–ice interaction and the effects of free
surface between ship and ice;

(3) The regularity and irregularity in continuous icebreaking
processes (Ettema et al., 1991).
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simulated ice forces in surge direction is 881 kN, which is slightly
higher than the measured value.

Fig. 21 gives the power spectrum of the time series shown in
Fig. 20a, the dominant frequencies are identifiable, due to the periodic
icebreaking processes and ship motions.

4.4.2. Results in turning condition
Fig. 22a–c shows the time series of 3DOF ship speed. The ship was

moving in ice with full propulsion. At the time of 100s, both of the two
rudders were turned to full angle (45°) and the ship started to turn in
ice. As compared to Fig. 19a, the mean forward speed in turning
operation is about 1.6 m/s lower than in transitting operation, but the
amplitude of variation is much higher.

As compared to Fig. 20a–c, the time series of ice forces shown in
Fig. 23a–c are quite different due to the continuous ice crushing on the
shoulder of ship hull. The mean value of ice force is also higher in
turning condition.

Due to the turning motions, low frequency components (lower
than 1 Hz) come up, and become more important in the power
spectrum (shown in Fig. 24).

4.5. The h–v curve

Ship performance in level ice is usually measured by the h–v curve.
The icebreaking capability of Tor Viking II is 1.2 m thick level ice, and
the specified value of ship speed in 1.0 m ice is 3.0 knots. The
simulated h–v series are given in Fig. 25, as well as the parabolic
regression curve determined from ice trial measurements (Riska et al.,
2001). These two results show good consistency, and the deviation
between the simulated h–v series is due to the two cases of
icebreaking pattern introduced above. It is also seen that the required
speed of 3.0 knots in 1.0 m ice is achieved with a good margin.

4.6. The turning circle diameter

The turning circle diameter Dt is a measure of the ship maneuver-
ability in ice, and the specified value of Tor Viking II is 500 m in 0.5 m
thick ice. The simulated results of the turning circle diameters with
different values of ice thickness are given in Fig. 26. The measured
values from the ice trials (Riska et al., 2001) with the icebreaker on
even keel and with a 3° heeling angle respectively, are also listed. As
shown in Fig. 26, when the turning circle diameter is calculated in
thicker ice, a deviation from the trend that was established by

measurements occurs. This may be attributed to the crushing and
bending phenomena at the aft shoulder area. It happens often in both
full scale and the simulations that only occasionally some ice floes are
broken by bending at the aft shoulder and sometimes the ice edge is
just crushed (seen in Figs. 16 and 17). This effect of intermittent
crushing will be investigated when this research proceeds.

5. Conclusions

A numerical method for predicting ship performance in level ice is
established based on empirical estimates of ice crushing pressure, ice
bending failure and ice resistance. The accuracy of the numerical
method is restricted by the empirical simplifications and assumptions
made. But the advantage is that these can easily be tuned in the
computer program if the improved data or models are achieved.

The full-scale data of Tor Viking II are used to validate the
numerical results, and the agreement is found to be good. Following
are the main conclusions from the numerical simulations:

(1) The observed phenomena of icebreaking can be well repro-
duced by the applied computer geometric tool, the sensitivity
of which is investigated, and the accuracy is tunable;

(2) The icebreaking pattern is very sensitive to ice thickness, while
the effect of ship speed is of less importance;

(3) Two cases of icebreaking pattern may occur in the simulations:
in Case 1, the shoulder crushing does not happen, while it
happens and results in a more severe icebreaking force in
Case 2;

(4) The instantaneous 3DOF ice forces and ship motions can be
efficiently determined by numerical integration;

(5) The simulated h–v series are non-monotonic, but have a similar
variation as the full-scale data;

(6) The simulated turning circle diameter is close to the specified
value, and the simulated results are also acceptable as
compared to the measurements.

These conclusions are based on the simulation of a specific
icebreaker. More hull shapes and environmental parameters should
be investigated. Further work is needed on:

(1) The influence of heave, roll and pitch motions on ice forces and
ship maneuvers (Ettema et al., 1987);

(2) The consideration of fluid–ice interaction and the effects of free
surface between ship and ice;

(3) The regularity and irregularity in continuous icebreaking
processes (Ettema et al., 1991).
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simulated ice forces in surge direction is 881 kN, which is slightly
higher than the measured value.

Fig. 21 gives the power spectrum of the time series shown in
Fig. 20a, the dominant frequencies are identifiable, due to the periodic
icebreaking processes and ship motions.

4.4.2. Results in turning condition
Fig. 22a–c shows the time series of 3DOF ship speed. The ship was

moving in ice with full propulsion. At the time of 100s, both of the two
rudders were turned to full angle (45°) and the ship started to turn in
ice. As compared to Fig. 19a, the mean forward speed in turning
operation is about 1.6 m/s lower than in transitting operation, but the
amplitude of variation is much higher.

As compared to Fig. 20a–c, the time series of ice forces shown in
Fig. 23a–c are quite different due to the continuous ice crushing on the
shoulder of ship hull. The mean value of ice force is also higher in
turning condition.

Due to the turning motions, low frequency components (lower
than 1 Hz) come up, and become more important in the power
spectrum (shown in Fig. 24).

4.5. The h–v curve

Ship performance in level ice is usually measured by the h–v curve.
The icebreaking capability of Tor Viking II is 1.2 m thick level ice, and
the specified value of ship speed in 1.0 m ice is 3.0 knots. The
simulated h–v series are given in Fig. 25, as well as the parabolic
regression curve determined from ice trial measurements (Riska et al.,
2001). These two results show good consistency, and the deviation
between the simulated h–v series is due to the two cases of
icebreaking pattern introduced above. It is also seen that the required
speed of 3.0 knots in 1.0 m ice is achieved with a good margin.

4.6. The turning circle diameter

The turning circle diameter Dt is a measure of the ship maneuver-
ability in ice, and the specified value of Tor Viking II is 500 m in 0.5 m
thick ice. The simulated results of the turning circle diameters with
different values of ice thickness are given in Fig. 26. The measured
values from the ice trials (Riska et al., 2001) with the icebreaker on
even keel and with a 3° heeling angle respectively, are also listed. As
shown in Fig. 26, when the turning circle diameter is calculated in
thicker ice, a deviation from the trend that was established by

measurements occurs. This may be attributed to the crushing and
bending phenomena at the aft shoulder area. It happens often in both
full scale and the simulations that only occasionally some ice floes are
broken by bending at the aft shoulder and sometimes the ice edge is
just crushed (seen in Figs. 16 and 17). This effect of intermittent
crushing will be investigated when this research proceeds.

5. Conclusions

A numerical method for predicting ship performance in level ice is
established based on empirical estimates of ice crushing pressure, ice
bending failure and ice resistance. The accuracy of the numerical
method is restricted by the empirical simplifications and assumptions
made. But the advantage is that these can easily be tuned in the
computer program if the improved data or models are achieved.

The full-scale data of Tor Viking II are used to validate the
numerical results, and the agreement is found to be good. Following
are the main conclusions from the numerical simulations:

(1) The observed phenomena of icebreaking can be well repro-
duced by the applied computer geometric tool, the sensitivity
of which is investigated, and the accuracy is tunable;

(2) The icebreaking pattern is very sensitive to ice thickness, while
the effect of ship speed is of less importance;

(3) Two cases of icebreaking pattern may occur in the simulations:
in Case 1, the shoulder crushing does not happen, while it
happens and results in a more severe icebreaking force in
Case 2;

(4) The instantaneous 3DOF ice forces and ship motions can be
efficiently determined by numerical integration;

(5) The simulated h–v series are non-monotonic, but have a similar
variation as the full-scale data;

(6) The simulated turning circle diameter is close to the specified
value, and the simulated results are also acceptable as
compared to the measurements.

These conclusions are based on the simulation of a specific
icebreaker. More hull shapes and environmental parameters should
be investigated. Further work is needed on:

(1) The influence of heave, roll and pitch motions on ice forces and
ship maneuvers (Ettema et al., 1987);

(2) The consideration of fluid–ice interaction and the effects of free
surface between ship and ice;

(3) The regularity and irregularity in continuous icebreaking
processes (Ettema et al., 1991).
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simulated ice forces in surge direction is 881 kN, which is slightly
higher than the measured value.

Fig. 21 gives the power spectrum of the time series shown in
Fig. 20a, the dominant frequencies are identifiable, due to the periodic
icebreaking processes and ship motions.

4.4.2. Results in turning condition
Fig. 22a–c shows the time series of 3DOF ship speed. The ship was

moving in ice with full propulsion. At the time of 100s, both of the two
rudders were turned to full angle (45°) and the ship started to turn in
ice. As compared to Fig. 19a, the mean forward speed in turning
operation is about 1.6 m/s lower than in transitting operation, but the
amplitude of variation is much higher.

As compared to Fig. 20a–c, the time series of ice forces shown in
Fig. 23a–c are quite different due to the continuous ice crushing on the
shoulder of ship hull. The mean value of ice force is also higher in
turning condition.

Due to the turning motions, low frequency components (lower
than 1 Hz) come up, and become more important in the power
spectrum (shown in Fig. 24).

4.5. The h–v curve

Ship performance in level ice is usually measured by the h–v curve.
The icebreaking capability of Tor Viking II is 1.2 m thick level ice, and
the specified value of ship speed in 1.0 m ice is 3.0 knots. The
simulated h–v series are given in Fig. 25, as well as the parabolic
regression curve determined from ice trial measurements (Riska et al.,
2001). These two results show good consistency, and the deviation
between the simulated h–v series is due to the two cases of
icebreaking pattern introduced above. It is also seen that the required
speed of 3.0 knots in 1.0 m ice is achieved with a good margin.

4.6. The turning circle diameter

The turning circle diameter Dt is a measure of the ship maneuver-
ability in ice, and the specified value of Tor Viking II is 500 m in 0.5 m
thick ice. The simulated results of the turning circle diameters with
different values of ice thickness are given in Fig. 26. The measured
values from the ice trials (Riska et al., 2001) with the icebreaker on
even keel and with a 3° heeling angle respectively, are also listed. As
shown in Fig. 26, when the turning circle diameter is calculated in
thicker ice, a deviation from the trend that was established by

measurements occurs. This may be attributed to the crushing and
bending phenomena at the aft shoulder area. It happens often in both
full scale and the simulations that only occasionally some ice floes are
broken by bending at the aft shoulder and sometimes the ice edge is
just crushed (seen in Figs. 16 and 17). This effect of intermittent
crushing will be investigated when this research proceeds.

5. Conclusions

A numerical method for predicting ship performance in level ice is
established based on empirical estimates of ice crushing pressure, ice
bending failure and ice resistance. The accuracy of the numerical
method is restricted by the empirical simplifications and assumptions
made. But the advantage is that these can easily be tuned in the
computer program if the improved data or models are achieved.

The full-scale data of Tor Viking II are used to validate the
numerical results, and the agreement is found to be good. Following
are the main conclusions from the numerical simulations:

(1) The observed phenomena of icebreaking can be well repro-
duced by the applied computer geometric tool, the sensitivity
of which is investigated, and the accuracy is tunable;

(2) The icebreaking pattern is very sensitive to ice thickness, while
the effect of ship speed is of less importance;

(3) Two cases of icebreaking pattern may occur in the simulations:
in Case 1, the shoulder crushing does not happen, while it
happens and results in a more severe icebreaking force in
Case 2;

(4) The instantaneous 3DOF ice forces and ship motions can be
efficiently determined by numerical integration;

(5) The simulated h–v series are non-monotonic, but have a similar
variation as the full-scale data;

(6) The simulated turning circle diameter is close to the specified
value, and the simulated results are also acceptable as
compared to the measurements.

These conclusions are based on the simulation of a specific
icebreaker. More hull shapes and environmental parameters should
be investigated. Further work is needed on:

(1) The influence of heave, roll and pitch motions on ice forces and
ship maneuvers (Ettema et al., 1987);

(2) The consideration of fluid–ice interaction and the effects of free
surface between ship and ice;

(3) The regularity and irregularity in continuous icebreaking
processes (Ettema et al., 1991).
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1. Introduction

The ice loading process has a clear stochastic nature due to
variations in the ice conditions and in the icebreaking processes of
ships. The statistical characteristics of the local ice loads on ships have
been studied almost exclusively on the basis of full-scale measure-
ments (e.g. Vuorio et al., 1979; Varsta, 1984; Kujala, 1994; Kujala et al.,
2009). There have been many ship-ice load measurement campaigns
conducted in Canada, US, Germany, Japan, Russia and Finland, but
most of the data available for statistical analysis are from the Finnish
sources (Hänninen, 2004; Frederking et al., 2005).

It is clear that the statistical variation in the ice conditions leads to the
statistical variation of the ice loads, but the corresponding influence of
the variation in the icebreaking processes is difficult to reveal by full-
scale measurements. This is because the on-site ice conditions are
always varying and uncontrollable. The separation of the origin of the
statistical variation in ice loading into internal sources (due to the
icebreaking process) and external sources (variation in encountered
ice) is important in viewofmaking long termpredictions for ice loading.

A numerical method was introduced by Su et al. (2010a) to simulate
the continuous icebreaking process. Thismethodwas based onempirical
estimates of the ice crushing pressure, ice bending failure and ice
resistance in which the observed phenomena of continuous icebreaking
could be well reproduced. In the simulation program, a coupling
between the continuous ice loads and the ship's motionwas considered,

and the three degree-of-freedom (3DOF) rigid body equations of surge,
sway and yaw were solved using numerical integration. In an earlier
study, Su et al. (2010a) investigated the global ice loads on ships
(resistance) under uniform ice conditions. The numerical results were
validated by the field measurements obtained by Riska et al. (2001).

In this paper, the ice model is extended to more complex ice
conditionsby considering random ice thickness and strengthproperties.
This numerical method is applied to simulate a ship moving forward
under uniform or randomly varying ice conditions with the purpose of
determining the ice-induced frame loads. The local ice-structure load
model is based on empirical data. Thus, this analysis especially shows
the statistical variation of the loading process, which depends on the ice
conditions and on the contact and icebreaking patterns.

A case studywith an icebreaking tanker, MT Uikku, was carried out
by using the simulation program. Firstly, the thickness and strength
properties of the ice that is encountered by the ship are assumed to be
constant during an icebreaking trial. In this case, the variation of the
simulated local frame loads was intrinsically attributed to the varying
icebreaking processes of the ship. Then, statistical data characterizing
Baltic Sea ice (as reviewed by Kujala (1994)) were applied to
randomize the ice conditions. The statistical characteristics of the
simulated local frame loads were analyzed and compared with the
field measurements obtained by Kotisalo and Kujala (1999) and
Hänninen (2003).

2. Simulation of the icebreaking process

As previously mentioned, the numerical method that was
introduced by Su et al. (2010a) is extended in this paper to simulate
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the ice-ship interaction under more complex and variable ice
conditions. In this section, this model is briefly described.

2.1. Simulation of the icebreaking pattern

In the simulation program, the 2D ship model and the edge of the
ice were discretized into a number of nodes on the water plane (as
shown in Fig. 1). At each time step, the computational geometric tools
were applied to collect the contact zones along the ship hull. It was
also assumed that the hull had a flat contact surface at each contact
zone.

The ice wedges that were involved in the break-displace process
were determined by the bending cracks, which were idealized and
described by a single parameter, the icebreaking radius. The icebreak-
ing radius Rwas found by the expression given inWang (2001) (based
on information from Enkvist (1972) and Varsta (1983)):

R = Cll 1:0 + Cvv
rel
n

� �
ð1Þ

where vreln is the relative normal velocity between the ice and the hull
node; Cl and Cv are two empirical parameters, Cl has a positive value
and Cv has a negative value; l is the characteristic length of the ice:

l =
Eh3i

12 1−ν2
� �

ρwg

 !1
4

: ð2Þ

As shown in Fig. 2, the ice wedge was idealized and determined by
the interpolation of the icebreaking radius at the first and last contact
nodes (i.e., Rf and Rl), and the opening angle of the ice wedge was
denoted as θ. The contact zone was discretized by a number of
triangles (the triangles shown in red in Fig. 2) based on the hull nodes
that were in contact. The contact area Ac can then be calculated (Su
et al., 2010a).

Before a bending failure occurs, we assume that the ice is only
crushed on the contact surface. The crushing force Fcr is normal to the
contact surface and is calculated as the product of the effective
crushing strength σc and the contact area Ac, where the ice pressure
on the contact surface is assumed to be uniform and equal to the
effective crushing strength.

The frictional force was also taken into account (Su et al., 2010a).
Thus, if the vertical component of the crushing and frictional forces FV
exceeds the bending failure load Pf given in Eq. (3), the ice wedge will
be bent and cleared from the edge of the ice:

Pf = Cf
θ
π

� �2
σf h

2
i ð3Þ

where θ is the opening angle of the idealized ice wedge shown in
Fig. 2; σf is the flexural strength of the ice; hi is the thickness of the ice;
Cf is an empirical parameter.

Eq. (3) accounts for the opening angle, but it is an empirical
equation (introduced by Kashtelian and given in Kerr (1975)). Thus,
the constant Cf should be obtained from measurements.

Based on these assumptions, the icebreaking pattern and contin-
uous icebreaking forces can be determined using a step-by-step
procedure. The effects of the empirical parameters (introduced above)
on the mean icebreaking force were investigated and compared with
Lindqvist's ice resistance (Lindqvist, 1989) in Su et al. (2010a).

2.2. Simulation of the ship's motion

This simulation is conducted in three degrees of freedom, that is, in
surge, sway and yaw directions. The ship's motion in global
coordinate system can be described by the Newton's second law:

mu̇g = FXg
mv̇g = FYg
Izṙ = N

ð4Þ

where FXg and FYg are the forces in surge and sway directions; N is the
yaw moment; m is the mass of the ship; Iz is the moment of inertia in
yaw direction; ug, vg and r are the velocities in surge, sway and yaw,
respectively; the dot notation denotes the derivative with respect to
time.

The forces and velocities can be translated into the ship coordinate
system by:

FXg = FX cosψ−FY sinψ

FYg = FX sinψ + FY cosψ

ð5Þ

ug = u cosψ−v sinψ

vg = u sinψ + v cosψ

ð6Þ

where ψ is the heading angle of the ship.

Fig. 1. Discretization of the ship hull and the edge of the ice.

Fig. 2. Idealized ice wedge and discretized contact zone.
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coordinate system can be described by the Newton's second law:

mu̇g = FXg
mv̇g = FYg
Izṙ = N

ð4Þ

where FXg and FYg are the forces in surge and sway directions; N is the
yaw moment; m is the mass of the ship; Iz is the moment of inertia in
yaw direction; ug, vg and r are the velocities in surge, sway and yaw,
respectively; the dot notation denotes the derivative with respect to
time.

The forces and velocities can be translated into the ship coordinate
system by:

FXg = FX cosψ−FY sinψ

FYg = FX sinψ + FY cosψ

ð5Þ

ug = u cosψ−v sinψ

vg = u sinψ + v cosψ

ð6Þ

where ψ is the heading angle of the ship.
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the ice-ship interaction under more complex and variable ice
conditions. In this section, this model is briefly described.

2.1. Simulation of the icebreaking pattern

In the simulation program, the 2D ship model and the edge of the
ice were discretized into a number of nodes on the water plane (as
shown in Fig. 1). At each time step, the computational geometric tools
were applied to collect the contact zones along the ship hull. It was
also assumed that the hull had a flat contact surface at each contact
zone.

The ice wedges that were involved in the break-displace process
were determined by the bending cracks, which were idealized and
described by a single parameter, the icebreaking radius. The icebreak-
ing radius Rwas found by the expression given inWang (2001) (based
on information from Enkvist (1972) and Varsta (1983)):

R = Cll 1:0 + Cvv
rel
n

� �
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where vreln is the relative normal velocity between the ice and the hull
node; Cl and Cv are two empirical parameters, Cl has a positive value
and Cv has a negative value; l is the characteristic length of the ice:
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As shown in Fig. 2, the ice wedge was idealized and determined by
the interpolation of the icebreaking radius at the first and last contact
nodes (i.e., Rf and Rl), and the opening angle of the ice wedge was
denoted as θ. The contact zone was discretized by a number of
triangles (the triangles shown in red in Fig. 2) based on the hull nodes
that were in contact. The contact area Ac can then be calculated (Su
et al., 2010a).

Before a bending failure occurs, we assume that the ice is only
crushed on the contact surface. The crushing force Fcr is normal to the
contact surface and is calculated as the product of the effective
crushing strength σc and the contact area Ac, where the ice pressure
on the contact surface is assumed to be uniform and equal to the
effective crushing strength.

The frictional force was also taken into account (Su et al., 2010a).
Thus, if the vertical component of the crushing and frictional forces FV
exceeds the bending failure load Pf given in Eq. (3), the ice wedge will
be bent and cleared from the edge of the ice:
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where θ is the opening angle of the idealized ice wedge shown in
Fig. 2; σf is the flexural strength of the ice; hi is the thickness of the ice;
Cf is an empirical parameter.

Eq. (3) accounts for the opening angle, but it is an empirical
equation (introduced by Kashtelian and given in Kerr (1975)). Thus,
the constant Cf should be obtained from measurements.

Based on these assumptions, the icebreaking pattern and contin-
uous icebreaking forces can be determined using a step-by-step
procedure. The effects of the empirical parameters (introduced above)
on the mean icebreaking force were investigated and compared with
Lindqvist's ice resistance (Lindqvist, 1989) in Su et al. (2010a).
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surge, sway and yaw directions. The ship's motion in global
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where FXg and FYg are the forces in surge and sway directions; N is the
yaw moment; m is the mass of the ship; Iz is the moment of inertia in
yaw direction; ug, vg and r are the velocities in surge, sway and yaw,
respectively; the dot notation denotes the derivative with respect to
time.

The forces and velocities can be translated into the ship coordinate
system by:

FXg = FX cosψ−FY sinψ
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In the simulation program, the 2D ship model and the edge of the
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were applied to collect the contact zones along the ship hull. It was
also assumed that the hull had a flat contact surface at each contact
zone.

The ice wedges that were involved in the break-displace process
were determined by the bending cracks, which were idealized and
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on the contact surface is assumed to be uniform and equal to the
effective crushing strength.
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where θ is the opening angle of the idealized ice wedge shown in
Fig. 2; σf is the flexural strength of the ice; hi is the thickness of the ice;
Cf is an empirical parameter.

Eq. (3) accounts for the opening angle, but it is an empirical
equation (introduced by Kashtelian and given in Kerr (1975)). Thus,
the constant Cf should be obtained from measurements.

Based on these assumptions, the icebreaking pattern and contin-
uous icebreaking forces can be determined using a step-by-step
procedure. The effects of the empirical parameters (introduced above)
on the mean icebreaking force were investigated and compared with
Lindqvist's ice resistance (Lindqvist, 1989) in Su et al. (2010a).

2.2. Simulation of the ship's motion

This simulation is conducted in three degrees of freedom, that is, in
surge, sway and yaw directions. The ship's motion in global
coordinate system can be described by the Newton's second law:

mu̇g = FXg
mv̇g = FYg
Izṙ = N

ð4Þ

where FXg and FYg are the forces in surge and sway directions; N is the
yaw moment; m is the mass of the ship; Iz is the moment of inertia in
yaw direction; ug, vg and r are the velocities in surge, sway and yaw,
respectively; the dot notation denotes the derivative with respect to
time.

The forces and velocities can be translated into the ship coordinate
system by:

FXg = FX cosψ−FY sinψ

FYg = FX sinψ + FY cosψ

ð5Þ

ug = u cosψ−v sinψ
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where ψ is the heading angle of the ship.
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The accelerations are then obtained by differentiating Eq. (6):

u̇g = u̇ cosψ−v̇ sinψ− u sinψ + v cosψð Þr
v̇g = u̇ sinψ + v̇ cosψ + u cosψ−v sinψð Þr:

ð7Þ

By inserting Eqs. (5) and (7) into Eq. (4), the ship's motion in the
ship coordinate system can then be described by:

mu̇ = FX + mvr
mv̇ = FY−mur
Izṙ = N

ð8Þ

To define the forces and moment terms, Eq. (8) is then substituted
by a general matrix form of the linear coupled differential equations of
motion:

M + Að Þx:: tð Þ + Bẋ tð Þ + Cx tð Þ = F tð Þ ð9Þ

where the added mass coefficients were calculated by the boundary
elementmethod; the damping and restoring termswere taken as zero
in this simulation.

The forces and moments that resulted from the ice, propeller,
rudder and open water were considered in this simulation. Eq. (10)
shows the decomposed components of the forces and moment acting
on the ship:

F1 = Fi1 + Fp1 + Fr1 + Fow1 + mvr

F2 = Fi2 + Fp2 + Fr2 + Fow2 −mur

F6 = Fi6 + Fp6 + Fr6 + Fow6

ð10Þ

where the subscripts 1,2 and 6 refer to the directions of surge, sway
and yaw; the superscripts i, p, r and ow refer to ice, propeller, rudder
and open water, respectively.

A step-by-step numerical integration method was then applied to
solve the equations of motion that were established above. According
to Newmark's method, the general integral equations are given by:

ẋ tk + 1
� �

= ẋ tkð Þ + 1−λð Þx:: tkð Þδt + λx
::

tk + 1
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::
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δt2:
ð11Þ

These equations were obtained by a Taylor-series expansion in
which the residual term was approximated by the quadrature
formulas. The weighting terms λ and β are free parameters in the
quadrature formulas that are determined by the requirements related

to stability and accuracy. If a linear acceleration is assumed within the
time interval δt, Eq. (11) can be translated into:
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2
x
::

tkð Þδt + 1
2
x
::

tk + 1
� �

δt

x tk + 1
� �

= x tkð Þ + ẋ tkð Þδt + 1
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: ð13Þ

This is a popular method because it leads to continuity in the
acceleration, velocity and displacement. By inserting Eq. (13) into
Eq. (12), this method can be translated into an explicit form:
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=
6
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2.3. Interaction between the ice loads and the ship's motion

The interaction between the rigid-body ship motions and the ice
loads was considered in the simulation program (i.e., the calculated
ship motions and ice loads were dependent on each other).

As shown in Eq. (14), the forces and moment F(tk+1) at time step
k+1 are unknown at time step k due to the interdependence between
the ice loads and the ship's motion. Thus, iterations were performed at
each time step until the accuracy was acceptable. The convergence
criterion was based on the change of forces and moment from one
iteration to the next, which can be expressed by:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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1 −Fi1

� �2 + Fi + 1
2 −Fi2
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6 −Fi6

� �2q
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fi1
� �2 + Fi2

� �2 + Fi6
� �2q

bε

ð16Þ

where � is a small, positive number on the order of 10−3.
As discussed above, the icebreakingprocesswas determined directly

fromempirical estimates of the ice crushingpressure, ice bending failure

Fig. 3. Icebreaking tanker MT Uikku.
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The accelerations are then obtained by differentiating Eq. (6):

u̇g = u̇ cosψ−v̇ sinψ− u sinψ + v cosψð Þr
v̇g = u̇ sinψ + v̇ cosψ + u cosψ−v sinψð Þr:

ð7Þ

By inserting Eqs. (5) and (7) into Eq. (4), the ship's motion in the
ship coordinate system can then be described by:

mu̇ = FX + mvr
mv̇ = FY−mur
Izṙ = N

ð8Þ

To define the forces and moment terms, Eq. (8) is then substituted
by a general matrix form of the linear coupled differential equations of
motion:

M + Að Þx:: tð Þ + Bẋ tð Þ + Cx tð Þ = F tð Þ ð9Þ

where the added mass coefficients were calculated by the boundary
elementmethod; the damping and restoring termswere taken as zero
in this simulation.

The forces and moments that resulted from the ice, propeller,
rudder and open water were considered in this simulation. Eq. (10)
shows the decomposed components of the forces and moment acting
on the ship:

F1 = Fi1 + Fp1 + Fr1 + Fow1 + mvr

F2 = Fi2 + Fp2 + Fr2 + Fow2 −mur

F6 = Fi6 + Fp6 + Fr6 + Fow6

ð10Þ

where the subscripts 1,2 and 6 refer to the directions of surge, sway
and yaw; the superscripts i, p, r and ow refer to ice, propeller, rudder
and open water, respectively.

A step-by-step numerical integration method was then applied to
solve the equations of motion that were established above. According
to Newmark's method, the general integral equations are given by:
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These equations were obtained by a Taylor-series expansion in
which the residual term was approximated by the quadrature
formulas. The weighting terms λ and β are free parameters in the
quadrature formulas that are determined by the requirements related

to stability and accuracy. If a linear acceleration is assumed within the
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ẋ tk + 1
� �
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2.3. Interaction between the ice loads and the ship's motion

The interaction between the rigid-body ship motions and the ice
loads was considered in the simulation program (i.e., the calculated
ship motions and ice loads were dependent on each other).

As shown in Eq. (14), the forces and moment F(tk+1) at time step
k+1 are unknown at time step k due to the interdependence between
the ice loads and the ship's motion. Thus, iterations were performed at
each time step until the accuracy was acceptable. The convergence
criterion was based on the change of forces and moment from one
iteration to the next, which can be expressed by:
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The accelerations are then obtained by differentiating Eq. (6):

u̇g = u̇ cosψ−v̇ sinψ− u sinψ + v cosψð Þr
v̇g = u̇ sinψ + v̇ cosψ + u cosψ−v sinψð Þr:

ð7Þ

By inserting Eqs. (5) and (7) into Eq. (4), the ship's motion in the
ship coordinate system can then be described by:

mu̇ = FX + mvr
mv̇ = FY−mur
Izṙ = N

ð8Þ

To define the forces and moment terms, Eq. (8) is then substituted
by a general matrix form of the linear coupled differential equations of
motion:

M + Að Þx:: tð Þ + Bẋ tð Þ + Cx tð Þ = F tð Þ ð9Þ

where the added mass coefficients were calculated by the boundary
elementmethod; the damping and restoring termswere taken as zero
in this simulation.

The forces and moments that resulted from the ice, propeller,
rudder and open water were considered in this simulation. Eq. (10)
shows the decomposed components of the forces and moment acting
on the ship:

F1 = Fi1 + Fp1 + Fr1 + Fow1 + mvr

F2 = Fi2 + Fp2 + Fr2 + Fow2 −mur

F6 = Fi6 + Fp6 + Fr6 + Fow6

ð10Þ

where the subscripts 1,2 and 6 refer to the directions of surge, sway
and yaw; the superscripts i, p, r and ow refer to ice, propeller, rudder
and open water, respectively.

A step-by-step numerical integration method was then applied to
solve the equations of motion that were established above. According
to Newmark's method, the general integral equations are given by:
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These equations were obtained by a Taylor-series expansion in
which the residual term was approximated by the quadrature
formulas. The weighting terms λ and β are free parameters in the
quadrature formulas that are determined by the requirements related

to stability and accuracy. If a linear acceleration is assumed within the
time interval δt, Eq. (11) can be translated into:
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This is a popular method because it leads to continuity in the
acceleration, velocity and displacement. By inserting Eq. (13) into
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2.3. Interaction between the ice loads and the ship's motion

The interaction between the rigid-body ship motions and the ice
loads was considered in the simulation program (i.e., the calculated
ship motions and ice loads were dependent on each other).

As shown in Eq. (14), the forces and moment F(tk+1) at time step
k+1 are unknown at time step k due to the interdependence between
the ice loads and the ship's motion. Thus, iterations were performed at
each time step until the accuracy was acceptable. The convergence
criterion was based on the change of forces and moment from one
iteration to the next, which can be expressed by:
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The accelerations are then obtained by differentiating Eq. (6):

u̇g = u̇ cosψ−v̇ sinψ− u sinψ + v cosψð Þr
v̇g = u̇ sinψ + v̇ cosψ + u cosψ−v sinψð Þr:

ð7Þ

By inserting Eqs. (5) and (7) into Eq. (4), the ship's motion in the
ship coordinate system can then be described by:

mu̇ = FX + mvr
mv̇ = FY−mur
Izṙ = N

ð8Þ

To define the forces and moment terms, Eq. (8) is then substituted
by a general matrix form of the linear coupled differential equations of
motion:

M + Að Þx:: tð Þ + Bẋ tð Þ + Cx tð Þ = F tð Þ ð9Þ

where the added mass coefficients were calculated by the boundary
elementmethod; the damping and restoring termswere taken as zero
in this simulation.

The forces and moments that resulted from the ice, propeller,
rudder and open water were considered in this simulation. Eq. (10)
shows the decomposed components of the forces and moment acting
on the ship:

F1 = Fi1 + Fp1 + Fr1 + Fow1 + mvr

F2 = Fi2 + Fp2 + Fr2 + Fow2 −mur

F6 = Fi6 + Fp6 + Fr6 + Fow6

ð10Þ

where the subscripts 1,2 and 6 refer to the directions of surge, sway
and yaw; the superscripts i, p, r and ow refer to ice, propeller, rudder
and open water, respectively.

A step-by-step numerical integration method was then applied to
solve the equations of motion that were established above. According
to Newmark's method, the general integral equations are given by:
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These equations were obtained by a Taylor-series expansion in
which the residual term was approximated by the quadrature
formulas. The weighting terms λ and β are free parameters in the
quadrature formulas that are determined by the requirements related

to stability and accuracy. If a linear acceleration is assumed within the
time interval δt, Eq. (11) can be translated into:
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This is a popular method because it leads to continuity in the
acceleration, velocity and displacement. By inserting Eq. (13) into
Eq. (12), this method can be translated into an explicit form:

x tk + 1
� �

=
6
δt2

M + Að Þ + 3
δt

B + C
� �−1

F tk + 1
� �

+ M + Að Þak + Bbk

� �
ð14Þ

where

ak =
6
δt2

x tkð Þ + 6
δt
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2.3. Interaction between the ice loads and the ship's motion

The interaction between the rigid-body ship motions and the ice
loads was considered in the simulation program (i.e., the calculated
ship motions and ice loads were dependent on each other).

As shown in Eq. (14), the forces and moment F(tk+1) at time step
k+1 are unknown at time step k due to the interdependence between
the ice loads and the ship's motion. Thus, iterations were performed at
each time step until the accuracy was acceptable. The convergence
criterion was based on the change of forces and moment from one
iteration to the next, which can be expressed by:
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where � is a small, positive number on the order of 10−3.
As discussed above, the icebreakingprocesswas determined directly

fromempirical estimates of the ice crushingpressure, ice bending failure

Fig. 3. Icebreaking tanker MT Uikku.
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and ice resistance. Thus, if variable environmental parameters are used
in these empirical formulas (e.g. Eqs. (1) and (3)), then this simulation
method can easily be applied to the randomly varying ice conditions.

3. Modeling of the ship

The ice loads acting on a ship can be treated in two ways: global
and local (Izumiyama et al., 1999). The numerical method introduced
above can be applied to gather local ice loads around a ship hull, and
the global ice loads can be obtained as the integrated value of local
loads. Su et al. (2010a,b) dealt with the global ice loads, and the
numerical results were then validated by field measurements.

In this paper, an icebreaking tanker, MT Uikku (as shown in Fig. 3),
was modeled in the simulation program, and the calculated local

frame loads (denoted in Fig. 4) were investigated by comparison with
full-scale measurements.

3.1. MT Uikku and field measurements

MTUikku is a double-hull icebreakingmotor tanker that is owned by
Neste Shipping and Kvaerner Masa-Yard's joint venture company,
Nemarc. The ship was constructed to meet the standards of the highest
Finnish–Swedish Ice Class, IA Super. In 1998, the hull was strengthened
for voyages in the Arctic Sea. After strengthening, the hull was stronger
than the Finnish–Swedish Ice Class IA Super demands (Kujala et al.,
2009). The primary dimensions of MT Uikku are presented in Table 1.

In 1998, MT Uikkuwas instrumented tomeasure the ice loads from
different parts of the ship hull during the ARCDEV voyage (Kotisalo

Fig. 4. A side view of MT Uikku (bow area).
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and Kujala, 1999). In 2003, three voyages were made between the
Gulf of Finland and the Bothnian Bay (Hänninen, 2003), and the
statistical characteristics of the ice loads measured on the bow area
were discussed in Kujala et al. (2009) in which the analyzed datawere
gathered from the sensors that were mounted on frame 196.5 (as
shown in Fig. 4).

3.2. Modeling of MT Uikku

Fig. 5 shows the 3D geometry model of MT Uikku, which was used
in the hydrodynamic and open water resistance calculations.

During the simulation of the icebreaking process, the full-scale
shipmodel of MT Uikkuwas discretized into a number of nodes on the
water plane. As shown in Fig. 6, the edge of the ice was also
discretized, and the ice thickness, ice crushing strength and ice
flexural strength can be randomized along the sailing route of the ship
(the X-axis as shown in this figure). Here, frame 196.5 on the bow area
and frame 175.5 on the bow shoulder area were selected for the

investigation of the local ice loads. Each of the load values was
calculated by dividing the normal force on the frame by the frame
spacing (350 mm); thus, the units are in kN/m.

It should be noted that the submersion and sliding processes of the
broken ice were not simulated by this numerical method. The effects
of the submersion and sliding processes on the global ice loads were
calculated from the submersion component of Lindqvist's resistance.
In calculating the submersion resistance, the bow was assumed to be
completely covered by ice, and the bottomwas covered for 70% of the
length of the ship (Lindqvist (1989)). If the calculated submersion
resistance (less than 1000 kN) is divided evenly among all frames (the
frame spacing is 350 mm, as shown in Fig. 9), the load value for each
frame will be less than 5 kN. Therefore, it was assumed that the ice-
induced frame loads, especially the peak loads on the frame, were
primarily determined by the breaking processes, and this analysis
shows the variation of the ice loading process, which depends on the
ice conditions and on the contact and icebreaking patterns.

4. Simulation in uniform ice conditions

The origin of the statistical variation in ice loading has been
attributed earlier to the variations in the ice types and ice properties.
In this simulation, the level ice with uniform and varying properties
was considered while other ice types (e.g. ice ridge and ice floe) were
not investigated.

Firstly (in this section), the thickness and strength properties of
the ice that was encountered by the ship were assumed to be constant
during an icebreaking trial.

Fig. 7 shows the 10-minute time histories of the calculated ice
loads on frame 196.5, which are consisted of six icebreaking trials in

Fig. 5. Ship geometry model of MT Uikku used in the hydrodynamic and open water resistance calculations.

Fig. 6. Icebreaking model of MT Uikku.

Table 1
Primary dimensions of MT Uikku.

Length over all 164.4 m
Length between perpendiculars 150.0 m
Breadth moulded 22.2 m
Draught 12 m
Displacement 22,600 tons
Deadweight 15,750 tons
Propulsion power 11.4 MW
Speed 17 knots
Block coefficient 0.72
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which different constant values for the ice thickness (0.3–0.4 m)were
simulated. The simulated frame loads were very sensitive to the
constant value of the ice thickness. This result is not unexpected
because it was concluded by Su et al. (2010a) that the simulated
icebreaking specified frame is never in contact with the ice during the

relevant icebreaking pattern. Thus, as shown in Fig. 7, the ice loads can
maintain a value of zero during the entire icebreaking trial.

Fig. 8 shows three icebreaking trials that were simulated with
different thrusts, and the calculated mean values of ship speed varied
between 2.90 and 5.67 m/s. The simulated frame loads were also

Fig. 7. Time histories of the calculated ice loads on frame 196.5 with different constant values of the ice thickness (h).
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sensitive to the motion of the ship because the icebreaking pattern is
also dependent on the relative velocity between the hull and the ice
wedges that are in contact.

Individual ice loads need to be separated when studying the time
histories of ice loads. The Rayleigh separationmethodwas used in this
paper to collect the peak loads within a certain time interval. Fig. 9
shows the occurrence frequency of the peak loads as a function of the
ice thickness, where the frequency was calculated by dividing the
number of peaks by the time interval (10 min). As shown in this
figure, the frequency of the peak loads can vary from 0 to about 2 Hz
due to a small variation in the ice thickness, and it is uncertain
whether this frequency will increase or decrease. This is because a
small change of both the ice conditions and the motion of the ship can
lead to a chain of changes in the icebreaking patterns around the hull,
whichmay totally change the locations of the contact zones (as shown
in Fig. 1).

Fig. 10 shows the distributions of the peak loads which are plotted
in the form of histogram. It was found that the simulated peak loads
scattered although the external ice conditions were fixed. This is
attributed to the variation in icebreaking pattern. The icebreaking
pattern in this simulation is determined by the interaction between
ship and ice, which is a continuously varying process and can increase
the variation in ice-induced frame loads.

5. Simulation in randomly varying ice conditions

In this section, the thickness and strength properties of the ice that
was encountered by the ship were randomized along the route.

The ice thickness was the primary variable that was used in this
paper to describe the ice properties; the statistical characteristics of
the ice crushing strength and ice flexural strength were also included.
Based on existing data (reviewed by Kujala (1994)), the Monte Carlo
method was applied to generate an ice field in which the thickness,

crushing strength and flexural strength values were randomized
along the route of the ship.

It should be noted that the referenced data of ice properties
specifically came from sites in the Baltic Sea, because this simulation
work was on the basis of the full-scale trials performed on the specific
sea areas. For a more general use, it is necessary to have a good
understanding of the present stage-of-knowledge of sea ice properties
(which can refer to the excellent reviewwork recently done by Timco
and Weeks (2010)).

5.1. Statistical characteristics of the ice thickness

The thickness of the ice cover is highly variable, which is caused by
thermal and mechanical factors. The thermal factor is a continuous
component and is related to changes in air temperature and snow
cover above the ice surface. The mechanical factors are discrete
components that are caused by the rafting, ridging, and opening of
leads and polynyas.

The existing data of the ice thickness variations are very limited. In
Kujala (1994), the relevant data characterizing Baltic Sea ice were
reviewed. Fig. 11 shows the distribution of the pack ice thickness that
was measured at 10 m intervals along a line of 1 km length on March
1975 on the Bothnian Bay, a survey that was reproduced from Udin
(1976) and Leppäranta (1981). Two distinct groups of data can be
seen in Fig. 11. The lower values indicate the distribution of the level
ice, and the thickness values that were higher than 0.8 m were
assumed to represent deformed (ridged or rafted) ice (Leppäranta,
1981).

In full-scale ice load measurements, it is difficult to know the exact
ice thickness distributions in the area that was covered by the voyage
of the ship. In this paper, the ice load data that was measured during
the two voyages of MT Uikku were utilized. The first one is the
ARCDEV voyage made in the Arctic sea area (Kotisalo and Kujala,
1999), where the ice conditions that were encountered by MT Uikku

Fig. 8. Time histories of the calculated ice loads on frame 196.5 with different mean values of ship speed (dependent on given thrust).
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sensitive to the motion of the ship because the icebreaking pattern is
also dependent on the relative velocity between the hull and the ice
wedges that are in contact.

Individual ice loads need to be separated when studying the time
histories of ice loads. The Rayleigh separationmethodwas used in this
paper to collect the peak loads within a certain time interval. Fig. 9
shows the occurrence frequency of the peak loads as a function of the
ice thickness, where the frequency was calculated by dividing the
number of peaks by the time interval (10 min). As shown in this
figure, the frequency of the peak loads can vary from 0 to about 2 Hz
due to a small variation in the ice thickness, and it is uncertain
whether this frequency will increase or decrease. This is because a
small change of both the ice conditions and the motion of the ship can
lead to a chain of changes in the icebreaking patterns around the hull,
whichmay totally change the locations of the contact zones (as shown
in Fig. 1).

Fig. 10 shows the distributions of the peak loads which are plotted
in the form of histogram. It was found that the simulated peak loads
scattered although the external ice conditions were fixed. This is
attributed to the variation in icebreaking pattern. The icebreaking
pattern in this simulation is determined by the interaction between
ship and ice, which is a continuously varying process and can increase
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were difficult to clarify because the ship was in a convoy during this
voyage. The second voyagewasmade between the Gulf of Finland and
the Bothnian Bay (Hänninen, 2003), where the average level of the ice
thickness was between 0.3 and 0.4 m. The observedmean value of the
ice thickness during the second voyage is similar to themeasurements
that weremade on the Bothnian Bay. Thus, the distribution of the level
ice thickness given in Fig. 11 was used as the default value in the
Monte Carlo simulation described below.

5.2. Statistical characteristics of the ice crushing strength

As discussed in Section 2.1, the definition of effective crushing
strength was used to determine the contact force in the ship-ice
interaction. The statistical variation of ice crushing strength was then
considered by using the measured statistical data on ice crushing
pressure.

Fig. 9. Frequency of the calculated peak loads on frame 196.5 as a function of the ice thickness (h).

Fig. 10. Distributions of the calculated peak loads on frame 196.5 with different
constant values of the ice thickness (h).

Fig. 11. Distribution of the ice thickness as measured at 10 m intervals along a line of
1 km length on March 1975 on the Bothnian Bay (Digitized from Kujala (1994)).
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In Kujala (1994), a formulation of the ice crushing pressure in
statistical terms was introduced. The resulting crushing pressure is a
gamma-distributed variable with small contact areas (b0.001 m2) and
a normally distributed variable with larger contact areas. As the
contact area increases, the mean value of the crushing pressure
asymptotically approaches a constant value, and the standard
deviation σp decreases as a function of the contact area A:

σp =
0:065ffiffiffi

A
p ð17Þ

where σp is given in MPa; A is given in m2.
By comparing this calculation with the field measurements

obtained by Riska et al. (1990), the mean value and the standard
deviation of ice crushing strength were then identified as 2.3 and
0.65 MPa in the Monte Carlo simulation described below.

5.3. Statistical characteristics of the ice flexural strength

The strength properties of the ice are sensitive to a number of
physical parameters such as the temperature, grain size, crystallo-
graphic orientation, porosity, brine content and strain rate. Thus, the
strength of the ice under bending is typically studied by conducting
on-site flexural strength tests. As discussed in Kujala (1994), the
flexural strength is not a basic material property because it is usually
determined from the measured failure force by applying linear
bending theory with homogenous and isotropic material properties
throughout the ice thickness. The advantage of field testing is that the
natural variations of the ice properties throughout the thickness of the
ice are included in the test results.

Fig. 12 shows a histogram of the measured flexural strength values
of Baltic Sea ice, which was also digitized from Kujala (1994). In this
paper, the mean value (0.58 MPa) and standard deviation (0.11 MPa)
of the ice flexural strength given in Fig. 12was used in theMonte Carlo
simulation described below.

5.4. Monte Carlo simulation

In this paper, a Monte Carlo simulation was applied to generate an
ice field where the ice thickness, ice crushing strength and ice flexural
strength were randomly generated using a certain specified proba-
bility distribution along the sailing route of the ship. If a normal
distribution is assumed, and the correlation between these three
variables is neglected, then the cumulative distribution function
(CDF) F(X) and its inverse CDF F−1(U) can be expressed by:

F Xð Þ = 1ffiffiffiffiffiffiffiffiffiffiffiffi
2π⋅σ

p ∫
X

−∞
e

− s−μð Þ2
2σ2

" #
ds ð18Þ

U∼U 0;1ð Þ ð19Þ

X = F−1 Uð Þ ð20Þ

where μ and σ are the mean value and the standard deviation of
random variable X; and U is a randomly generated number between 0
and 1.

Because there is no information about the correlation of the spatial
ice properties, the sensitivity of a possible correlation was investi-
gated by sampling the properties at the spatial points at different
intervals.

As shown in Eqs. (18)–(20), if a particular mean value and
standard deviation are given, then a random value of X can be
generated. Using the statistical values that were introduced in
Sections 5.1 to 5.3, the ice thickness, ice crushing strength and ice
flexural strength can be randomized along the route.

Fig. 13 shows the randomized ice thickness along a 10 km route
that was found using the following procedure: a) a series of sampling
points were fixed along the route, the interval between two adjacent
points was 50 m, the spatial correlation of the ice thickness was
neglected; b) a random value of ice thickness was generated for each
sampling point independently; and c) the intermediate value
between two adjacent points was determined by linear interpolation.
If the same procedure is applied to randomize the ice crushing
strength and ice flexural strength, a more general ice field can be
generated. Then, an icebreaking trial in the ice field can be simulated
by the numerical method that was introduced in Section 2.

Fig. 14 shows three simulated icebreaking trials in which the
statistical data introduced in Sections 5.1–5.3 were utilized and the ice
properties were randomized at different intervals (25–100 m). The
10-minute time histories of the calculated forward speed of the ship
(at the same thrust) are also shown in Fig. 15. The results show that,
by decreasing the interval between two adjacent sampling points, the

Fig. 12. Distribution of the measured flexural strength values of Baltic Sea ice (Digitized
from Kujala (1994)).

Fig. 13. Randomized ice thickness along a 10 km route.

153B. Su et al. / Cold Regions Science and Technology 65 (2011) 145–159

In Kujala (1994), a formulation of the ice crushing pressure in
statistical terms was introduced. The resulting crushing pressure is a
gamma-distributed variable with small contact areas (b0.001 m2) and
a normally distributed variable with larger contact areas. As the
contact area increases, the mean value of the crushing pressure
asymptotically approaches a constant value, and the standard
deviation σp decreases as a function of the contact area A:

σp =
0:065ffiffiffi

A
p ð17Þ

where σp is given in MPa; A is given in m2.
By comparing this calculation with the field measurements

obtained by Riska et al. (1990), the mean value and the standard
deviation of ice crushing strength were then identified as 2.3 and
0.65 MPa in the Monte Carlo simulation described below.

5.3. Statistical characteristics of the ice flexural strength

The strength properties of the ice are sensitive to a number of
physical parameters such as the temperature, grain size, crystallo-
graphic orientation, porosity, brine content and strain rate. Thus, the
strength of the ice under bending is typically studied by conducting
on-site flexural strength tests. As discussed in Kujala (1994), the
flexural strength is not a basic material property because it is usually
determined from the measured failure force by applying linear
bending theory with homogenous and isotropic material properties
throughout the ice thickness. The advantage of field testing is that the
natural variations of the ice properties throughout the thickness of the
ice are included in the test results.

Fig. 12 shows a histogram of the measured flexural strength values
of Baltic Sea ice, which was also digitized from Kujala (1994). In this
paper, the mean value (0.58 MPa) and standard deviation (0.11 MPa)
of the ice flexural strength given in Fig. 12was used in theMonte Carlo
simulation described below.

5.4. Monte Carlo simulation

In this paper, a Monte Carlo simulation was applied to generate an
ice field where the ice thickness, ice crushing strength and ice flexural
strength were randomly generated using a certain specified proba-
bility distribution along the sailing route of the ship. If a normal
distribution is assumed, and the correlation between these three
variables is neglected, then the cumulative distribution function
(CDF) F(X) and its inverse CDF F−1(U) can be expressed by:

F Xð Þ = 1ffiffiffiffiffiffiffiffiffiffiffiffi
2π⋅σ

p ∫
X

−∞
e

− s−μð Þ2
2σ2

" #
ds ð18Þ

U∼U 0;1ð Þ ð19Þ

X = F−1 Uð Þ ð20Þ

where μ and σ are the mean value and the standard deviation of
random variable X; and U is a randomly generated number between 0
and 1.

Because there is no information about the correlation of the spatial
ice properties, the sensitivity of a possible correlation was investi-
gated by sampling the properties at the spatial points at different
intervals.

As shown in Eqs. (18)–(20), if a particular mean value and
standard deviation are given, then a random value of X can be
generated. Using the statistical values that were introduced in
Sections 5.1 to 5.3, the ice thickness, ice crushing strength and ice
flexural strength can be randomized along the route.

Fig. 13 shows the randomized ice thickness along a 10 km route
that was found using the following procedure: a) a series of sampling
points were fixed along the route, the interval between two adjacent
points was 50 m, the spatial correlation of the ice thickness was
neglected; b) a random value of ice thickness was generated for each
sampling point independently; and c) the intermediate value
between two adjacent points was determined by linear interpolation.
If the same procedure is applied to randomize the ice crushing
strength and ice flexural strength, a more general ice field can be
generated. Then, an icebreaking trial in the ice field can be simulated
by the numerical method that was introduced in Section 2.

Fig. 14 shows three simulated icebreaking trials in which the
statistical data introduced in Sections 5.1–5.3 were utilized and the ice
properties were randomized at different intervals (25–100 m). The
10-minute time histories of the calculated forward speed of the ship
(at the same thrust) are also shown in Fig. 15. The results show that,
by decreasing the interval between two adjacent sampling points, the

Fig. 12. Distribution of the measured flexural strength values of Baltic Sea ice (Digitized
from Kujala (1994)).

Fig. 13. Randomized ice thickness along a 10 km route.

153B. Su et al. / Cold Regions Science and Technology 65 (2011) 145–159
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In Kujala (1994), a formulation of the ice crushing pressure in
statistical terms was introduced. The resulting crushing pressure is a
gamma-distributed variable with small contact areas (b0.001 m2) and
a normally distributed variable with larger contact areas. As the
contact area increases, the mean value of the crushing pressure
asymptotically approaches a constant value, and the standard
deviation σp decreases as a function of the contact area A:
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where σp is given in MPa; A is given in m2.
By comparing this calculation with the field measurements

obtained by Riska et al. (1990), the mean value and the standard
deviation of ice crushing strength were then identified as 2.3 and
0.65 MPa in the Monte Carlo simulation described below.
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The strength properties of the ice are sensitive to a number of
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determined from the measured failure force by applying linear
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natural variations of the ice properties throughout the thickness of the
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Fig. 12. Distribution of the measured flexural strength values of Baltic Sea ice (Digitized
from Kujala (1994)).

Fig. 13. Randomized ice thickness along a 10 km route.
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randomness of the simulated icebreaking pattern increases while the
excursion of the calculated ship speed decreases.

As previously discussed, the spatial correlation of the ice properties
was neglected between two adjacent sampling points. Therefore, a
relatively long interval (50 m) was used in this simulation.

To verify the applied interval value, the excursion of the calculated
ship speed (as shown in Fig. 15) can be compared with the available
data from full-scale trials. Then, the spatial correlation of the ice
properties can be investigated if the prevailing data are provided. The
issues of correlation remain for further analysis.

Based on the assumptions and the randomizing procedures
introduced above, a number of icebreaking trials were simulated.
The final results are then presented statistically.

5.5. Statistical analysis

As described in Sections 5.1 to 5.4, the thickness and strength
properties of the ice were randomized by the normal distribution. The
statistical data that were applied in this simulation are given in
Table 2.

Fig. 15. Time histories of the calculated ship speed (at the same thrust).

Fig. 14. Simulated icebreaking trials.
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Fig. 16 shows the distributions of the recorded peak loads on
frame 196.5 during three icebreaking trials simulated (each trail was
simulated in a period of 30 min). It is found that the recorded peak

loads fit a similar distribution, and the sampling error can simply be
reduced by summing the results of each trial (as shown in Fig. 17).

In Kujala et al. (2009), the exponential, gamma and Weibull
distributions were fitted to the measured peak loads on frame 196.5,
and it was found that the Weibull distribution with a shape factor of
0.75 gave the best fit to the measured statistical distributions. In this
paper, the distributions of the simulated peak loads on the same frame
were then analyzed using the Weibull probabilistic model.

The cumulative distribution function of the Weibull distribution is
given by:

F xð Þ = 1− exp − x=λð Þk
� �

ð21Þ

where k is the shape factor; λ is the scale factor of the distribution.
Fig. 18 shows the fitted distributions on the simulated peak loads

(recorded in a period of 12 h), where xi are the ordered values of peak
loads (xi=1, 2, 3… kN/m); Fi are the cumulative probabilities of xi;
ln() is the natural logarithm function. If xi exactly follow a Weilbull
distribution, the ln(−ln(1−Fi)) versus ln(xi) plot should be a straight
line with a slope equal to the shape factor of Weibull distribution. As
shown in this figure, the Weibull distribution (shape factor k=0.75)

Table 2
Statistical data of the ice properties.

Mean value Standard deviation

Ice thickness 0.340 m 0.109 m
Ice crushing pressure 2.30 MPa 0.65 MPa
Ice flexural strength 0.58 MPa 0.11 MPa

Fig. 16.Distributions of the peak loads on frame196.5 during thedifferent trials simulated.

Fig. 17. Distributions of the peak loads on frame 196.5 by using the results of the three
trials in Fig. 16.

Fig. 18. Distributions of the simulated peak loads (recorded in a period of 12 h) on
frame 196.5 and fitted probability distributions by using the Weibull model.
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which was found to give the best fit to the measured data can also be
fitted to the simulated results. But, it seems that a smaller shape factor
is better fitted for the low peak loads and a bigger shape factor is
better fitted for the high peak loads.

In this simulation, the thickness and strength properties of the ice
were randomized by thenormal distribution,while the simulatedpeak
loads on a frame were found to approximately fit a Weibull
distribution. This is because there is an internal source of the statistical
variation in ice loading due to the icebreaking processes of the ship,
other than the external ice conditions (as discussed in Section 4).

Fig. 19 shows the variation of the contact between frame 196.5 and
the ice in a period of 5 min simulated in the randomly varying ice
conditions. Here, the contact length is the load length within the frame
area, and the variations in the peak values of the contact length are
attributed to the variations in the icebreaking patterns. As shown in
Fig. 4, the frame spacing is 0.35 m on the bow area of MT Uikku. So, it
means that the frame is fully in contactwith icewhen the contact length
shown in Fig. 19equals to0.35 m. Fig. 20 shows the separatedpeak loads
on frame 196.5 when this frame is fully in contact with ice. In this case,

the load level is obviously high, and the distribution of the peak loads is
dominated by the variations in the thickness and strength properties of
the ice (since the contact length is constant in this case). Fig. 21 shows
the separated peak loads on frame 196.5 with the varying contact
length. In this case, thedistributionof thepeak loads is dependent on the
variations in the external variables as well as the variations in the ice
breaking patterns. Fig. 22 shows the distributions of the simulated peak
loads (recorded in a period of 12 h) in these two cases, where xi are the
ordered values of peak loads (xi=1, 2, 3… kN/m); Pi are the occurrence
percentages of the peak loads that are varying from xi-1 to xi. Then, the
different distributions between the low peak loads and the high peak
loads shown in Fig. 18 can be interpreted.

5.6. Comparison with field measurements

In an earlier study, Su et al. (2010a) investigated the global ice
loads on ships (resistance) under uniform ice conditions, and the
numerical results compared well with the field measurements
obtained by Riska et al. (2001).

Fig. 19. Variation of the contact length between frame 196.5 and the ice in a period of 5 min.

Fig. 20. Separated peak loads on frame 196.5 with full contact (peaks are indicated by red squares).

Fig. 21. Separated peak loads on frame 196.5 with varying contact (peaks are indicated by green squares).
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As compared with global ice load, the accuracy of simulated local
ice load is more dependent on the empirical assumptions and the
simplifications made. It should be noted that the ice pressure on the
contact surface was assumed to be uniform and equal to the effective
crushing strength. The fact that the ice pressure is not uniform will
imply an uncertainty in the frame load.

Another uncertainty in comparing the simulated local ice loads
with field measurements is that only the level ice condition was
considered in this simulation while different types of ice might be
encountered by the ship during the measurements.

In Section 3.1, two full-scale voyages of MT Uikkuwere introduced.
During the ARCDEV voyage (Kotisalo and Kujala, 1999), the ice loads
on both frame196.5 and frame175.5weremeasured, but the actual ice
conditions encountered by the shipwere difficult to clarify. During the
voyage that was made between the Gulf of Finland and the Bothnian
Bay (Hänninen, 2003), the ice loads on frame 196.5 were measured,
and the average thickness of the ice encountered by the shipwas quite
close to the measurements that were introduced in Section 5.1.

Therefore, the numerical results shown below were calculated
under the same ice condition (given in Table 2), which referred to the
second voyage.

As shown in Figs. 23 and 24, the simulated ice loading process had
a significant stochastic nature, and the calculated amplitude values of
the ice loads were comparable to the measurements shown in Fig. 25
(reproduced from Hänninen (2003)). As shown in Figs. 26 and 27, the
peak values of the calculated ice loads were recorded in a period of
2 h, and the distributions of the peak loads were compared with the

Fig. 22. Distributions of the simulated peak loads (recorded in a period of 12 h) on
frame 196.5 with varying or full contact.

Fig. 23. A 10-minute time history of the calculated ice loads on frame 196.5 (average ice thickness: 0.34 m).

Fig. 24. A 10-minute time history of the calculated ice loads on frame 175.5 (average ice thickness: 0.34 m).

Fig. 25. A 3-hour time history of the measured ice loads on frame 196.5 (reproduced
from Hänninen (2003), average ice thickness: 0.3–0.4 m).

Fig. 26. Distributions of the calculated peak loads (recorded in a period of 2 h) on frame
196.5 (average ice thickness: 0.34 m).
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Fig. 25. A 3-hour time history of the measured ice loads on frame 196.5 (reproduced
from Hänninen (2003), average ice thickness: 0.3–0.4 m).

Fig. 26. Distributions of the calculated peak loads (recorded in a period of 2 h) on frame
196.5 (average ice thickness: 0.34 m).
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As compared with global ice load, the accuracy of simulated local
ice load is more dependent on the empirical assumptions and the
simplifications made. It should be noted that the ice pressure on the
contact surface was assumed to be uniform and equal to the effective
crushing strength. The fact that the ice pressure is not uniform will
imply an uncertainty in the frame load.

Another uncertainty in comparing the simulated local ice loads
with field measurements is that only the level ice condition was
considered in this simulation while different types of ice might be
encountered by the ship during the measurements.

In Section 3.1, two full-scale voyages of MT Uikkuwere introduced.
During the ARCDEV voyage (Kotisalo and Kujala, 1999), the ice loads
on both frame196.5 and frame175.5weremeasured, but the actual ice
conditions encountered by the shipwere difficult to clarify. During the
voyage that was made between the Gulf of Finland and the Bothnian
Bay (Hänninen, 2003), the ice loads on frame 196.5 were measured,
and the average thickness of the ice encountered by the shipwas quite
close to the measurements that were introduced in Section 5.1.

Therefore, the numerical results shown below were calculated
under the same ice condition (given in Table 2), which referred to the
second voyage.

As shown in Figs. 23 and 24, the simulated ice loading process had
a significant stochastic nature, and the calculated amplitude values of
the ice loads were comparable to the measurements shown in Fig. 25
(reproduced from Hänninen (2003)). As shown in Figs. 26 and 27, the
peak values of the calculated ice loads were recorded in a period of
2 h, and the distributions of the peak loads were compared with the

Fig. 22. Distributions of the simulated peak loads (recorded in a period of 12 h) on
frame 196.5 with varying or full contact.

Fig. 23. A 10-minute time history of the calculated ice loads on frame 196.5 (average ice thickness: 0.34 m).

Fig. 24. A 10-minute time history of the calculated ice loads on frame 175.5 (average ice thickness: 0.34 m).

Fig. 25. A 3-hour time history of the measured ice loads on frame 196.5 (reproduced
from Hänninen (2003), average ice thickness: 0.3–0.4 m).

Fig. 26. Distributions of the calculated peak loads (recorded in a period of 2 h) on frame
196.5 (average ice thickness: 0.34 m).
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measured statistical distributions. Fig. 28 shows an example of the
measured peak load distributions on frame 196.5. Themeasured small
peak loads were mostly induced by the noise, open water and broken
ice, which were not included in the simulated frame loads. Therefore,
the distributions of low peak loads were quite different between field
measurement and the simulation while the distributions of high peak
loads were similar.

The ice loads on frame 175.5 were notmeasured during the second
voyage; therefore, the relevant results from the first voyage are shown
in Fig. 29, in which the ice conditions were undefined.

From Figs. 26 and 27, it was found that the maximum values of the
calculated ice loads on the bow shoulder area (frame 175.5) were
larger than on the bow area (frame 196.5) under the same ice
condition. Such loads were also measured in the field measurements
(Kotisalo and Kujala, 1999). This may be interpreted as the effect of
the frame angle. There have been several works done on the spatial

distribution of ice loads around a ship hull. Some of them are
experimental ones (e.g. Izumiyama et al., 1999), and some have been
done numerically (e.g. Valanto, 2001). This issue will be investigated
in future, as well as the different operations in ice.

6. Conclusions

In this paper, a numerical method was applied to simulate a ship
moving forward in either uniform or variable ice conditions, where
the thickness and strength properties of the ice that was encountered
by the ship were assumed to be either constant or randomly
generated using the Monte Carlo method.

Under the uniform ice conditions, the simulated peak loads on a
frame scattered andwere very sensitive to the prescribed ice conditions.

Under the randomly varying ice conditions, the thickness and
strength properties of the ice were randomized by the normal
distribution, while the simulated peak loads on a frame were found to
approximately fit a Weibull distribution. This is because there is an
internal source of the statistical variation in ice loading due to the
icebreaking processes of the ship, other than the external ice conditions.

It is found that the statistical variation of the ice loading process is
external caused by the variation in the ice conditions and internally
caused by the variation in the contact and icebreaking patterns. In
practice, this internal source of the variation in ice loading is difficult
to identify, so it is taken as a main finding of this simulation.

To validate the numerical results, an icebreaking tanker, MT Uikku,
wasmodeled in the simulation program. Statistical data characterizing
Baltic Sea ice were also applied to randomize the ice conditions. The
calculated amplitude values of the ice loads on two local frames were
comparable to field measurements, the distributions of the recorded
peak loads were also similar to the measured statistical distributions.

There are also some issues to be addressed more effectively:

a) Empirical data were used in this simulation to estimate the bearing
capacity and the breaking length of a floating ice wedge. Empirical
models for these predictions are usually the very simplified ones
which assume that the ice structure acts as an elastic, homoge-

Fig. 27. Distributions of the calculated peak loads (recorded in a period of 2 h) on frame
175.5 (average ice thickness: 0.34 m).

Fig. 28. An example of the measured peak load distributions on frame 196.5 (digitized from Kujala et al., 2009, maximal ice thickness over 0.5 m).

Fig. 29. A 10-minute time history of the measured ice loads on frame 175.5 (reproduced from Kotisalo and Kujala (1999), ice conditions undefined).
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ice, which were not included in the simulated frame loads. Therefore,
the distributions of low peak loads were quite different between field
measurement and the simulation while the distributions of high peak
loads were similar.

The ice loads on frame 175.5 were notmeasured during the second
voyage; therefore, the relevant results from the first voyage are shown
in Fig. 29, in which the ice conditions were undefined.

From Figs. 26 and 27, it was found that the maximum values of the
calculated ice loads on the bow shoulder area (frame 175.5) were
larger than on the bow area (frame 196.5) under the same ice
condition. Such loads were also measured in the field measurements
(Kotisalo and Kujala, 1999). This may be interpreted as the effect of
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strength properties of the ice were randomized by the normal
distribution, while the simulated peak loads on a frame were found to
approximately fit a Weibull distribution. This is because there is an
internal source of the statistical variation in ice loading due to the
icebreaking processes of the ship, other than the external ice conditions.

It is found that the statistical variation of the ice loading process is
external caused by the variation in the ice conditions and internally
caused by the variation in the contact and icebreaking patterns. In
practice, this internal source of the variation in ice loading is difficult
to identify, so it is taken as a main finding of this simulation.

To validate the numerical results, an icebreaking tanker, MT Uikku,
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measurement and the simulation while the distributions of high peak
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in Fig. 29, in which the ice conditions were undefined.
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larger than on the bow area (frame 196.5) under the same ice
condition. Such loads were also measured in the field measurements
(Kotisalo and Kujala, 1999). This may be interpreted as the effect of
the frame angle. There have been several works done on the spatial
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experimental ones (e.g. Izumiyama et al., 1999), and some have been
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the thickness and strength properties of the ice that was encountered
by the ship were assumed to be either constant or randomly
generated using the Monte Carlo method.

Under the uniform ice conditions, the simulated peak loads on a
frame scattered andwere very sensitive to the prescribed ice conditions.

Under the randomly varying ice conditions, the thickness and
strength properties of the ice were randomized by the normal
distribution, while the simulated peak loads on a frame were found to
approximately fit a Weibull distribution. This is because there is an
internal source of the statistical variation in ice loading due to the
icebreaking processes of the ship, other than the external ice conditions.

It is found that the statistical variation of the ice loading process is
external caused by the variation in the ice conditions and internally
caused by the variation in the contact and icebreaking patterns. In
practice, this internal source of the variation in ice loading is difficult
to identify, so it is taken as a main finding of this simulation.

To validate the numerical results, an icebreaking tanker, MT Uikku,
wasmodeled in the simulation program. Statistical data characterizing
Baltic Sea ice were also applied to randomize the ice conditions. The
calculated amplitude values of the ice loads on two local frames were
comparable to field measurements, the distributions of the recorded
peak loads were also similar to the measured statistical distributions.

There are also some issues to be addressed more effectively:

a) Empirical data were used in this simulation to estimate the bearing
capacity and the breaking length of a floating ice wedge. Empirical
models for these predictions are usually the very simplified ones
which assume that the ice structure acts as an elastic, homoge-
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neous, isotropic plate on an elastic foundation, while other models
(e.g. FEMmodel) tend to bring more uncertainties. Further studies
on this issue would be beneficial to improve this simulation.

b) The simulated peak loads on the bow frame were found to
approximately fit a Weibull distribution. This conclusion is based
on the simulation of a specific icebreaking tanker moving forward
in level ice, the referenced data of ice properties specifically came
from sites on the Baltic Sea. To make a general conclusion, more
hull shapes and ice types should be considered, and more
comparisons and validations are needed.

c) The spatial distribution of ice loads around a ship hull was not
discussed in this paper. This issue will be investigated in future.
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on this issue would be beneficial to improve this simulation.
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approximately fit a Weibull distribution. This conclusion is based
on the simulation of a specific icebreaking tanker moving forward
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from sites on the Baltic Sea. To make a general conclusion, more
hull shapes and ice types should be considered, and more
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approximately fit a Weibull distribution. This conclusion is based
on the simulation of a specific icebreaking tanker moving forward
in level ice, the referenced data of ice properties specifically came
from sites on the Baltic Sea. To make a general conclusion, more
hull shapes and ice types should be considered, and more
comparisons and validations are needed.

c) The spatial distribution of ice loads around a ship hull was not
discussed in this paper. This issue will be investigated in future.
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a b s t r a c t

A numerical model is introduced in this paper to investigate both
global and local ice loads on ship hulls. This model is partly based
on empirical data, by which the observed phenomena of contin-
uous icebreaking can be well reproduced. In the simulation of
a full-scale icebreaking trial, the interdependence between the ice
load and the ship’s motion is considered, and the three degree-of-
freedom rigid body equations of surge, sway and yaw are solved by
numerical integration. The variations in the level ice thickness and
in the strength properties of ice can also be taken into account. The
simulated ice loads on ship hulls are discussed through two case
studies, in which the ship’s performance, the statistics of ice-
induced frame loads, and the spatial distribution of ice loads
around the hull are analyzed and compared with field measure-
ments. As far as we know the present paper is the first to integrate
all the features above. It is hoped that further studies on this
numerical model can supplement the field and laboratory
measurements in establishing a design basis for the ice-going
ships especially for ships navigating in the first-year ice.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

It is important to estimate both global and local ice loads on ships. The global ice load governs the
ship’s overall performance in ice, and it is an integrated effect of local ice loads over the hull area.
Information on the distributions of local ice loads around the ship hull can be used for more effective
design of ice-going ships both in terms of overall operation and from the structural point of view.
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In an earlier study (Su et al. [1]), a numerical method was introduced by the authors to investigate
the global ice load and the ship’s performance in level ice. This method is partly based on the empirical
data, by which the observed phenomena of continuous icebreaking can be reproduced. In the simu-
lation of an icebreaking run, the interdependence between the ice load and the ship’s motion is
considered, and the three degree-of-freedom rigid body equations of surge, sway and yaware solved by
numerical integration. The full-scale hull shape of an icebreaker (Tor Viking II) was applied in a specific
case study, and the estimated performance of the ship agreed well with the field measurements
obtained by Riska et al. [2].

The ice model was then extended to more complex ice conditions by considering random ice
thickness and strength properties (Su et al. [3]), with the purpose of identifying the origin of the
statistical variation in local ice loads. A case study with an icebreaking tanker (MT Uikku) was per-
formed by comparing the simulated frame loads with the fieldmeasurements obtained by Kotisalo and
Kujala [4] and Hänninen [5].

In this paper, the method established is applied in the evaluation of: (1) ship’s performance in level
ice; (2) statistics of ice-induced frame loads; and (3) spatial distribution of ice loads around the hull. As
far as we know the present paper is the first to integrate all the features above. It is hoped that further
studies on this numerical model can supplement the field and laboratory measurements in estab-
lishing a design basis for the ice-going ships especially for ships navigating in the first-year ice.

2. Design basis for the ice-going ships

The basic structural design factors for ice-going ships are given in ice class rules, among others the
“Finnish–Swedish Ice Class Rules” (FSICR). The design philosophy behind FSICR is based on both
operative and safety aspects: the former is to ensure an adequate ship performance; and the latter is to
guarantee an adequate strength of the hull and propulsion system. In this section, the practical
approach to estimate the ship’s performance and the design ice load on ship hull, as well as the design
ice conditions are briefly described.

2.1. Design ice conditions

At sea the ice conditions may include all possible variants of ice features within one mile distance.
The definition of design ice conditions is simplified in FSICR using the equivalent level ice thickness.
Analysis of the hull damages caused by ice shows that this definition gives a roughly good estimate on
the severity of ice conditions (Riska [6]).

Table 1 gives an example of the long-term data on the winter maximum equivalent level ice
thickness in various parts of the Baltic Sea. The effect of ice ridges is included by multiplying the mean
level ice thickness with a factor kr shown also in Table 1. This factor is obtained based on the occurrence
probability (Pr) of ridges in an ice zone (Kujala [7]).

In FSICR the ships strengthened for navigation in ice are assigned to 4 ice classes: IA Super, IA, IB,
and IC (FMA [8]). A maximum level ice thickness for each ice class is defined. This thickness varies
linearly between 1.0 m for IA Super to 0.4 m for IC. Ice class IA Super is intended for independent
navigation in difficult, but not in extreme Baltic ice conditions, while the other three ice classes are
intended for navigation with the assistance of icebreakers when necessary. The selection of ice class
should hence be made with the considerations of ice conditions, operational requirements and cost.

Table 1
Long-term data on the winter maximum equivalent thickness in various parts of the Baltic Sea (data from Kujala [7]).

Sea area Level ice thickness Ice ridge effect Equivalent ice thickness

Mean (m) Std. (m) Pr kr Mean (m) Std. (m)

Bothnian Bay 0.474 0.164 0.50 1.28 0.607 0.210
Bothnian Sea 0.414 0.153 0.25 1.21 0.501 0.185
Gulf of Finland 0.404 0.140 0.25 1.21 0.489 0.170
Baltic proper 0.336 0.136 0.10 1.12 0.376 0.152
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thickness in various parts of the Baltic Sea. The effect of ice ridges is included by multiplying the mean
level ice thickness with a factor kr shown also in Table 1. This factor is obtained based on the occurrence
probability (Pr) of ridges in an ice zone (Kujala [7]).
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Table 1
Long-term data on the winter maximum equivalent thickness in various parts of the Baltic Sea (data from Kujala [7]).

Sea area Level ice thickness Ice ridge effect Equivalent ice thickness

Mean (m) Std. (m) Pr kr Mean (m) Std. (m)

Bothnian Bay 0.474 0.164 0.50 1.28 0.607 0.210
Bothnian Sea 0.414 0.153 0.25 1.21 0.501 0.185
Gulf of Finland 0.404 0.140 0.25 1.21 0.489 0.170
Baltic proper 0.336 0.136 0.10 1.12 0.376 0.152
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2.2. Estimation of the ship’s performance

The ship’s performance in level ice is usually described by the speed (v) that the ship can attain
in ice of a given thickness (h). Fig. 1 shows an example of the h–v curves determined from field
tests.

An empirical way to calculate the ship’s speed in ice is to solve the equation between the net thrust
and the ice resistance. The net thrust is the thrust available to overcome the ice resistance after the
thrust used to overcome the open water resistance has been taken into account. Thus the net thrust,
Tnet, is defined as:

TnetðvÞ ¼ TtotðvÞð1� tÞ � RowðvÞ (1)

where v is the ship’s speed, Ttot is the total thrust, t is the thrust deduction factor, and Row is the open
water resistance.

In early design and in ice rules (i.e. FISCR) Tnet has been estimated by (Juva and Riska [9]):
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where vow is the maximum open water speed, and Tpull is the bollard pull.
Research on the ice resistance can be found for example in Enkvist [10], Lewis et al. [11], Varsta [12],

Lindqvist [13], Puntigliano [14], Riska et al. [15], and Valanto [16]. In FISCR, the formula of the resistance
in a channel with brash ice and a consolidated layer is given, which is derived and modified based on
the previous researches. The basic performance requirement for FSICR is a minimum speed of 5 knots
in the specified ice channels. The power requirement of the propulsion machinery is thus calculated
from the net thrust required to overcome the channel resistance. For an individual ship, the design
values based on more exact calculations or model tests may be approved if the ship’s parameter values
are beyond the range defined in FSICR.

2.3. Estimation of the design ice load on ship hull

The ice load is a statistical quantity and thus the design load value must in principle be determined
assuming a probability level or return period of the load. The load level in FSICR is, however, deter-
mined based on the experience from the hull damages caused by ice.

A more ambitious approach would be to define a certain risk or safety level. The design load value
can be given by selecting a return period of occurrence for the load like once per lifetime, once per ice
season, or once per voyage. The selected return period of the load must be in balance with the

Fig. 1. The h–v curves determined from the field tests of 4 vessels (reproduced from Riska et al. [2]).
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consequences of exceeding the allowable structural responses. This procedure of defining the design
points requires thus (Riska [17]):

B Definition of the loads in probabilistic terms;
B Definition of the responses in terms of stresses, elastic deflections or permanent deflections and
B Definition of the limit states in order to ensure a consequent risk implied by the failure of different

structural components (e.g. shell plating and frames).

Up to now the main source of ice load statistics is field measurement. Field measurements will
continue to be important. However, numerical methods can provide useful information, since they can
be easily used to study the effect of different parameters. The purpose of this paper is to establish and
apply a numerical method to estimate both global and local ice loads on ships. The ship’s performance in
level ice and the statistics of ice-induced frame loads are investigated. The spatial distribution of local ice
loads around the hull, which is usually difficult to gather by field tests, is also studied in this paper.

3. Numerical simulations

Research on the numerical modeling of ice–hull interaction and shipmaneuvering in level ice can be
found for example in Valanto [16], Martio [18], Liu et al. [19], Nguyen et al. [20], and Sawamura et al. [21].
For the simulation of full-scale icebreaking runs, a more integratedmodel was developed and improved
by Su et al. ([1,3]). In this model the interdependence between the ice loads and the planarmotion of the
ship is considered. The simulation program is established to reproduce observed icebreaking patterns
and the continuous ice loading processes in a uniform level ice and the ice with randomly varying
thickness and strength properties. In this section, the numerical model is briefly described.

3.1. General description of the model

The methodology and assumptions used in the ice–hull interaction model are:

B The basic geometrical model (as shown in Fig. 2) includes the waterline of the ship and the edge of
the ice both discretized;

B The motions (surge, sway and yaw) of the ship on the horizontal plane are taken into account and
the icebreaking forces are assumed to act on the waterline;

B The contact zones around the hull and the resulting ice forces and icebreaking patterns are
numerically detected based on the empirical estimates of ice crushing force and ice bending
failure;

B Ice forces induced after the ice wedges are broken from the ice edge are taken into account by the
Lindqvist’s ice resistance formula (Lindqvist [13]);

B The hydrodynamic effects on the ship’s motion (drag and added mass) are derived from
a numerical calculation prior to the real-time simulation in ice (Fig. 3 shows an example of the ship
geometry model used in the hydrodynamic calculations);

B Wave, wind and current forces are neglected as they are minor forces compared to ice forces;

Fig. 2. Geometrical idealization of the ice–hull interaction.
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B The rigid-body equations of motion are solved by numerical integration and
B Iterations are performed at each time step, considering the interdependence between the ship’s

motion and the ice loads.

The detailed description of the methodology can be found in Su et al. [1,3], while the empirical
estimates of the ice crushing force, ice bending failure and the statistical variation of the ice properties
are mainly described herein.

3.2. Ice crushing force

At each contact zone shown in Fig. 2, it is assumed that the ice is uniformly crushed on the contact
surface. The crushing force, Fcr, is normal to the contact surface and calculated as the product of the
effective ice crushing strength, sc, and the contact area, Ac. Fig. 4 shows the illustration of the contact
area between ice and hull, where 4 is the frame angle, and the ice crushing pressure on the contact
surface is assumed to be uniform and equal to the effective ice crushing strength. The frictional force is
also taken into account, which is divided into two components, fH and fV, according to the relative
motion between ice and hull (the detailed description can be found in Su et al. [1]). The horizontal and
vertical components of the total contact force between ice and hull are then illustrated in Fig. 5.

Fig. 3. Ship geometry model of Tor Viking II used in the hydrodynamic calculations.

Fig. 4. Illustration of the contact area between ice and hull.
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3.3. Ice bending failure

If the vertical component of the contact force between ice and hull (FV, shown in Fig. 5) exceeds the
bending failure load of ice cover, Pf, given in Eq. (3), the ice wedge (as shown in Fig. 2) will be broken
from the edge of the ice:

Pf ¼ Cf
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where q is the opening angle of the idealized ice wedge shown in Fig. 6, sf is the flexural strength of the
ice, hi is the thickness of the ice, and Cf is an empirical parameter. Eq. (3) accounts for the opening angle,
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Fig. 6. Geometrical idealization of the ice wedge in contact with the hull.

B. Su et al. / Marine Structures xxx (2011) 1–216

Please cite this article in press as: Su B, et al., Numerical study of ice-induced loads on ship hulls, Marine
Structures (2011), doi:10.1016/j.marstruc.2011.02.008

3.3. Ice bending failure

If the vertical component of the contact force between ice and hull (FV, shown in Fig. 5) exceeds the
bending failure load of ice cover, Pf, given in Eq. (3), the ice wedge (as shown in Fig. 2) will be broken
from the edge of the ice:

Pf ¼ Cf

�
q

p

�2

sf h
2
i (3)

where q is the opening angle of the idealized ice wedge shown in Fig. 6, sf is the flexural strength of the
ice, hi is the thickness of the ice, and Cf is an empirical parameter. Eq. (3) accounts for the opening angle,

Fig. 5. Illustration of horizontal and vertical components of the contact force.

Fig. 6. Geometrical idealization of the ice wedge in contact with the hull.

B. Su et al. / Marine Structures xxx (2011) 1–216

Please cite this article in press as: Su B, et al., Numerical study of ice-induced loads on ship hulls, Marine
Structures (2011), doi:10.1016/j.marstruc.2011.02.008

3.3. Ice bending failure

If the vertical component of the contact force between ice and hull (FV, shown in Fig. 5) exceeds the
bending failure load of ice cover, Pf, given in Eq. (3), the ice wedge (as shown in Fig. 2) will be broken
from the edge of the ice:

Pf ¼ Cf

�
q

p

�2

sf h
2
i (3)

where q is the opening angle of the idealized ice wedge shown in Fig. 6, sf is the flexural strength of the
ice, hi is the thickness of the ice, and Cf is an empirical parameter. Eq. (3) accounts for the opening angle,

Fig. 5. Illustration of horizontal and vertical components of the contact force.

Fig. 6. Geometrical idealization of the ice wedge in contact with the hull.

B. Su et al. / Marine Structures xxx (2011) 1–216

Please cite this article in press as: Su B, et al., Numerical study of ice-induced loads on ship hulls, Marine
Structures (2011), doi:10.1016/j.marstruc.2011.02.008

3.3. Ice bending failure

If the vertical component of the contact force between ice and hull (FV, shown in Fig. 5) exceeds the
bending failure load of ice cover, Pf, given in Eq. (3), the ice wedge (as shown in Fig. 2) will be broken
from the edge of the ice:

Pf ¼ Cf

�
q

p

�2

sf h
2
i (3)

where q is the opening angle of the idealized ice wedge shown in Fig. 6, sf is the flexural strength of the
ice, hi is the thickness of the ice, and Cf is an empirical parameter. Eq. (3) accounts for the opening angle,

Fig. 5. Illustration of horizontal and vertical components of the contact force.

Fig. 6. Geometrical idealization of the ice wedge in contact with the hull.

B. Su et al. / Marine Structures xxx (2011) 1–216

Please cite this article in press as: Su B, et al., Numerical study of ice-induced loads on ship hulls, Marine
Structures (2011), doi:10.1016/j.marstruc.2011.02.008



and it is an empirical equation (introduced by Kashtelyan (Kerr [22]), applied in Wang [23], Liu et al.
[19], and Nguyen et al. [20]). Thus, the constant Cf must be obtained from measurements.

The geometrical idealization of the ice wedge in contact with the hull is illustrated in Fig. 6, where
the bending crack is determined by the interpolation of the icebreaking radius at the first and last
contact node (i.e., Rf and Rl). The icebreaking radius R is found by the expression given in Wang [23]
(based on information from Enkvist [10] and Varsta [12]):

R ¼ Cll
�
1:0þ Cvvreln

�
(4)

where vreln is the relative normal velocity between the ice and the hull node, Cl and Cv are two empirical
parameters obtained from field measurements, and l is the characteristic length of the ice:

l ¼
 

Eh3i
12
�
1� n2

�
rwg

!1=4

(5)

Based on these assumptions and simplifications, the icebreaking pattern and the continuous ice-
breaking forces can be determined using a step-by-step procedurewith a time step,Dt, equal to 0.001 s.
The effects of the empirical parameters (in Eqs. (3) and (4)) on the mean icebreaking force were
investigated and compared with the Lindqvist’s ice resistance (Lindqvist [13]) in Su et al. [1]. It was
found in Su et al. [3] that the variation in simulated local ice loads was noteworthy even if the ice
properties (ice thickness and ice strength) were fixed. Thereafter the variation in the contact and
icebreaking patterns was taken as an internal origin of the statistical variation in local ice loads, other
than the external ice conditions.

3.4. Statistical variation of the ice properties

To reflect more complex ice conditions encountered in natural ice cover, the thickness and strength
properties of the ice encountered by the ship can be randomly generated using the Monte Carlo
method. Fig. 7 shows a random sample of the varying ice properties along a 10 km route, where it is

Fig. 7. A random sample of the varying ice properties along a 10 km route.
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assumed that the ice thickness, ice crushing strength and ice flexural strength follow a normal prob-
ability distribution and they are independent on each other.

The existing data on the correlation of the spatial ice properties are very limited. The sensitivity of
a possible correlation can be investigated by sampling the properties at the spatial points at different
intervals. Fig. 8 shows three simulated icebreaking runs in which the ice properties are randomized at
different intervals (25, 50 and 100 m). The issues of correlation were briefly discussed in Su et al. [3],
and it remains one of the topics for further analysis.

4. Ship’s performance in level ice

A case studywith an icebreaker, Tor Viking II, was carried out to investigate the total ice load and the
ship’s performance in level ice (the detailed descriptions can be found in Su et al. [1] and Su et al. [24]).
In this study, the ice encountered by the ship was assumed to be uniform. The material characteristics
of the ice are defined by the constants listed in Table 2. The main dimensions of Tor Viking II are
presented in Table 3.

In the simulation with a free-running model, the ship’s motion was obtained by solving the
equations of motion inwhich the thrust and the global ice load both were identified. The speed that the
ship can attain was then simulated in the ice of different thicknesses. As shown in Fig. 9, the simulated
results agree well with the full-scale measurements (Riska et al. [2]). Fig. 10 shows a simulated turning

Fig. 8. Simulated icebreaking runs under randomly varying ice conditions.

Table 2
Constant ice properties used in the simulations.

Density 880 kg/m3

Young’s modulus 5400 MPa
Poisson ratio 0.33
Crushing strength 2.30 MPa
Flexural strength 0.55 MPa
Frictional coefficient 0.15
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circle in level ice, where Dt denotes the turning circle diameter which is a measure of the ship’s
maneuverability in ice. As shown in Fig. 11, the simulated values of turning circle diameter are also
comparable to the measurements. Herein the deviation between the simulated results is due to the
different icebreaking patterns. As discussed in Su et al. [1,24], if the shoulder crushing happens (i.e. the
ice is continuously crushed by the hull shoulder without bending failure) both the forward speed and
the turning rate of the ship will be considerably slowed down (see e.g. the simulated results in 1.0 m
thick ice).

Through this case study, it can be expected that the numerical simulation can supplement full-scale
tests to know more about: (1) the ship’ performance in very severe ice conditions; (2) the influence of
hull form and the icebreaking pattern on the ship’s performance; and (3) the sensitivity of the ship’
performance to various environmental parameters. These factors are closely linked to the overall
design of ice-going ships.

5. Statistics of ice-induced frame loads

A case study with an icebreaking tanker, MT Uikku, was carried out to investigate the local ice load
(the detailed descriptions can be found in Su et al. [3]). In this study, the thickness and strength
properties of the ice encountered by the ship were assumed to be constant or randomly generated
using the Monte Carlo method. The statistical data on the strength properties of Baltic Sea ice (given in
Table 4, data from Kujala [7]) were applied in this simulation. The main dimensions of MT Uikku are
presented in Table 5.

The ice-induced frame loads (see e.g. Fig. 12) were analyzed using the line load on the frame. This
was obtained by dividing the normal force on the frame by the frame spacing (0.35 m), the units are
thus in kN/m. As shown in Fig. 13, a frame on the bow area (frame 196.5) and another frame on the bow

Table 3
Main dimensions of Tor Viking II.

Length overall 83.7 m
Length between perpendiculars 75.2 m
Breadth molded 18.0 m
Draft 6.5 m
Displacement 5790 ton
Power output 13.4 MW

Fig. 9. Comparison of the h–v curve between the present simulations and full-scale trials presented by Riska et al. [2].
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shoulder area (frame 175.5) were selected for this study. The simulated results were then compared
with the field measurements obtained by Kotisalo and Kujala [4] and Hänninen [5].

Fig. 14 shows a 10-min time history of simulated ice loads on frame 196.5, where the ice properties
were uniform, the uniform ice thickness was 0.300 m, and the average ship speed is 5.43 m/s. It can be
found that the simulated ice loading process varies with time even if the ice properties (ice thickness
and ice strength) are fixed. This is due to the variation in the contact and icebreaking patterns (as
discussed in Su et al. [3]).

Fig. 10. A simulated turning circle in level ice.

Fig. 11. Comparison of the turning circle diameter between the present simulations and full-scale trials presented by Riska et al. [2].
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Fig. 15 shows a 10-min time history of simulated ice loads on frame 196.5, where the ice properties
were randomly sampled along the route, the average ice thickness was 0.125 m (with a standard
deviation of 0.0625 m), and the average ship speed is 5.43 m/s. The simulated ice loading process has
a clear stochastic nature due to variations in the ice conditions and in the contact and icebreaking
patterns. Fig. 16 shows a 10-min time history of measured ice loads on frame 196.5, where the
measurement was performed during the ARCDEV voyage (Kotisalo and Kujala [4]) under various ice
conditions. As shown by these two figures, the simulated ice loading history is comparable to the
measurements even though the actual ice conditions in field may be much more complex than the
level ice (with varying thickness and strength properties) simulated here.

Individual ice loads need to be separated when studying the ice load statistics. The Rayleigh
separation method (as introduced in Vuorio et al. [25] and Kujala et al. [26]) was used in this paper to
identify the peak loads within a certain time interval (i.e. 10 min). Fig. 17 shows an example of the
distribution of measured peak loads on frame 196.5, which is plotted in the form of logarithmic
histogram (data from Hänninen [5]). This measurement was performed in a thin level ice condition,
where the average ice thickness is 0.125 m, the average ship speed is 5.55 m/s, and the time interval is
10 min. The same scenario was applied to the simulations. Fig. 18 shows the distribution of simulated
peak loads on frame 196.5, which were obtained from three simulated icebreaking runs. As shown by
these two figures, the simulated distribution form is similar to the measured one, except for the very
low peak loads (less than 40 kN/m). This is because in field measurements numerous of small peaks
might be induced by the electronic noise, open water and brash ice, which were not included in the
simulated frame loads. It is found that the simulated load maxima in the 10 min time interval are
comparable to the measured value, and the variation of simulated load maxima is due to the scatter of
sampled ice properties and the variation in the contact and icebreaking patterns.

Ice conditions vary in the short term from voyage to voyage and in the long term from winter to
winter. The short-term ice load statistics can be evaluated based on short-term simulations (as dis-
cussed in Su et al. [3]), while the evaluation of long-term ice loads should be combined with the long-
term statistics of ice conditions. Empirical studies show that the best correlation between the
measured winter maximum load values and the prevailing ice conditions in the Baltic Sea is obtained
by using an equivalent level ice thickness (see e.g. Table 1) to describe the annual ice conditions instead
of parameters such as the maximum ice extent, fast or pack ice thickness (Kujala [27]). Accordingly the
long-term ice loads can be evaluated based on the long-term statistics of equivalent ice thickness. A
simple example is given below to indicate the probable correlation between the extreme ice load, w,
and the winter maximum equivalent ice thickness, he.

Firstly, 50 different values of he were randomly generated by assuming that he follows a normal
probability distributionwith the parameters defined in Table 1. As the long-term data of he are given in
various parts of the Baltic Sea, the operational profile of the ship should be taken into account. For the

Table 4
Statistical data on the ice strength properties used in the simulations.

Mean (MPa) Std. (MPa)

Crushing strength 2.30 0.65
Flexural strength 0.58 0.11

Table 5
Main dimensions of MT Uikku.

Length overall 164.4 m
Length between perpendiculars 150.0 m
Breadth molded 22.2 m
Draft 12.0 m
Displacement 22,600 ton
Power output 11.4 MW
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Fig. 12. A side view of MT Uikku (bow area).

Fig. 13. Two frames selected for this study.
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purpose of simplification, only a given vessel (MT Uikku) and a given ice zone (Bothnian Bay) were
considered in this example.

A 10-min voyage was then simulated for each deterministic value of he. The full propulsion power
was used in each voyage and the ice strength properties, sc and sf, were sampled along the route (see
e.g. Fig. 7) by assuming that they are normally distributed and independent of he. The simulated
maximum load in a 10-min voyage was then identified as an extreme ice load,w, which was combined
with a winter maximum equivalent ice thickness, he. In the ice of a certain high thickness, the ship may
get stuck and a specific framemay rarely be in contact with ice (as discussed in Su et al. [3]). The results
from such samples are not included in the statistics.

Fig. 19 shows the simulated load maxima on frame 196.5 as a function of he. This result agrees with
empirical studies (Kujala [27]), that the frame load w increases almost linearly with the increasing
value of he. The scatter of w is due to the variations in sampled ice strength properties and in the
contact and icebreaking patterns.

The long-term measurements indicate that a Gumbel I asymptotic extreme value distribution fits
well on themeasured extreme values of ice load (Vuorio et al. [25], Kujala and Vuorio [28], Kujala [29]).
Fig. 20 shows the fitted distribution on simulated load maxima, as plotted on Gumbel paper. Fig. 21
shows the cumulative distribution of w which is plotted as a function of the return period. As the
long-term variation of winter maximum equivalent ice thickness is included in the statistics, this plot
to a certain extent reflects the long-term variation of ice loads. If the operating time under the winter
maximum ice conditions has been defined for a given ship, then this plot can be used for a preliminary
prediction of the most probable extreme ice loads by extrapolating the fitted distribution to a certain
period.

This example shows a simplified approach to estimate the long-term ice loads utilizing short-term
simulations. It is based on the long-term statistics of winter maximum equivalent ice thickness. If the
long-term statistics of the ice thickness encountered by a ship other than the winter maximum are
known, then a refined approach for this estimation would be to define a conditional cumulative
distribution function, FWjHi

ðwjhiÞ, which can be determined by fitting a probability distribution on the

Fig. 15. A 10-min time history of simulated ice loads on frame 196.5 (average ice thickness: 0.125 m, average ship speed: 5.43 m/s).

Fig. 14. A 10-min time history of simulated ice loads on frame 196.5 (uniform ice thickness: 0.300 m, average ship speed: 5.67 m/s).
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simulations. It is based on the long-term statistics of winter maximum equivalent ice thickness. If the
long-term statistics of the ice thickness encountered by a ship other than the winter maximum are
known, then a refined approach for this estimation would be to define a conditional cumulative
distribution function, FWjHi

ðwjhiÞ, which can be determined by fitting a probability distribution on the

Fig. 15. A 10-min time history of simulated ice loads on frame 196.5 (average ice thickness: 0.125 m, average ship speed: 5.43 m/s).

Fig. 14. A 10-min time history of simulated ice loads on frame 196.5 (uniform ice thickness: 0.300 m, average ship speed: 5.67 m/s).
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simulated values ofw in the ice of randomly varying strength properties and a certain thickness, hi. The
long-term cumulative distribution function of extreme ice loads can then be obtained by integrating
over the long-term statistics of hi:

FW ðwÞ ¼
Z N

0
FW jHi

ðwjhiÞfHi
ðhiÞdhi (6)

where fHi
ðhiÞ is the long-term probability density function of hi. Up to now the operating time under

the winter maximum ice conditions and the long-term statistics of the ice thickness are not well
defined for a given ship navigating in a given ice zone. Specific data are needed for further studies.

6. Spatial distribution of ice loads around the hull

The origins of ice loads on different hull areas are different. When the ship proceeds straight ahead,
only the bow waterline is breaking ice. Other areas of the hull encounter hits from broken ice pieces.
The midship and aft areas can break ice when the ship is maneuvering (e.g. turning) or going astern. As
the ice loads on different hull areas are of different origins, it is clear that the magnitudes of the loads
are also different. This is taken into account in most ice rules by dividing the ship hull into regions and
giving so called hull area factor for each region.

Fig. 16. A 10-min time history of measured ice loads on frame 196.5 (reproduced from Kotisalo and Kujala [4], different types of ice
conditions).

Fig. 17. Distribution of the peak loads on frame 196.5, measured in a 10 min full-scale trial (data from Hänninen [5], average ice
thickness: 0.125 m).
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Fig. 18. Distribution of the peak loads on frame 196.5, obtained from three simulated icebreaking runs (average ice thickness: 0.125 m).
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In FSICR the ship hull is divided into forward, midship and aft regions, among which the forward
region (bow) has the highest hull area factor (i.e. 1.0). This is because the dominant operational mode of
a ship is moving straight ahead. Accordingly the long-term ice loads at the bow should be considerably
higher than the short-term ice loads. The load level defined in the ice rules of course need to reflect the
long-term ice loads. But it has been suggested by the model tests (Izumiyama [30]) and numerical
calculations (Valanto [31]) that in turning operation the ice loads at aft shoulder are pronounced and
may be higher than at the bow area. Thus for the aft shoulder, the safety reserve in the ice rules may be
lower than elsewhere. Information on the spatial distribution of local ice loads around the hull can thus
be used for more reliable design of the ship which is intended to have a good turning ability in ice.

As shown in Fig. 22, thirty frames on different hull areas of MT Uikku were selected at 10 m
intervals, and the frame spacing was assumed to be same and equal to 0.35 m on each hull area. The

Fig. 20. The cumulative distribution of simulated load maxima on frame 196.5, as plotted on Gumbel paper.

Fig. 19. Simulated load maxima on frame 196.5 as a function of he.
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spatial distribution of local ice loads was then investigated in both straight going and turning
operations.

Figs. 23 and 24 show the simulated time histories of the ice-induced frame loads on two different
hull areas when the shipwas turningwith a 30� steering angle (of the Azipod propulsion system). Since
the spatial variation of local ice loads around the hull was investigated in this simulation, the thickness
and strength properties of the ice were thus assumed to be uniform. The frame in Fig. 23 is at the bow,
the simulated ice loads on bow frames are similar in both straight going and turning operations. As
shown in Fig. 23, the simulated ice loading process consists of numerous short duration spike-like
peaks. It is quite similar to the normal pattern of local ice loads obtained from full-scale trials which are
usually performed in straight going mode. The frame in Fig. 24 is at aft shoulder, where the ice loading
history is quite different from the bow frames. This is because the frame at aft shoulder is close to
vertical, accordingly the ice edge in the outside of the turning circle (the starboard side shown in
Fig. 22) would be continuously crushed by the aft shoulder without bending failure. In this situation,
the band-like load peaks may occur, and the mean ice load may increase considerably. It should be
noted that the mean ice load may be overestimated, as the buckling or shearing failure of the ice is
neglected in this simulation while it occasionally takes place in practice.

The peak values with a non-exceedance probability of 99% (refer to Izumiyama et al. [32]) and the
time averages (mean ice loads) were then derived from the ice loading histories. Fig. 25 shows the
spatial variation of simulated peak loads on frames around the hull. Three different steering angles
(5, 15 and 30�) were used for the simulation of turning operations, all of them would result in high

Fig. 21. The cumulative distribution of simulated load maxima on frame 196.5, which is plotted as a function of the return period.

Fig. 22. Numbering of the frames on different hull areas of MT Uikku.
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loads at aft shoulder, whichmeans frames at the aft shoulder of MT Uikkumay be equally or evenmore
vulnerable to ice damage as compared to frames on the bow area, when this ship is turning in
a considerably severe ice condition. It is also found that the steering angle has only a slight influence on
the magnitude of high peak load at the aft shoulder, while it has a significant influence on the number
of frames which are under this high load level. Fig. 26 shows the spatial variation of simulatedmean ice
loads on frames around the hull. Herein the steering angle has a significant influence on themagnitude
of the mean ice load at aft shoulder, and this magnitude can be much higher than that at the bow. It

Fig. 23. A simulated time history of the local ice loads on frame 13 (uniform ice thickness: 0.34 m, steering angle: 30�).

Fig. 24. A simulated time history of the local ice loads on frame 5 (uniform ice thickness: 0.34 m, steering angle: 30�).

Fig. 25. Spatial distribution of simulated peak loads around the hull (uniform ice thickness: 0.34 m).
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means that in turning operations the aft shoulder of MT Uikku may encounter much heavier turning
resistance as compared with the bow area.

The spatial variation of both peak loads and mean loads analyzed above are dependent on the
different frame angles around the hull, as well as the shape of ship waterline. MT Uikku is an ice-
breaking tanker which has a larger length to beam ratio than conventional icebreaking ships (e.g. Tor
Viking II). This hull form may develop high loads at aft shoulder. In a straight going test, e.g. the
ARCDEV voyage in the Kara Sea (Kotisalo and Kujala [4]), themeasured loadmaximum at bow shoulder
was about 50% higher than at the bow. As shown in Fig. 25 (frames 13 to 15, and frames 16 to 18), the
simulated variation is quite close to this value. It can be expected that most other ice formations, than
the level ice simulated here, existing in the field would cause a similar load distribution form along the
hull, even if the actual magnitude of the ice loads may be very different (Valanto [31]).

It is expensive and technically difficult to perform the ice load measurements around a wide hull
area (such as that shown in Fig. 22) in field tests. The numerical simulation can thus compensate the
shortage of field data to know more about: (1) the influence of hull form and the operational mode on
the high load distributions around the hull; (2) the influence of hull form and the operational mode on
the operating resistance encountered by different hull regions; and (3) the influence of ice failuremode
and the icebreaking pattern on the operating resistance encountered by different hull regions. These
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(4) The simulated spatial variation of local ice loads around the hull agreeswith previous experimental
and numerical studies, that the turning operationmay develop a high load level on the aft shoulder
area.

The present studies are closely linked to the design basis for ice-going ships. It is indicated that the
hull form, the operational mode, the icebreaking pattern and ice failuremode influence both global and
local ice loads encountered by the ship. Further studies of these issues are planned, as well as the
improvement of this numerical model by integrating the heave, roll and pitch motions of the ship and
refining the ice forces induced after the ice pieces are broken by the hull.
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ABSTRACT 
A numerical model for simulating ship operations in level ice is presented. This model is partly 
based on empirical data, by which the observed phenomena of continuous icebreaking can be 
well reproduced. In the simulation of a full-scale icebreaking run, the interdependence between 
the ice load and the ship’s motion is considered by solving the three degree-of-freedom rigid 
body equations of surge, sway and yaw by numerical integration. The variations in the level ice 
thickness and in the strength properties of ice can also be taken into account during the real-time 
simulations. The simulation results are discussed through three case studies, in which the ship’s 
performance, the probabilistic and spatial variations of local ice loads around the hull and the 
short-term maximum ice loads on a frame are preliminarily analyzed and compared with field 
measurements conducted in the Baltic Sea. It is hoped that further studies on this numerical 
model can supplement the field and laboratory measurements in understanding the icebreaking 
processes and the resulting ice loads on ship hulls. 

 

INTRODUCTION 
It is important to estimate both global and local ice loads on ships intended for the navigation in 
ice. The global ice load governs the ship’s overall performance in ice, and it is an integrated 
effect of local ice loads over the hull area. Information on the distributions of local ice loads 
around the ship hull can be used for more effective design of ice-going ships both in terms of 
overall operation and from the structural point of view. 

In an earlier study (Su et al., 2010a), a numerical method was introduced by the authors to 
investigate the global ice load and the ship’s performance in level ice. This method is partly 
based on the empirical data, by which the observed phenomena of continuous icebreaking can be 
reproduced. In the simulation of an icebreaking run, the interdependence between the ice load 
and the ship’s motion is considered, and the three degree-of-freedom rigid body equations of 
surge, sway and yaw are solved by numerical integration. The full-scale hull form of an 
icebreaker (Tor Viking II) was applied in a specific case study, and the estimated performance of 
the ship agreed well with the field measurements obtained by Riska et al. (2001). 

The ice model was then extended to more complex ice conditions by considering random ice 
thickness and strength properties (Su et al., 2011), with the purpose of identifying the 
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probabilistic and spatial variations of local ice loads around the hull. A case study with an 
icebreaking tanker (MT Uikku) was performed by comparing the simulated peak loads on frames 
with the field measurements obtained by Kotisalo and Kujala (1999) and Hänninen (2003). 

In this paper, the numerical model established and the previous simulation results are briefly 
described.  A new case study with a chemical tanker (MS Kemira) is introduced by comparing 
the estimated 12-hour maximum ice loads on a frame with field measurements. The 
complementary information obtained on the icebreaking pattern, ice loading process and the 
short-term prediction of ice-induced loads on a frame are mainly discussed. 

NUMERICAL MODEL 
Research on the numerical modeling of ice-hull interaction and ship maneuvering in level ice can 
be found for example in Valanto, 2001, Liu et al., 2006, Martio, 2007, Nguyen et al., 2009, 
Sawamura et al., 2010 and Lubbad and Løset, 2011. For the simulation of full-scale icebreaking 
runs, a more integrated model was developed and improved by Su et al. (2010a & 2011). In this 
model the interdependence between the ice loads and the planar motion of the ship is considered. 
The simulation program is established to reproduce observed icebreaking patterns and the 
continuous ice loading processes in a uniform level ice and the ice with randomly varying 
thickness and strength properties. In this section, the numerical model is briefly described. 

General description of the model 
The methodology and assumptions used in the ice-hull interaction model are: 

o the basic geometrical model (as shown in Figure 1) includes the waterline of the ship and the 
edge of the ice both discretized; 

o the motions (surge, sway and yaw) of the ship on the horizontal plane are taken into account 
and the icebreaking forces are assumed to act on the waterline; 

o the contact zones around the hull and the resulting ice forces and icebreaking patterns are 
numerically detected based on the empirical estimates of ice crushing force and ice bending 
failure; 

o ice forces induced after the ice wedges are broken from the ice edge are taken into account by 
the Lindqvist’s ice resistance formula (Lindqvist, 1989); 

o the hydrodynamic effects on the ship’s motion (drag and added mass) are derived from a 
numerical calculation before the simulation in ice;  

o wave, wind and current forces are neglected as they are minor forces compared to ice forces; 

o the rigid-body equations of motion are solved by numerical integration and 

o iterations are performed at each time step, considering the interdependence between the ship’s 
motion and the ice loads.  

The detailed description of the methodology can be found in Su et al., 2010a & 2011, while the 
empirical estimates of the ice crushing force, ice bending failure and the statistical variation of 
the ice properties are mainly described herein.  
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Figure 1. Geometrical idealization of the ice-hull interaction 

Ice crushing force 

At each contact zone shown in Figure 1, it is assumed that the ice is uniformly crushed on the 
contact surface. The crushing force, crF , is normal to the contact surface and calculated as the 
product of the effective ice crushing strength, c , and the contact area, cA . Figure 2 shows the 
illustration of the contact area between ice and hull, where  is the frame angle, and the ice 
crushing pressure on the contact surface is assumed to be uniform and equal to the effective ice 
crushing strength. The frictional force is also taken into account, which is divided into two 
components, Hf  and Vf , according to the relative motion between ice and hull. The horizontal 
and vertical components of the total contact force between ice and hull are then illustrated in 
Figure 3. 
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Figure 3. Illustration of horizontal and vertical components of the contact force 

Ice bending failure 

If the vertical component of the contact force between ice and hull ( VF , shown in Figure 3) 
exceeds the bending failure load of ice cover, fP , given in Equation (1), the ice wedge (as shown 
in Figure 1 will be broken from the edge of the ice:  
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where  is the opening angle of the idealized ice wedge shown in Figure 4, f  is the flexural 
strength of the ice, ih  is the thickness of the ice, and fC  is an empirical parameter. Equation (1) 
accounts for the opening angle, and it is an empirical equation (introduced by Kashtelyan (Kerr, 
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1975), applied in Wang, 2001, Liu et al., 2006, and Nguyen et al., 2009). Thus, the constant fC  
must be obtained from measurements. 

The geometrical idealization of the ice wedge in contact with the hull is illustrated in Figure 4, 
where the bending crack is determined by the interpolation of the icebreaking radius at the first 
and last contact node (i.e., fR  and lR ). The icebreaking radius R  is found by the expression 
given in Wang, 2001 (based on information from Enkvist, 1972 and Varsta, 1983): 
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l v nR C l C v     (2) 

where rel
nv  is the relative normal velocity between the ice and the hull node, lC  and vC  are two 

empirical parameters obtained from field measurements, and l  is the characteristic length of the 
ice: 

  

1
43

212 1
i

w

Ehl
g     (3) 

Based on these assumptions and simplifications, the icebreaking pattern and the continuous 
icebreaking forces can be determined using a step-by-step procedure with a time step, t , equal 
to 0.001 s. The effects of the empirical parameters (in Equations (1) and (2)) on the mean 
icebreaking force were investigated and compared with the Lindqvist’s ice resistance (Lindqvist, 
1989) in Su et al., 2010.  
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Statistical variation of the ice properties 

To reflect more complex ice conditions encountered in natural ice cover, the thickness and 
strength properties of the ice encountered by the ship can be randomly generated using the Monte 
Carlo method. Figure 5 shows a random sample of the varying ice properties along a 10 km route, 
where it is assumed that the ice thickness ( ih ), ice crushing strength ( c ) and ice flexural 
strength ( f ) follow a normal probability distribution and they are independent on each other. 

The existing data on the correlation of the spatial ice properties are very limited. The sensitivity 
of a possible correlation can be investigated by sampling the properties at the spatial points with 
different intervals. Figure 6 shows three simulated icebreaking runs in which the ice properties 
are randomized at different intervals (25, 50 and 100 m). The issues of correlation were briefly 
discussed in Su et al., 2011, and it remains one of the topics for further analysis. 
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Figure 6. Simulated icebreaking runs under randomly varying ice conditions 

SHIP’S PERFORMANCE IN LEVEL ICE 
A case study with an icebreaker, Tor Viking II, was carried out to investigate the total ice load 
and the ship’s performance in level ice. In this study, the ice encountered by the ship was 
assumed to be uniform. The specified material characteristics of the ice and the main dimensions 
of the ship are given in Su et al., 2010. 

In the simulation with a free-running model, the ship’s motion was obtained by solving the 
equations of motion in which the thrust and the global ice load both were identified. The speed 
that the ship can attain was then simulated in the ice of different thicknesses. As shown in Figure 
7, the simulation results agree well with the full-scale measurements (Riska et al., 2001). Figure 8 
shows the simulated values of turning circle diameter which are also comparable to the 
measurements. Herein the deviation between the simulation results is due to the different 
icebreaking patterns shown in Figure 9. As discussed in Su et al., 2010a&b, if the shoulder 
crushing happens (i.e. the ice is continuously crushed by the hull shoulder without bending 
failure) both the forward speed and the turning rate of the ship will be considerably slowed down 
(see e.g. the simulation results in 1.0 m thick ice, as shown in Figure 7 and Figure 8). 

The occurrence or non-occurrence of shoulder crushing is determined by the geometry of 
simulated icebreaking pattern, which is dependent on both the ice condition and the ship’s 
motion. This phenomena was also observed in full-scale trials, but it is difficult to identify its 
actual effect on ship’s performance because the actual ice conditions are usually uncontrollable. 
However, present simulation capability can account for shoulder crushing effects.  
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Figure 7. Comparison of the h-v curve between the present simulations and full-scale trials 
presented by Riska et al., 2001     

 

Figure 8. Comparison of the turning circle diameter between the present simulations and full-
scale trials presented by Riska et al., 2010 

 
Figure 9. Two different icebreaking patterns 

PROBABILISTIC AND SPATIAL VARIATIONS OF LOCAL ICE LOADS  
A case study with an icebreaking tanker, MT Uikku, was carried out to investigate the local ice 
load. In this study, the thickness and strength properties of the ice encountered by the ship were 
assumed to be constant or randomly generated using the Monte Carlo method. The statistical data 
on the strength properties of Baltic Sea ice (summarized by Kujala (1994)) were applied in this 
simulation, and the main dimensions of MT Uikku are given in Su et al., 2011. 

In this study, the origin of the probabilistic variation of local ice loads was discussed. It was 
found that the variation of simulated ice loads on a frame was noteworthy even if the ice 
properties (i.e. ice thickness and ice strength) were fixed. Thereafter the variation in the contact 
and icebreaking patterns was taken as an internal origin of the probabilistic variation of local ice 
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loads, other than the external ice conditions. Figure 10 shows the variation of the contact between 
frame 196.5 and the ice in a period of 1 min simulated in the uniform ice. Here, the contact length 
is the load length within the frame area, and the variation of the contact length is attributed to the 
time varying icebreaking process of the ship. The frame spacing is 0.35 m on the bow area of MT 
Uikku. So, it means that the frame is fully in contact with ice when the contact length equals to 
0.35 m. 

 
Figure 10. Time varying contact length between frame 196.5 and the ice (uniform ice thickness: 

0.3 m) 

Figure 11 shows a 10-min time history of the ice loads simulated in a randomly varying ice 
condition. The load values were calculated by dividing the normal force on the frame by the 
frame spacing (0.35 m); thus, the units are in kN/m. As shown in Figure 11, the load peaks are 
separated in two groups, where the peaks indicated by red squares are in accordance with full 
contact while the peaks indicated by green squares are in accordance with varying contact length.   

 
Figure 11. A 10-min history and separated peak values of the ice loads simulated in a randomly 

varying ice condition (average ice thickness: 0.34 m) 

 

Figure 12. Probabilistic distribution of the simulated peak loads (recorded in a period of 12 
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separated in two groups, where the peaks indicated by red squares are in accordance with full 
contact while the peaks indicated by green squares are in accordance with varying contact length.   

 
Figure 11. A 10-min history and separated peak values of the ice loads simulated in a randomly 

varying ice condition (average ice thickness: 0.34 m) 

 

Figure 12. Probabilistic distribution of the simulated peak loads (recorded in a period of 12 
hours) on frame 196.5 with varying or full contact 



 

Figure 12 shows the probabilistic distribution of simulated peak loads (recorded in a period of 12 
hours), where ix  are the ordered values of peak loads ( ix =1, 2, 3… kN/m); iP  are the occurrence 
percentages of the peak loads that are varying from 1i -x  to ix . In the situation that the frame is 
fully in contact with ice, the distribution of simulated peak loads is dominated by the variations in 
the thickness and strength properties of the ice which are assumed to be normally distributed 
along the route (see e.g. Figure 5). As a whole, it is dependent on the variations in both the 
external variables and the contact and icebreaking patterns. 

As shown in Figure 13, 30 frames on different hull areas of MT Uikku were selected to 
investigate the spatial distribution of local ice loads in both straight going and turning operations. 
Figure 14 shows the simulated peak loads (with a non-exceedance probability of 99%, refer to 
Izumiyama et al., 2005) on different frames around the hull. This result agrees with previous 
experimental studies (e.g. Izumiyama et al., 2005), that the turning operation may develop a high 
load level on the aft shoulder area of the ship. It is expensive and technically difficult to perform 
the ice load measurements around a wide hull area in field tests. The present simulations can 
appreciably compensate this shortage of field data. 

 

Figure 13. Numbering of the frames on different hull areas of MT Uikku 

 

Figure 14. Spatial distribution of simulated peak loads around the hull (uniform ice thickness: 
0.34 m) 
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long term from winter to winter. Long-term ice load measurements conducted in the Baltic Sea 
consist mainly of 12-hour load maxima which are gathered during the normal operation of the 
ship over several years. A case study with a chemical tanker, MS Kemira, was carried out by 
using the simulation program. In this study, the statistical data on the strength properties of Baltic 
Sea ice were applied and the thickness of the ice encountered by the ship were classified referring 
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to the full-scale measurements onboard MS Kemira. The probable correlation between the 
simulated load maxima on a frame and the ice thickness is then discussed. 

The main dimensions of MS Kemira and a detailed description of the full-scale measurements 
during the winters from 1985 to 1988 are given in Kujala, 1989. In this report, the operation 
profile of the ship and the prevailing ice conditions are also summarized. The thickness values of 
the ice encountered by the ship are grouped in 9 classes: (1) 0.01 – 0.02 m; (2) 0.03 – 0.06 m; (3) 
0.07 – 0.12 m; (4) 0.13 – 0.20 m; (5) 0.21 – 0.30 m; (6) 0.31 – 0.42 m; (7) 0.43 – 0.56 m; (8) 0.57 
– 0.72 m; (9) > 0.73 m.  

During the full-scale measurements, the actual ice conditions may include all possible variants of 
ice features within a 12 hours’ voyage. In this numerical study, a number of 10-min voyages were 
simulated and the icebreaking loads on frame 127 were gathered. Within each voyage, the 
strength properties of the ice were assumed to be normally distributed along the route (see e.g. 
Figure 5), the ice thickness was assumed to be uniformly or normally distributed. The 12-hour 
maximum load in a certain ice condition was then evaluated by fitting a Gumbel I asymptotic 
extreme value distribution on the simulated 10-min load maxima. 

Figure 15 shows the simulation results in the ice where the thickness was assumed to be normally 
distributed along the route. The specified mean value of the ice thickness, hm , was 0.165 m, and 
the analysis was carried out with different values of the standard deviation, h . A mean value of 
measured 12-hour load maxima in the level ice assigned to ice thickness class 4 (0.13 – 0.20 m) 
is also denoted in this figure (data from Kujala, 1989 with few data points recorded under level 
ice condition). It can be expected that if a reasonable variance of the ice thickness is defined, the 
simulation results can be used for a preliminary estimation of the maximum ice loads within a 12 
hours’ voyage in level ice. 

 
Figure 15. Simulated 10-min load maxima, and the comparison between the estimated and 

measured 12-hour load maxima (mean ice thickness: 0.165 m) 

Figure 16 shows the simulation results in the ice where the thickness was assumed to be 
uniformly distributed along the route. The Gumbel I distribution is fitted to the simulated 10-min 
load maxima, w , within each ice thickness class (except for class 8 and class 9, as the maximum 
icebreaking capacity of MS Kemira is about 0.5 m): 
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where the parameters ic  and iu  are related to the mean value, w , and coefficient of variation, k , 
of w :  
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where  is Euler’s constant, 0.577. The cumulative distribution function given in Equation (4) is 
defined as conditional because the parameters ic  and iu  are correlated with the classified ice 
thickness, ih .  

 
Figure 16. Fitted Gumbel distribution to the simulated 10-min load maxima within each ice 

thickness class 

 
Figure 17. Parameters of fitted Gumbel distribution as a function of the classified ice thickness  

As shown in Figure 17, the correlation between ic , iu  and ih  can be determined by an 
approximate linear or quadratic regression. The conditional cumulative distribution function can 
then be translated into: 
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where the parameters ck , ,1uk  and ,2uk  are determined from Figure 17. It should be noted that 
these parameters are dependent on the hull form and the frame angle. The assumed correlation in 
Figure 17 is fit for a specified frame on a specified ship hull, herein further validations are 
needed. 

The final cumulative distribution function of w  can be obtained by integrating the conditional 
cumulative distribution function over the prevailing statistics of ih : 
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where ( )
iH if h  is the probability density function of ih , maxh  represents the maximum icebreaking 

capacity of the ship. 

The empirical studies (e.g. Kujala, 1994) have shown that the best correlation between measured 
winter maximum ice load values and prevailing ice conditions is obtained when the equivalent 
level ice thickness is used to describe the annual ice conditions instead of parameters such as the 
maximum ice extent, fast or pack ice thickness. In view of this, Equation (8) indicates a potential 
way to evaluate the long-term ice load statistics based on short-term simulations.    

CONCLUSIONS 
(1) Based on the empirical estimates of the bearing capacity and the breaking length of a floating 

ice wedge, the observed phenomena of continuous icebreaking can be reproduced by the 
simulation program. 

(2) The global ice load effects on the ship’s performance compare well with full-scale 
measurements.  

(3) Information on the probabilistic and spatial variations of local ice loads and on the 
correlation between the short-term maximum ice loads acting on a frame and the prevailing 
ice conditions can be obtained by specifying the simulation parameters. 

(4) A potential way to evaluate the long-term ice load statistics based on short-term simulations 
is introduced.      

It is indicated by the present simulations that the hull form, the operational mode, the icebreaking 
pattern and ice failure mode influence both global and local ice loads encountered by the ship. 
Further studies of these issues are planned, as well as the improvement of this numerical model 
by considering the pressure–area relationship (see e.g. Jordaan et al., 2005), integrating the heave, 
roll and pitch motions of the ship and refining the ice forces induced after the ice pieces are 
broken by the hull. 
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1( ) exp exp ( )dmax

i

h

W u i u i H i i
c i

F w w k h k h f h h
k h  (8) 

where ( )
iH if h  is the probability density function of ih , maxh  represents the maximum icebreaking 

capacity of the ship. 

The empirical studies (e.g. Kujala, 1994) have shown that the best correlation between measured 
winter maximum ice load values and prevailing ice conditions is obtained when the equivalent 
level ice thickness is used to describe the annual ice conditions instead of parameters such as the 
maximum ice extent, fast or pack ice thickness. In view of this, Equation (8) indicates a potential 
way to evaluate the long-term ice load statistics based on short-term simulations.    

CONCLUSIONS 
(1) Based on the empirical estimates of the bearing capacity and the breaking length of a floating 

ice wedge, the observed phenomena of continuous icebreaking can be reproduced by the 
simulation program. 

(2) The global ice load effects on the ship’s performance compare well with full-scale 
measurements.  

(3) Information on the probabilistic and spatial variations of local ice loads and on the 
correlation between the short-term maximum ice loads acting on a frame and the prevailing 
ice conditions can be obtained by specifying the simulation parameters. 

(4) A potential way to evaluate the long-term ice load statistics based on short-term simulations 
is introduced.      

It is indicated by the present simulations that the hull form, the operational mode, the icebreaking 
pattern and ice failure mode influence both global and local ice loads encountered by the ship. 
Further studies of these issues are planned, as well as the improvement of this numerical model 
by considering the pressure–area relationship (see e.g. Jordaan et al., 2005), integrating the heave, 
roll and pitch motions of the ship and refining the ice forces induced after the ice pieces are 
broken by the hull. 
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