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Original features

 
Numerical simulation is potentially a powerful tool for the design of ice-going 
ships, because of its capability to solve complex processes compared to analyti-
cal methods and low costs compared to model-scale tests. In contrast with the 
numerical simulation of a ship in ice-free water, the topic of numerical simula-
tion in ice is still in its early stage; no clear methodology has been widely 
adopted, and no model has been systematically validated. The aim of this thesis 
is to advance the state-of-the-art of numerical methods for ship performance 
simulation in level ice as a ship design tool, in terms of both methodology and 
actual modelling. The following features are believed to be original: 

1. Carefully selected high-resolution full-scale measurement data have 
been deployed to evaluate the accuracy of selected representative ship 
performance models. In addition, underlying uncertainties in the se-
lected methods due to several assumptions are evaluated in order to 
identify important issues for further development (PI).  

2. An extended ice failure model is derived based on Nevel’s closed-form 
solution to the narrow-wedge bending problem. Through such an ex-
tension, the model can be applied to wedges with large opening angles. 
The model overcomes a deficiency of existing models which assume 
simple shapes for broken ice pieces; the model therefore improves the 
fidelity of numerical simulation. The proposed model results in an Or-
dinary Differential Equation (ODE) with only one unknown, which is 
computationally inexpensive (PII). 

3. A Finite Element (FE) based meta-modelling approach is proposed to 
deal with the ice breaking problem in ship shoulder and midship re-
gions. This is a novel concept which connects problems at different 
scales in an efficient and accurate manner. Neural network regression 
is adopted to fit a numerically generated database. The obtained neural 
network regression equations maintain the accuracy of FE computation 
while consuming negligible computational power, and are thus suitable 
to solve ship-ice interactions (PIII). 

4. A model for the simulation of the rotation of ice pieces is proposed 
based on rigid body dynamics. The model is an extension of Valanto’s 
(2001) mathematical model. The model proposed here takes into ac-
count the inertia of ice pieces so that the motion equations can rigor-
ously be solved stepwise. It also considers the position change of the ice 
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pieces along a ship’s waterline due to the forward motion of the ship. 
The ice rotation process can be numerically simulated with this model 
(PIV).  

5. A framework for the development of numerical models for ship perfor-
mance in level ice is proposed. The framework is comprised of a dis-
tinction of modelling purposes, a hierarchical decomposition of the 
problem, a strategy and conceptual methods to develop sub-models, 
and a methodology of validation. The framework formulates the prob-
lem in a structured way, which could be applied as the basis to propose 
and further develop numerical models (PIV). 

6. Following this framework, a prototype model for the simulation of ship 
performance in level ice is developed. The prototype ship performance 
model is benchmarked against carefully selected full-scale measure-
ment data, showing reasonable agreement (PIV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

1. Introduction

1.1 Background

1.1.1 Ships in ice-covered area 

Shipping activities in the Arctic, sub-Arctic and Antarctic regions require ships 
to have sufficient ice-going capacity. The reducing extent of sea ice in the Arctic 
region during recent years makes it possible to increase ship traffic along the 
Northern Sea Route (NSR). There is a need for a large variety of ships such as 
icebreakers, container ships, oil tankers, and support vessels to ensure smooth 
traffic in ice-covered areas. Safety and efficiency are two typical targets to be 
pursued during ship-borne commercial transportation. The former requires a 
ship to complete its voyage with no major hull damage or loss of life or property. 
The latter requires a ship to arrive at ports within planned time and fuel con-
sumption limits. The existence of sea ice is a threat to ship hull integrity as ship-
ice interaction may incur significant force, usually referred to as local load, ex-
erted on a small area of ship hull. The integral of local load over the ship body 
constitutes global load, resisting ships motion both in straight course as re-
sistance and during turning as resisting moment. The magnitude of ice re-
sistance can be significantly higher than that from water. Therefore, higher en-
gine power needs to be available in order to enable penetration through the ice 
field. From the perspective of ship design, it is of vital importance to estimate at 
the design stage both the maximum local load during a ship’s lifetime and the 
global load during operation under various ice conditions. However, estimating 
local and global ice loads are challenging, largely due to insufficient knowledge 
associated with ice mechanics modelling. This introduces large uncertainties in 
the estimation of local and global loads, which should be evaluated and taken 
into account during the design process. 

Ship-in-ice problems typically fall within three scales, referred to here as the 
metocean scale, the ship performance scale, and the ship-ice interaction scale. 
Examples are given in Figure 1. The metocean scale involves topics such as voy-
age planning and tactical routing, with lengths of the magnitude of sea grid cell 
width, typically in the order of 103 to 104 m. Ice information is given as a constant 
for each grid cell within a time period of several hours or a day, and used to 
estimate the average ship speed. The ship performance scale relates to topics 
such as a ship’s attainable speed and maneuverability in ice. The order of mag-
nitude is from 101 to 102 m. The global load and responses are of central interest 
here. At the ship-ice interaction scale, topics of local load and responses are 
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tackled. The order of magnitude varies between 10-1 to 100 m. A larger scale 
problem usually depends on solutions at a smaller scale. For example, a voyage 
planning model typically relies on the estimation of ship performance with given 
ice conditions. The estimation of ship performance in ice further depends on the 
calculation of actual interactions happening at the ship-ice interaction scale. 
Solving ship-ice interactions ultimately demands knowledge of ice mechanics, 
which deals with the constitutive relationship and failure mechanism of ice. 
These topics lie in microscale and are essentially independent of ships. An alter-
native to solve ship-in-ice problems is data-driven approach, e.g. Montewka et 
al. (2015) and Li et al. (2017), which aims to establish models based on extensive 
data gathered at the scale of the desired output without entering smaller scales. 

The problem of concern in this thesis is ship performance in level ice both in 
straight course and during turning. Within this context and for convenience, the 
ship performance scale is hereafter referred to as global scale, while the ship-
ice interaction scale is referred to as local scale. The problem is then regarded 
as a cross-scale problem, where the outputs lie at the global scale while the ac-
tual interaction happens at the local scale, which additionally depends on 
knowledge at the microscale.  

 

   
                     (a)                                             (b)                                       (c) 

Figure 1. Examples of three scales related to ship-in-ice problems. (a) Metocean scale: a route 
optimization algorithm for shipping in the Bothnian Bay (Kotovirta et al., 2009); (b) ship per-
formance scale: a simulation of ship turning in level ice (Zhou et al., 2016); (c) ship-ice inter-
action scale: a FEM simulation of ship collision with an iceberg (Liu et al., 2011). 

1.1.2 Ship performance in level ice 

Level ice is defined as ‘sea ice which has not been affected by deformation’ by 
WMO (2014). In the context of ship performance, the condition of level ice im-
plicitly requires that the extent of ice sheet is of a higher order of magnitude 
than the size of the ships, such that the outer edges of the ice sheet are distant 
from the ship-ice interaction area. If this condition is not met, then it is more 
appropriate to classify the ice as an ice floe field. Within the level ice sheet, the 
ice thickness is relatively constant, with no ice rubble below or above the ice 
sheet. Ship performance in level ice is important in practical ship design as it 
defines how thick ice the ship can break continuously. This defines how well the 
ship can operate in general ice conditions in different operational areas. For ice-
breaking vessels, the level ice performance is a common measure used in the 
ship construction contracts to define ship performance. 
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Ship performance in level ice includes issues such as attainable speed, maneu-
verability, and required engine power. Successful estimation of these quantities 
relies on appropriate modelling of propulsion and maneuvering systems as well 
as the forces from ice and water. Among these elements, ice force is associated 
with the most uncertainty because theories on the other elements are more ma-
ture. The forces during the interaction with level ice can significantly reduce 
ships’ attainable speed and maneuverability. Most of the previous research on 
this topic focus on the global load in straight course, i.e. level ice resistance. As 
reviewed by Jones (2004), efforts to estimate level ice resistance date back to 
1888/89, when Runeberg (1888/89) published the first scientific paper on ice-
breakers. Research on this topic had been rare until the 1960s, when extensive 
studies on this topic came out. One of the major advances in this topic was made 
by Enkvist (1972), who analytically divided level ice resistance into an ice break-
ing term, a submersion term and a velocity-dependent term. There were also 
other important methods proposed by researchers during this period, such as 
Kashteljan et al. (1968), Lewis and Edwards (1970), Milano (1973), Kotras et al. 
(1983), Lindqvist (1989), and Riska et al. (1997). These results in several level 
ice resistance calculation methods based on physical modelling, model-scale 
test and full-scale test. Kämäräinen (1993) comprehensively reviewed the phe-
nomena associated with level ice resistance and evaluated several resistance es-
timation methods by using extensive full-scale measurement results. According 
to this evaluation, there are great variations among the estimations given by dif-
ferent methods. The general accuracy of the evaluated methods also varies but 
none of them can predict all the cases accurately. Entering the 21st century, ef-
forts on analytical methods diminish while numerical methods get increasing 
attention. Several numerical models have been established for the simulation of 
ship performance in level ice, e.g. Valanto (2001), Su et al. (2010), and Lubbad 
and Løset (2011). A more detailed review on numerical methods will be given in 
Section 1.1.5.  

1.1.3 Ship-ice interaction during icebreaking process 

The focus of this thesis is on ice-going ships in thin first year level ice in contin-
uous breaking mode, while operations such as ramming in thick ice are out of 
the scope. As mentioned above, level ice resistance can be divided into different 
components. The whole process of a ship navigating through a level ice field 
including breaking, submerging etc. the ice will be henceforward referred as 
‘icebreaking’, while "ice breaking" will refer to the process when ice is ‘literally 
broken by crushing, bending or other means’ (Kämäräinen, 1993).  

When a ship goes through a level ice sheet, three major processes are involved, 
referred to in this thesis as ice breaking, ice rotation, and ice submersion, illus-
trated in Figure 2. During ice breaking, ship-ice contact is initiated between a 
ship hull and a level ice sheet. The edge of the ice sheet gets crushed and sheared, 
while the ice sheet deforms due to the contact force. The water below the ice 
sheet dampens the deformation via both hydrostatic and hydrodynamic forces. 
The ship-ice contact force continues to grow until it exceeds the limit leading to 
bending failure. A crack is then initiated and propagated through the ice sheet, 
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resulting in an ice piece broken off from the intact ice sheet. Here the term ‘ice 
piece’ has been adopted in contradistinction to ‘ice floe’, which usually refers to 
floating ice with much larger sizes. Ice rotation starts after an ice piece is formed. 
According to Valanto (1989), the ice piece first gets accelerated by the hull and 
then rotated, due to the relative motion between ship and the ice, until it is par-
allel to the hull or the rotation cannot proceed. In the former case, the process 
ends with the impact of the ice on the hull, causing the ice piece to decelerate 
and stop turning. If the relative speed between ship and ice piece is high, the 
water cannot fill the void on top of the ice piece during rotation, which leads to 
the so-called ventilation effect. In the submersion process, the ice piece slides 
downwards and sideways along the hull until it detaches from the ship. The un-
derwater ship body can be largely covered by ice pieces as shown in Figure 2. 
According to the experimental work by Puntigliano (1995, 1997) and the Com-
putational Fluid Dynamics (CFD) modelling by Kämäräinen (2007), hydrody-
namic forces play an important role in this process via the so-called low-pres-
sure phenomenon, which arises from the hydrodynamic pressure decrease be-
tween the ship and ice pieces. It is worth noting that these are merely the major 
processes; other minor processes may exist as well. For example, in certain cir-
cumstances radial cracks occur prior to or after the formation of an ice piece. An 
ice piece may simply get pushed aside by the hull instead of being rotated and 
submerged.  
 

         

         

Figure 2. Icebreaking processes. Left: a photo (Valanto, 2001) showing i) the edge of ice sheet 
being crushed during breaking process with zoom-in sketch (Kujala, 1994) illustrating the 
failure modes, and ii) ice pieces being rotated by a ship during rotation process; Right: An 
underwater view of a ship’s hull covered by ice pieces during ice submersion, imaged by the 
author at Aker Arctic Ice Tank. 

Table 1 presents a comparison between these three major processes on some 
contact features and contributing forces. The breaking and rotation processes 
take place around the ship waterline, whereas the submersion process occurs 
under water along the ship hull. Ice mechanics is most relevant to the ice break-
ing process, where deformations and failures are dominant phenomena, but is 
less important in other processes, where the motion of ice pieces are of primary 
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concern. Ice-ice contact is extensive during submersion, but is rare during ice 
breaking and rotation processes. The common issue is related to hydrodynamics, 
which leads to much higher ship-ice contact force in all the three processes com-
paring to quasi-static scenarios with only hydrostatics.  

Table 1. Comparison of the major icebreaking processes

Process Location Importance 
of ice me-
chanics 

Importance of 
hydrodynam-
ics 

Importance 
of ice-ice  
contact 

Breaking Around waterline High High Low 
Rotation Around waterline Low High Low 
Submersion Below waterline Low High High 

1.1.4 Modelling of the icebreaking processes 

Ice breaking process has been extensively modelled both analytically and nu-
merically. Modelling of ice breaking includes the modelling of crushing and 
spalling (also referred to as shearing) in the vicinity of the contact area, as well 
as bending failure away from the contact area. Models of crushing and spalling 
are mostly developed in the context of local-scale problems to estimate the pres-
sure and forces acting on ships or offshore structures. Examples of such models 
are Daley (1991), Liu et al. (2011), and Hendrikse (2017). Models for bending 
failure have been developed for both local-scale and global-scale problems. Such 
models for local scale problems, e.g. Varsta (1983), Lu et al. (2012), Sazidy (2015) 
and Xu et al. (2020), typically adopt numerical methods such as Finite Element 
Method (FEM), Extended Finite Element Method (XFEM), and Cohesive Ele-
ment Method (CEM) to compute the stress field and simulate cracks. In contrast, 
bending-failure models for global-scale problems mostly use simplified ap-
proaches, often analytically, to estimate stress evolution, crack initiation and 
propagation. These bending models are then embedded into global scale models 
to simulate ship motion in ice. Examples of such models include the ice breaking 
part of all analytical formulae for the resistance of level ice, e.g. Lindqvist (1989), 
and some numerical model such as Su et al. (2010), and Lubbad and Løset 
(2011). In principle, there is no limits on a model designed for local-scale prob-
lems being applied to global-scale problems, and vice versa. There are indeed 
models adopting advanced numerical approaches to global-scale problems, e.g. 
Valanto (2001) with FEM; Wang et al. (2019) with CEM; and Lau et al. (2011) 
with Discrete Element Method (DEM). The choice of model format is therefore 
more of a balance between accuracy and efficiency, depending on the purpose 
of the model.  

The development of ice breaking models has mainly suffered from the lack of 
insight into the constitutive relationships and failure mechanisms of ice. Sea ice 
is known to exhibit brittle or ductile behaviour depending on temperature, sa-
linity, and strain rate. The assumption of linear elasticity has been favoured by 
many researchers and based on that, analytical solutions, e.g. Nevel (1958; 1961), 
and numerical solutions, e.g. Valanto (2001), have been developed. In recent 
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years, plasticity-based ice constitutive models have attracted considerable in-
terest, e.g. Liu et al. (2011), and Xu et al. (2018). The validation of such models 
still needs extensive benchmarking work. Investigations into the mechanism of 
fracture in ice have made some progress over the last decades through extensive 
measurements (Timco and Weeks, 2010). The fracture toughness of Mode-1 
failure has been more understood than those of other failure modes. However, 
there are still large knowledge gaps before cracks can be modelled with maturity. 

In contrast to ice breaking, the rotation of ice has received much less interest, 
especially in recent years. The only comprehensive investigation with both ex-
perimental testing and theoretical modelling of this problem was carried out by 
Valanto (1989, 1992, 2001), where the resistance due to ice rotation was found 
to have a similar magnitude as ice breaking. A recent work on this subject was 
carried out by Lu et al. (2012), where numerical simulation was carried out for 
a single ice piece to analyse the ventilation and backfill problems. Resistance 
due to ice rotation has been considered seriously in most of the early analytical 
models (Enkvist, 1972; Kotras et al., 1983; Lindström, 1990) and some recent 
models (Liu, 2009), but is simply neglected in other models (Lindqvist, 1989; 
Su et al., 2010; Zhou et al., 2016) which still manage to estimate the total re-
sistance to a reasonable level. The importance of ice rotation and its accurate 
incorporation in resistance and ship performance estimation is therefore still a 
largely unexplored issue.   

Ice submersion is known to be an important resistance source. However, un-
like models of ice breaking, models of ice submersion are mostly in analytical 
form with semi-empirical approach, e.g. Enkvist (1972), Kotras et al. (1983), 
Lindström (1990); Spencer and Jones (2001); and Lindqvist (1989). Such mod-
els are derived by a theoretical kernel combined with empirical regression to 
existing datasets. Existing numerical models, e.g. Lubbad and Løset (2011), and 
Sawamura and Tachibana (2011), simplifies the hydrodynamic forces as drag 
force. There has not been any model simulating the motion of ship, ice pieces, 
and water simultaneously to compute submersion resistance. 

1.1.5 Numerical modelling of ship performance in level ice 

The use of different ship performance estimation methods depends on the de-
sign stage. At early design stage, analytical methods can give fast and cheap es-
timations so that the main ship parameters can be chosen. At later stage when 
ship performance needs to be evaluated accurately, model-scale test gives more 
credible results comparing to analytical methods. However, model-scale testing 
itself faces a scalability problem due to extensive plasticity in model ice (von 
Bock und Polach and Ehlers, 2015). The correct interpretation of model scale 
test results is thus still dependent on experience. Numerical methods provide 
another option for ship performance estimation, which potentially leads to more 
accurate estimations than analytical methods while being cheap and easy to im-
plement comparing to model scale test. This enables ship performance to be 
evaluated and optimized before model test is carried out. 

Numerical simulation models of ships in ice can be used in ship design, crew 
training, and operational planning. This thesis focuses on the context of ship 
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design. The essence of modelling ship performance in level ice using numerical 
methods is to compute the forces at each time step from each contact and use 
the summation to calculate stepwise ship motion. Because of this, numerical 
models of ship performance in level ice can as well predict local loads for struc-
tural design (Su et al., 2011; Kujala et al., 2019). The estimation of local loads is 
out of the scope of this thesis. Numerical modelling is more advantageous than 
analytical approaches due to the fact that it provides a more accurate realization 
of the icebreaking process if they are based on the same assumptions. This is 
because analytical approaches attempt to find the time- and space-averaged so-
lution, while numerical methods compute the contacts at each time step and 
spatial position. In addition, numerical modelling allows the problem to be 
solved with more accurate computational methods based on more realistic as-
sumptions. However, the obvious disadvantage of numerical simulation is the 
demand for computational power, which may be significant if the icebreaking 
process is simulated to mimic the physics of the complex phenomena.  

The pursuit of accurate numerical models for ship performance in level ice 
estimation is hampered by the lack of credible models on ice mechanics and the 
modelling difficulties related to tackling the complex ship-ice-water coupling 
problems. Due to this fact, most of the existing numerical models, e.g. Valanto 
(2001), Su et al (2010), Tan et al. (2013), Zhou et al. (2016), Liu (2009), and 
Martio (2007), contain empirical parameters or functions either to compensate 
the knowledge gap or to simplify computations. Other numerical models, e.g. 
Lubbad and Løset (2011), Wang et al. (2019), Lau et al. (2011), and Sawamura 
(2018), attempt to apply first-principle approaches for most of the icebreaking 
processes based on idealized constitutive equations and simplified interaction 
processes. Table 2 presents a comparison of four numerical models, which 
demonstrates the variation in modelling methodology.  

Table 2. Comparison of four representative numerical modelling methods.

Model Breaking Rotation 
Submer-
sion 

Valanto 
(2001) 

Method: FEM and potential flow 
Bending failure index: maximum 
stress in the field 

Analytically 
with force bal-
ance equations 

Lindqvist 
(1989) 
formula Su et al. 

(2010) 

Method: semi-empirical equations  
Bending failure index: force bear-
ing capacity  

Not taken into 
account 

Lubbad and 
Løset (2011) 

Method: closed-form solutions 
Bending failure index: maximum 
stress in the field  Numerically with rigid 

body dynamics and simpli-
fied hydrodynamic forces  Sawamura 

(2018) 

Method: Fluid-Structure Interac-
tion (FSI)  
Bending failure index: maximum 
stress in the field 
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1.2 Research questions, objectives and structure of the thesis

The numerical simulation of ship performance in level ice is still in its early stage 
as a subject; neither a systematic evaluation of such models nor a commonly 
accepted methodology yet exists. Currently, none of the existing models has 
shown superiority over others. Modelling efforts and methods have been di-
rected in rather diverse directions. It is unknown whether numerical methods 
can already give more accurate estimations comparing to analytical methods, 
and what methods are optimal to model different icebreaking processes. Look-
ing through the literature, there is a need to systematically assess the state-of-
the-art, to formulate a framework and to discover the most effective route to-
wards a target model. One major aim of this thesis is to conclude the current 
status of numerical methods and propose a framework to guide the develop-
ment of numerical models. Besides the methodological investigation, this thesis 
attempts to develop a prototype model which has the potential to be continu-
ously improved towards a reliable model. Towards this aim, several models with 
respect to the local icebreaking processes are proposed and then combined with 
some existing models into a global scale ship performance model.  

The specific objectives of this thesis are as follows: 
Objective 1: To systematically evaluate the state-of-the-art methods for the 

estimation of ship performance in level ice based on full-scale measurement. 
The following research questions are to be answered in Publication I (PI): 

i) Can these methods acceptably estimate ship performance in level ice? 
ii) How sensitive are these methods to underlying assumptions? 
iii) What improvements should be made to improve the state of the art? 

Objective 2: To propose a framework which formulates a modelling method-
ology, so that a purpose-oriented model could be developed and continuously 
improved following this framework. The following research questions are to be 
answered in Publication IV (PIV): 

i) What is the hierarchy of and interconnections between the indispen-
sable elements of a numerical model for ship performance simula-
tion in level ice? 

ii) What could be an appropriate strategy and methods to develop a 
ship performance model? 

iii) How could credible validations be carried out as a part of a model 
development process? 

Objective 3: Based on the deficiencies in existing models identified in objec-
tive 1, and following the concepts proposed in objective 2, to develop models for 
local scale icebreaking processes, including: 

i) A model for the ice breaking process in the ship bow region with 
higher fidelity than existing approaches, developed in Publication II 
(PII); 

ii) A model for the ice breaking process at ship shoulder and midship 
regions with the aim of ship turning simulation, developed in Publi-
cation III (PIII); 

iii) An improved model for the ice rotation process based on an existing 
approach, developed in Publication IV (PIV). 
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Objective 4: To assemble the models developed in objective 3 together with 
existing models into a global scale ship performance model as a prototype of the 
proposed framework. This is achieved in PIV.  

Objective 5: Based on objective 1 to 4, to answer the following questions in 
the discussion part of this thesis: 

i) At the current stage, what is the value of a numerical model in prac-
tical ship design compared to analytical methods and model testing? 
Specifically, can numerical method currently be applied in ship de-
sign practice? And if so, for what purpose and to what extent can they 
be applied in order to improve ship design capability? 

ii) What is a possible roadmap towards reliable numerical models for 
ship performance simulation in level ice? Specifically, what is the 
priority of model development, depending on different modeling 
purposes, and how can that be achieved? 

Figure 3 illustrates the underlying logic of, and connections between, the publi-
cations in the context of this thesis. The work is conducted at both global and 
local scales. It starts with the evaluation of selected state-of-the-art methods for 
the estimation of ship performance in level ice, where the state-of-the-art is 
summarized and problems are identified (PI). The outcome of PI motivates both 
a conceptual framework (PIV) and several models for specific phenomena of the 
icebreaking process to be developed at local scale (PII, PIII, PIV). The frame-
work guides both the local-scale and global-scale modelling work. A global-scale 
numerical model for ship performance in level ice simulation is finally estab-
lished and tested (PIV), which incorporates the proposed local-scale models. 
The efforts are summarized in this thesis and the questions in Objective 5 are 
answered.  
 

 

Figure 3. Logical relations between the publications within this thesis. 

1.3 Limitations 

Within the scope of ship performance in level ice, the ice condition is limited to 
first-year level ice which a ship can go through in continuous mode. The evalu-
ation and validation are particularly relevant for Baltic sea ice with thickness 
around 30 to 40cm. Although also being important, other ice conditions as well 
as local ice loads are out of focus. The hull form is limited to icebreaking hull 
while it is yet to confirm whether the global scale model developed in this thesis 
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applies to e.g. hull forms in accordance with Energy Efficiency Design Index 
(EEDI). The numerical simulation of ship performance in level ice is a very 
broad topic consisting of many sub-topics, each demanding extensive modelling 
effort. The pursuit of a well validated numerical model for the simulation of 
ships in level ice is therefore a long-term task requiring extensive research work. 
Hence, this thesis limits the scope of the modelling to the icebreaking processes 
around the waterline, including ice breaking and rotation. Modelling the ice 
submersion process is thus left for future research. The numerical model devel-
oped here can already be applied in ship design as an addition to the existing 
design approaches, but still needs considerable improvement and validation be-
fore it can be applied in a wider range of contexts with minimized uncertainty. 

Much of the thesis has been devoted to the modelling of the ice breaking pro-
cess, especially on the bending failure. Efficient models with small computa-
tional demand were sought during the modelling process. For this aim, the au-
thor formed the idea that accurate solutions under quasi-static loading, which 
is history-independent and thus relatively easy to achieve, should be established 
first, and then the hydrodynamic effect could be corrected via correction func-
tions either empirically or with meta-models. In this thesis, the correction fac-
tors are obtained from existing models, which are based on Varsta (1983) with 
only a few simulation results. This still need further extension and validation. 
Future work on hydrodynamic effects during ice breaking is needed to improve 
the current models. 

Modelling of ice breaking in this thesis adopts classical plate theory and elas-
ticity theory, while ice mechanics topics such as fracture mechanics are less in-
volved. This is partly due to the relatively low level of maturity in current ice 
modelling techniques. With the constant development in ice mechanics, at-
tempts are needed in future to merge ice mechanics into the modelling. 

This thesis has focused mainly on theoretical modelling rather than experi-
mental work. The theoretical models of local-scale icebreaking processes have 
not been systematically validated with measurement. For example, whether the 
ice rotation model can successfully approximate actual force-time history is to 
be validated. Extensive experimental work is still needed in future to validate 
the local-scale models.  

To support credible validation, a focus has been placed here on the selection 
of full-scale measurement data with minimal uncertainty. The downside of re-
quiring such a high standard of data quality is the decreased amount of data 
available, which allows only a limited amount of comparison between estima-
tions and measurements. Further validation work with more data from various 
ships are needed to supplement the comparisons conducted in this thesis. 
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2. Evaluation of selected state-of-the-art 
methods for ship performance in 
level ice

This chapter evaluates several selected methods for the estimation of ship per-
formance in level ice, in order to answer the questions in Objective 1 in Section 
1.2. First, the data obtained from the full-scale measurement of the S.A. Agulhas 
II on the Baltic Sea is used to assess the accuracy of predictions given by the 
selected methods. A net thrust model is modified to estimate ship thrust from 
the recorded power and propeller pitch data. After that, uncertainties in the pre-
dictions due to the assumptions on elastic modulus, ice breaking capacity and 
ice piece size are examined. Based on these, the current status of numerical 
methods is concluded and possible improvements of state-of-the-art are pro-
posed. 

2.1 Selection of state-of-the-art methods

Although numerical methods are the focus of this thesis, the scope of evaluation 
is not limited to numerical methods because of the possible insights that may be 
revealed in the comparison with analytical methods. Two analytical methods are 
selected. The first is Lindqvist (1989) method. This method has been widely ap-
plied both in practice and in research, especially in several numerical models, 
e.g. Valanto (2001) and Su et al. (2010). According to Kämäräinen (1993), Lind-
qvist (1989) method gives good estimations on most of the full-scale cases gath-
ered by Kämäräinen (1993). Lindqvist method combines theoretical derivation, 
empirical regression, and some ‘intelligent guesses’ (Lindqvist, 1989), to obtain 
an expression in the following form: 

(1)

where , ,  and  are the total level ice resistance, crushing resistance, 
breaking resistance, and submersion resistance, respectively; and  and 

 are the empirical functions of the ship speed .  
The second analytical method selected is the semi-empirical formula of Riska 

et al. (1997), which is adopted by the Finnish-Swedish Ice Class Rules (FSICR) 
(TraFi, 2017) for calculating the ice resistance of consolidated layers (treated 
similarly as level ice) in an ice channel. The resistance can be written as 
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where  corresponds to the resistance in quasi-static status and  is the 
speed-dependent term. Both Lindqvist (1989) and Riska et al. (1997) methods 
adopt linear dependency on ship speed, based on data from extensive measure-
ments. From the existing numerical methods, the model of Su et al. (2010) is 
selected due to its constant development after it was proposed (Zhou et al., 2013; 
Tan et al., 2014; and Zhou et al., 2016). The model of Su et al. (2010) divides ice 
resistance into breaking resistance and submersion resistance. The former is 
numerically simulated with semi-empirical equations to determine ice failure, 
while the latter adopts Lindqvist’s (1989) method. This selection of representa-
tive models for evaluation is made in part for practical reasons and does not 
deny the importance of other work. 

2.2 Full-scale measurement

The data adopted for comparison with model estimations in this thesis were ob-
tained from the ice trial of the Polar Supply and Research Vessel (PSRV) S.A. 
Agulhas II on the Baltic Sea on 21st and 22nd March 2012. The ship parameters 
are listed in Table 3. During the two-day voyage, the ship mostly navigated 
through first-year ice fields with thicknesses in the range of 0.2 to 0.4 m. Several 
planned tests were conducted, including going straight both in level ice and in 
ice channels, turning in level ice, breaking out of channel, and ridge penetration. 
The ship was instrumented with various gauges, cameras, and devices to meas-
ure ice loads on the ship’s hull, monitor the ice condition, and record ship per-
formance data such as speed and power. In addition, the compressive strength 
and flexural strength of ice were measured by ex-situ compressive and three-
point bending tests. More information regarding the ice trial can be found in 
Suominen et al. (2013) and Bekker et al. (2014). 

Table 3. Ship parameters of the S.A. Agulhas II (PI).

Ice class PC 5 
Displacement 13687 tons 

Length 134.2 m 
Breadth 21.7 m 
Draught 7.65 m 

Open water speed 16 knots 
Power 9000 kW 

 
The data of interest in this thesis include ice thickness measurement under level 
ice conditions as well as corresponding ship propulsion, speed, and trajectory 
data. Among these, the measurement of ice thickness is usually associated with 
more uncertainty. This ship was instrumented with a stereo camera system (Ku-
lovesi and Lehtiranta, 2014), which measures the thickness of broken ice pieces 
once turned upright. This greatly improves the accuracy of thickness measure-
ments of a level ice sheet. In addition, the ship was instrumented with an elec-
tromagnetic (EM) device (Kovacs and Morey, 1991), which gives the distance 
between the top layer of ice to the ice-water boundary, including ice sheet, ice 
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rubble and possible snow. The ice condition is recorded by video cameras in-
stalled at the bow and at the starboard side. 

2.3 Net thrust estimation

During full-scale measurements, usually ship speed, engine or propeller motor 
power, and propeller settings are recorded, while propeller thrust has to be es-
timated unless measured e.g. with strain gauges. Accurate estimation of propel-
ler thrust is then necessary in order to make valid comparisons between model 
estimations and measurements. Propeller thrust can be estimated relatively ac-
curately if propeller characteristics are known. If this is not the case, alternative 
approximations are needed. One simple approach which has been widely 
adopted is to estimate the ‘net thrust’, i.e. the available thrust to overcome ice 
resistance, via a quadratic equation as a function of ship speed (Hannan, 1971; 
and Kujala and Sundell, 1992): 

(3)

where  is the bollard pull and  is the open water speed. This equation is 
used in ice class rules (e.g. FSICR) since it estimates the maximum net thrust a 
ship can generate at varying speed. However, revisions are needed if it is used 
to estimate a ship’s thrust under a specific scenario. This is because ships with 
controllable pitch propellers often navigate through ice without using full power 
and maximum propeller pitch. Therefore,  and  are dependent on the ac-
tual power P and propeller pitch Pp. Neglecting this dependency can lead to 
wrong thrust estimation.  

The dependency of  on ship power and propeller pitch has been established 
by Juva and Riska (2002) via regression analysis to the propeller characteristics 
of Wageningen B-85 series propellers. A linear dependency on propeller pitch 
to diameter ratio was found, yielding the following expression: 

(4)

where D denotes propeller diameter,  the density of water and  the thrust de-
duction factor; and  and  are the fitted linear parameters.  

To derive the dependency of  on P and Pp, an assumption is made that ship 
open water resistance  is proportional to ship speed to the power of m, which 
leads to the following proportionality: 

(5)

where  is the propeller’s efficiency of transferring received power into thrust. 
In the next step, a regression analysis is carried out with Wageningen B-85 se-
ries propellers to establish the relationship between the optimal  and , 

yielding a quadratic equation: 

(6)
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where , , and  are regression parameters, which equals -0.3304, 0.9582 
and 0.0176, respectively. The remaining problem is to determine the value of m. 
If no further information is known, m can be reasonably assumed to be 2 (Spen-
cer and Jones, 2001). In the case of the S.A. Agulhas II, several periods of data 
when the ship was operating in open water with different power and propeller 
pitch are extracted and analysed. Plotting the calculated  against ship speed 
and fitting a power function into Figure 4, the optimal m is found to be 2.57 for 
the S.A. Agulhas II. With one set of reference values ,  can be es-

timated according to the proportionality given in Eq. (5). Finally,  can be 
calculated with Eq. (3). 
 

 

Figure 4. Regression analysis between open water speed and  to find optimal  (PI). 

2.4 Comparisons between measurement and estimation 

Four periods of data when the ship was going through level ice are selected from 
the two-day voyage, with ice thickness between 0.27m and 0.32m according to 
stereo camera measurement, engine power between 2000kW and 5400kW, and 
propeller pitch to diameter ratio between 0.44 and 0.74. The time histories of 
ship speed from both measurements and simulations are plotted in Figure 5, 
with results summarized in Table 4. The thickness measured by EM device is 
also plotted in Figure 5 since it gives additional insights into the speed variation. 
Although the ice fields are visually identified as ‘level ice’, EM measurement in-
dicates the existence of other types of ice in addition to level ice sheet, likely ice 
rubble. This clearly influences the time history of speed, where speed drops are 
evident when the difference between EM and stereo camera measurement is 
large, e.g. at around 200—300 s in case (d). On the contrary, in case (c) where 
ice thickness according to EM measurement is relatively constant, ship speed is 
rather stable with little fluctuation.  

Generally, the speed estimations produced by these methods are acceptable, 
but not accurate. The results indicate that the estimations are conservative com-
pared to recorded ship speed, except for case (d). However, in case (d), the pres-
ence of possible ice rubble considerably altered the time history of ship speed, 
leading to lower speed than obtained in pure level ice. Therefore, case (d) is less 
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informative than other cases with regard to ship speed in level ice. The results 
show that the model of Su et al. (2010) gives very similar predictions to Lind-
qvist’s (1989) method. This is likely due to the fact that the model of Su et al. 
(2010) adopts Lindqvist’s (1989) method for estimating submersion resistance. 
According to Table 5, submersion resistance takes up over 2/3 of total resistance 
according to the simulation, therefore dominating the speed estimation. The es-
timation by Riska et al. (1997) is more conservative than those obtained through 
the methods of Su et al. (2010) and Lindqvist (1989). This is to some extent un-
derstandable because the method of Riska et al. (1997) is applied in FSICR for 
the classification of ships, for which a conservative estimation leaves space for 
a safety margin.  

Table 4. Comparison of simulated and recorded ship speed (PI). 

Ref Method   
m 

 *  
m/s 

 *  
m/s 

 *  
m/s 

 *  
m/s  

    

 Su et al. (2010) 
0.31 

4.75 5.18 4.99 5.41 -4.8% -4.3% 
(a) Lindqvist (1989) 4.75 5.13 4.99 5.41 -4.8% -5.2% 

 Riska et al. (1997) 4.62 4.94 4.99 5.41 -7.4% -8.7% 
 Su et al. (2010) 

0.27 
4.78 4.82 4.80 5.02 -0.4% -4.0% 

(b) Lindqvist (1989) 4.73 4.73 4.80 5.02 -1.5% -5.8% 
 Riska et al. (1997) 4.57 4.44 4.80 5.02 -4.8% -11.6% 
 Su et al. (2010) 

0.32 
3.29 3.10 3.55 3.59 -7.6% -13.6% 

(c) Lindqvist (1989) 3.26 3.11 3.55 3.59 -8.2% -13.4% 
 Riska et al. (1997) 3.12 2.85 3.55 3.59 -12.1% -20.8% 
 Su et al. (2010) 

0.27 
3.53 3.71 3.40 3.29 +3.8% +12.8% 

(d) Lindqvist (1989) 3.54 3.72 3.40 3.29 +4.1% +13.1% 
 Riska et al. (1997) 3.37 3.46 3.40 3.29 -0.9% +5.2% 

* Superscript  and  denote simulated and recorded results, and subscript  and  denote 
mean and final speed, respectively 

 

Figure 5. Comparison of simulated and recorded ship speed, cases as in Table 4 (PI). 
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Table 5. Resistance decomposition from numerical simulation results (PI).

Case Mean (kN) Mean  (kN) 
(a) 114 247 
(b) 97 212 
(c) 103 211 
(d) 90 186 

2.5 Uncertainty evaluation

Large uncertainties are often associated with icebreaking modelling due to as-
sumptions about ice behaviour and simplifications of computation. Uncertainty 
may also arise from the subjective selection of input parameters, particularly 
regarding ice properties such as elastic modulus. These uncertainties prevail in 
both analytical and numerical simulations. Three uncertainty sources are eval-
uated here with the model of Su et al. (2010), namely, the size of broken ice 
pieces, the bearing capacity of the ice sheet, and the elastic modulus of ice.  

 

Figure 6. Comparison of simulated and measures ship speed. The upper row shows results with 
free speed and the bottom row with fixed speed (PI).

The size of broken ice pieces is commonly estimated as a function of the charac-
teristic length lc of ice. Lindqvist (1989) assumes this to be 0.3, while Su et al. 
(2010) adopts the solution of Wang (2001), with a tunable empirical coefficient 
Cl. Based on a literature review, 15 Cl values are sampled from a normal distri-
bution with mean of 0.35 and standard deviation of 0.1. Simulations with each 
of the Cl value are implemented. The bearing capacity of an ice sheet is another 
major source of uncertainty. Numerical adjustment on certain coefficients was 
commonly made in existing models in order to reach agreement with either full-
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scale measurement or empirical resistance formulae (Tan et al., 2014). The 
bearing capacity calculation method by Tan et al. (2014) is adopted here as a 
reference value, and variations within  are assigned. A series of simula-
tions are implemented to test the sensitivity to the variation. The elastic modu-
lus of sea ice is typically in the order of 100 GPa. The range is set to be 2—9 GPa 
here for sensitivity testing. The results of the three series of sensitivity tests are 
shown in Figure 6. Two groups of tests are conducted, including group (a), with 
set power according to the full-scale measurement and group (b), with fixed 
speed equalling the mean speed of the full-scale measurement. The indices to 
compare are then ship speed in group (a) and resistance in group (b). 

Within the range of selected parameters, the results are shown to be sensitive 
to the size of ice pieces, with standard deviation to mean ratio of 10.6% for speed 
and 19.4% for resistance. The ratios are 4.0% and 10.0% with bearing capacity, 
and 3.8% and 6.8% with elastic modulus, which are lower but still obvious. Since 
uncertainties from these sources form a part of the total uncertainty of the 
model estimation, it can be deduced that the uncertainty in the model estima-
tion is considerable. 

The smaller deviations in speed estimation compared to those for resistance 
can be easily understood. Ship thrust increases when speed decreases, whereas 
ice resistance does the opposite. An overestimation of ice resistance leads to a 
lower calculated ship speed, which results in higher thrust and tends to increase 
the speed, therefore compensating the speed underestimation. This results in 
much smaller deviation in speed estimation with free speed than resistance es-
timation with fixed speed. The difference demonstrates the significance of se-
lecting the correct index for comparison. 

2.6 Conclusions from the evaluation

The high quality of data has ensured credible evaluation. Since the data contain 
ice thickness in the range of 30-40cm, the conclusions are deemed to be most 
relevant for ships with icebreaking hull in thin first year ice. The evaluated 
methods may exhibit different performance if the same ship navigates through 
thick level iceThe comparison indicates that the prediction of ship speed is 
within an acceptable range, but the deviation cannot simply be overlooked, es-
pecially for ship design purposes. In terms of ship resistance under the same 
speed, the relative deviation may double and therefore becomes significant if, 
for example, the aim is to estimate fuel consumption.  

For a ship following a straight course, assuming that the relative magnitude of 
ice breaking resistance and submersion resistance reflected by Lindqvist (1989) 
and Su et al. (2010) is reasonable, it is seen that submersion resistance domi-
nates the total resistance. However, in the literature, most of the focus in nu-
merical simulations of ship performance in level ice is invested in modelling ice 
breaking. Compared to analytical formulae, the value of numerical simulation 
models without simulating submersion is then questionable for the estimation 
of ship performance on a straight course, especially considering the expensive 
computation cost. Nonetheless, this conclusion does not necessarily apply to 
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ship turning in level ice, which will be investigated in Chapter 5. In addition, the 
methods evaluated in this chapter do not consider ice rotation explicitly. The 
importance of ice rotation is thus another issue to be investigated. 

The uncertainties associated with the three factors tested here are noticeable, 
especially in the case of ice piece size. Further work should be done to improve 
the estimation of ice piece size. Some of the factors, e.g. the coefficient for ice 
piece size, are tunable. It is in principle possible to get results close to the meas-
urement by tuning the coefficients, but a priori the correct values are unknown. 
For ship design purposes, it is beneficial to develop models which does not rely 
on subjective choices of such coefficients. The evaluated uncertainties are cal-
culated with respect to total ice resistance. However, as ice piece size, bearing 
capacity, and elastic modulus only affect ice breaking resistance in the models 
of Lindqvist (1989) and Su et al. (2010), these uncertainties can be significantly 
amplified if these are evaluated only with respect to ice breaking resistance. 

Based on the above, it can be concluded that considerable work is still needed 
to develop numerical simulation models for ship performance estimation in 
level ice to reduce the deviations and uncertainties. This first demands a frame-
work dealing with the conceptual issues to find the route towards effective and 
efficient models. This framework could then guide the development of local and 
global scale models, as illustrated in Figure 3. The framework is proposed in the 
next chapter. Motivated by this chapter, new models on ice breaking and rota-
tion processes will be proposed in Chapter 4.  
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3. A framework for the development of 
numerical models of ship perfor-
mance in level ice simulation

Following the evaluation in Chapter 2, this chapter presents a framework for the 
development of numerical models for the simulation of ship performance in 
level ice, so that Objective 2 in Section 1.2 is achieved. The framework covers 
topics including modelling purpose, modelling problem decomposition, model-
ling strategies and methods, as well as methodology of validation. This forms 
the basis of the modelling work in later chapters. 

3.1 Modelling purpose

A model is built for a purpose. Therefore, the purpose of a model determines the 
shape of the model to a large extent. Numerical models for ship performance in 
level ice are typically designed for the estimation of ships’ attainable speed and 
maneuverability. Meanwhile, they are capable of estimating local ice load be-
cause the global loads are the summation of local loads. For global-load related 
problems, the time-averaged force, which relates to the energy consumed dur-
ing ship-ice interaction, is of primary concern. For local load related problems, 
however, the peak force is primary because it affects structural design. For ex-
ample, the local randomness in ice thickness and properties may have little in-
fluence on the estimation of ship resistance, if the mean values are kept the 
same. However, this may affect local load peaks significantly. Within global load 
estimation, as will be shown in Chapter 5, modelling ship performance on a 
straight course differs from modelling ship turning when it comes to the relative 
importance of different icebreaking processes. Ship performance in level ice de-
pends on a wide variety of aspects. A model should invest more efforts on the 
aspects which contribute most to the modelling purpose, while making appro-
priate simplifications to the aspects which are less dominant. This also indicates 
that a model optimized for one purpose may not give good estimations for other 
purposes. The development of a model of ship performance in level ice should 
therefore start with a clear definition of the modelling purpose. 
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3.2 Hierarchical decomposition of the modelling problem 

Figure 7 presents a hierarchical decomposition of the numerical modelling of 
ship performance in level ice. This divides the elements into different levels 
where one can select the appropriate level to model different elements, as will 
be elaborated in Section 3.3. Hereafter, a numerical model for ship performance 
simulation in level ice is referred to as a ship performance model. The models 
developed to model the elements within a ship performance model are referred 
to as submodels (all blocks expect for the dark green one in Figure 7). Submod-
els can be built on different levels. A ship performance model typically contains 
four parts, corresponding to the main contributing forces acting on the vessel, 
associated with ice, water, propeller(s) and rudder(s). The ice force part includes 
three icebreaking modules corresponding to the icebreaking processes. Within 
each module, the elements at the lowest level (the light blue blocks in Figure 7) 
are here referred to as fundamental-level elements, and the rest (other blue 
blocks) referred to as intermediate-level elements.  

Since a description of the icebreaking processes and a review of existing mod-
elling work were presented in Chapter 1, the focus here is to identify and discuss 
possible solutions to each icebreaking process and find the optimal solutions 
considering the state of knowledge. 
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Figure 7. A hierarchical decomposition of the modelling of ship performance in level ice (PIV). 

3.2.1 Ice breaking modelling 

A numerical model for modelling ice breaking starts from contact detection, for 
which the positions of the ship’s hull and ice sheet are needed so that the contact 
area can be estimated from the overlapping polygons. While ship hull is com-
monly assumed as rigid, the assumption on the flexibility of ice sheet varies 
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among literature. Most of the early methods, e.g. Lindström (1990) and Kotras 
et al. (1983) tend to account for the ice sheet deflection while some recent work, 
e.g. Su et al. (2010), neglects it. Deflection of ice sheet leads to reduced contact 
area, thereby slowing down the growth of contact force and leading to a higher 
energy consumption before bending failure occurs, resulting in higher re-
sistance. The mean force change during one ice breaking cycle is found to be 
considerable by Zhou et al. (2016) if the deflection is modelled instead of as-
suming a rigid ice sheet. This clearly advocates the modelling of ice sheet deflec-
tion. 

The pressure on the nominal area is determined by local ice failure including 
crushing and spalling. The prerequisite for a numerical treatment of crushing 
and spalling is the availability of a reliable ice material model, which, at the cur-
rent stage, is absent. This leads to the fact that most of the existing ship perfor-
mance models calculate the pressure empirically, either as a constant (Valanto, 
2001) or as a function of contact area (Tan et al., 2013). This raises a question 
that whether the well-known pressure-area relationships (Sanderson, 1988) can 
be applied here. Daley (2007) made a distinction between the ‘spatial pressure-
area’ and the ‘process pressure-area’ relationships. The former represents ‘a de-
scription of how local peak pressures relate to area for areas within the total 
contact’ (Daley, 2007), which corresponds to the scenario in ice class rules of 
estimating the pressure on a defined area, e.g. a load patch. The latter describes 
the evolution of pressure on the total contact area during the indentation pro-
cess, which is the case in the ship performance context. Based on this distinc-
tion, a spatial pressure-area curve with decreasing pressure on a larger area, e.g. 
Sanderson (1988), is incapable of correctly describing the time history of con-
tact force. This implies that the assumption of a constant pressure linked to a 
measured ice compressive strength (e.g. Valanto 2001) may be a practically rea-
sonable choice since it reflects the property of ice which a ship meets during a 
specific voyage, although rather large uncertainty still exists. 

Solving both crack initiation and propagation relies on solving a ship-ice-wa-
ter interaction problem. A complete numerical treatment with proper handling 
of both hydrodynamics and cracks demands extensive modelling and computa-
tion. The modelling of crack initiation and propagation again relies on extensive 
knowledge of ice mechanics, which is still insufficient. Because of this, many 
models, e.g. Su et al. (2010), Lubbad and Løset (2011), and Sawamura (2018), 
assume simple crack propagation scenarios, with an idealized crack path and no 
energy demands for crack propagation. These choices, despite being simple, 
provide a reasonable approximation to the shape of ice pieces. Another conse-
quence of the lack of confidence in ice mechanics is that the first-principle based 
approaches to computing the bending failure, e.g. Valanto (2001) and Lubbad 
and Løset (2011), may yield biased results since these models are based on the 
assumption of pure elasticity with idealized failure criteria. Empirical solutions, 
e.g. Su et al. (2010), may avoid this problem by bypassing the microscale ice 
mechanics and hydrodynamics problems. However, the empirical solutions 
might be too simple to account for all the necessary factors influencing the pro-
cess, thus reducing the fidelity of a model. Moreover, the choice of the empirical 
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parameters may incur large uncertainty unless supported by extensive measure-
ments. A balance between theoreticism and empiricism seems necessary to find 
better solutions. This will be elaborated in Section 3.3.2. 

3.2.2 Ice rotation modelling 

A numerical treatment of the ice rotation process needs to simulate the ice mo-
tion due to the contact between a ship and an ice piece, between an ice piece and 
an ice sheet, as well as between an ice piece and water. Ice pieces can be reason-
ably treated as rigid bodies since the inertia and size are typically small. The 
problem is therefore independent of ice mechanics and, in principle, can be 
solved with fluid mechanics and rigid body dynamics. The simulations of Val-
anto (2001) and Lu et al. (2012) have demonstrated this possibility. However, a 
numerical treatment based on hydrodynamics leads to significantly increased 
model complexity and computational demand. At the current stage, the im-
portance of ice rotation in the whole icebreaking process is still unclear. A more 
practical approach to deal with ice rotation as a part of ship performance model 
might be to simplify the computation of this process, e.g. using energy method 
and hydrostatics approximation as was done by Valanto (2001) and Liu (2009). 
Such kind of simplifications, as stated by Valanto (2001), gives a reasonable ap-
proximation to the results obtained with hydrodynamics. The resistance due to 
ice rotation can then be approximated to a rough order without complexify the 
modelling process.  

3.2.3 Ice submersion modelling 

Ice submersion involves the interaction between a large amount of ice pieces in 
addition to ship-ice and ice-water interactions, which introduces another mod-
elling difficulty comparing to the modelling of rotation. The discrete element 
method (DEM), which has been widely adopted in modelling discrete ice rubble 
and ice floe interactions (Ji et al., 2013; Gong et al., 2019), may be able to model 
these ice-ice interactions. However, the hydrodynamic effect involving the low-
pressure phenomenon (Kämäräinen, 2007) needs to be modelled at the same 
time. The DEM solver then needs to be coupled with e.g. CFD to model this pro-
cess. Nowadays, commercial software such as StarCCM+ offers this possibility, 
making the full numerical modelling of ice submersion possible in principle. 
However, the modelling and computational demands again present obstacles to 
such models being incorporated into a ship performance model. Another option, 
as reviewed in Section 1.1.3, is to simulate the motion of ice piece numerically 
while simplifying hydrodynamics as drag force (Lubbad and Løset, 2011; 
Sawamura and Tachibana, 2011). This greatly reduces the model complexity and 
computation demand, but needs extensive validation to confirm whether the 
speed dependency due to hydrodynamics can be correctly reflected. Currently, 
the most practically efficient approach available is still to use existing semi-em-
pirical formulae which have been tuned to measurement results while contain-
ing reasonable theoretical derivations. 
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3.3 Modelling strategy and methods

3.3.1 Modelling strategy 

The discussion in Section 3.2 indicates that different icebreaking modules, in-
cluding lower level elements, involve rather different modelling aspects and 
therefore need different modelling approaches. Due to the absence of 
knowledge on ice mechanics, an increasing in the model complexity does not 
naturally lead to improvements in model performance. The multi-physics prob-
lem involving ship, water, ice sheet and ice pieces further add difficulties to the 
establishment of a full numerical model, which adopts mechanics-based nu-
merical methods (e.g. FEM and CFD) for all the fundamental level elements in 
Figure 7. A more practical strategy to build an effective and efficient ship per-
formance model at the current stage is to develop a partial numerical model. 
Instead of seeking numerical solutions of all the fundamental level elements, a 
partial numerical model (e.g. Valanto, 2001; Su et al., 2010; Lubbad and Løset, 
2011) seeks the level of elements upon which a practically reasonable submodel 
could be built based on available knowledge and modelling capability. In this 
way, some fundamental level elements are effectively considered at a higher 
level via e.g. empirical solutions. A simple example is the empirical pressure-
area relationship which calculates the nominal pressure directly instead of mod-
elling the crushing and spalling separately.  

Table 6 summarizes the advantages of adopting partial numerical simulation 
strategy compared to full numerical simulation. It is apparent that the compu-
tational demand and effort to develop a reliable model are significantly reduced 
with partial numerical models. This does not necessarily reduce the confidence 
to a model since the choice has been made on state-of-the-art knowledge and 
modelling capability. Another advantage is that partial numerical models enable 
empirical information to be utilized in submodels, which can compensate the 
theoretical knowledge gap. In addition, the submodels in a partial numerical 
model are relatively independent. The submodels can then be improved or re-
placed easily to update a ship performance model. Finally, the lack of computa-
tional knowledge, e.g. on mesh dependency in CEM (Lu et al., 2014) and prob-
lem of crack crossing in XFEM, associated with full numerical simulation mod-
els is not a problem in partial numerical models. Based on these arguments, the 
author believes that partial numerical modelling is currently the more appro-
priate strategy to develop ship performance models.  

Table 6. Advantages of partial numerical models compared to full numerical models.

Partial numerical models Full numerical models 
Can combine empirical information 
with theoretical modelling 

Typically pure theoretical modelling 

Reliable numerical implementation 
in the computational process 

May suffer from lack of computational 
knowledge 

Easier modelling Difficulty to model multi-physics  
Relatively cheap computation Very heavy computation 
Flexible modelling, submodels easy 
to improve and replace 

More effort needed to upgrade a model 
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3.3.2 Conceptual methods for partial numerical simulation 

Partial numerical models usually need to make additional assumptions about 
the contact scenarios in order to enable a simple solution to quantify the contact. 
An example is the wedge analogy (Su et al., 2010; Lubbad and Løset, 2011) ap-
plied to the ice sheet around ship-ice contact region. This leads to an additional 
error source. Moreover, partial numerical models often use analytical solutions 
or regressions to simplify the computation, which lead to another error source. 
Two conceptual methods are introduced here in order to minimize these two 
errors. 

The first method is meta-modelling. A meta-model is a model of a model. 
Meta-modelling is suitable for dealing with cross-scale problems, conveying the 
information from small scale to large scale, which is the case with ship perfor-
mance in level ice. For example, to solve the problem of ice bending failure, one 
may need to compute the stress field and compare the maximum stress with a 
defined failure criterion. Computation of the stress field with FEM is computa-
tionally very expensive for a global scale model. Alternatively, a meta-model 
could be built with the following procedure: 

1. Characterize the problem with several parameters for inputs and out-
puts. For a bending problem, the input parameters could be used to de-
scribe the geometry of the contact region, e.g. the wedge angle, and the 
force characteristics. The output parameters could be the magnitude of 
maximum stress and location the maximum stress. 

2. Discretize the input parameters within their reasonable ranges and form 
a large number of combinations of the inputs. Solve the input-output 
correspondence of each combination with accurate methods, e.g. FEM. 
This may be computationally expensive, but it only needs to be done 
once. This results in a database containing all the discretized inputs and 
corresponding outputs. 

3. Perform a regression analysis on the database and fit the input-output 
correspondence with an equation. 

With proper methods, a meta-model can maintain the accuracy of numerical 
computation of local ice forces, while being computationally very cheap (PIII). 
The same concept is also applicable to e.g. modelling the speed effect in ice 
breaking, or modelling ice rotation and submersion. With the meta-modelling 
approach, a ship performance model can be developed without FEM or CFD 
while still maintaining accuracy to a large extent. The model can be thereby 
greatly simplified. 

The second method is semi-empirical modelling. A semi-empirical model 
combines empirical information with theoretical calculation. Such a concept has 
been extensively used in ice related engineering problems, including all semi-
empirical formulae in the literature. Theoretical calculation is good in linking 
the desired outputs to a wide range of input parameters, thereby reflecting the 
dependence of the outputs on the inputs. However, theoretical calculation often 
has to be based on a set of assumptions or simplifications, e.g. pure elasticity 
and isotropy, which inevitably leads to biased results. Empirical information re-
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flects reality as it comes from measurement. However, the measurements usu-
ally only cover a narrow range of input parameters. Consequently, it is difficult 
to extrapolate a generalization from empirical information. A combination of 
empirical information and theoretical calculation could compensate the defi-
ciencies of both methods. A semi-empirical model could then be regarded as the 
product of a theoretical kernel, denoted by Ytheoretical, and an empirical calibra-
tion factor or function, denoted by Yempirical, together to give the estimation Y as 

(7)

Consider the case of ice bending failure as an example. Assuming ice to be pure 
elastic and isotropic, a theoretical model (e.g. Nevel, 1961) could be built to solve 
the bending failure problem and estimate ice piece size. This result is biased 
because ice in model-scale and full-scale can be associated with plasticity and 
anisotropy (von Bock und Polach, 2015; Ehlers and Kujala, 2014). If the meas-
urement of ice piece size during a ship’s voyage or in model-scale tests exists, 
the measurement could be used to derive an empirical factor or function to cal-
ibrate the theoretical estimation, thereby minimizing the bias arising from the 
assumptions. In addition, theoretical models such as Nevel (1961) assume 
quasi-static process where hydrodynamics are not reflected. Empirical infor-
mation can also be used to fit a regression equation which effectively models the 
speed effect. 

3.4 Methodology of validation

Validation is an important process in model development. Denote the actual 
value of a target parameter as T, the measured value of this parameter as M, and 
the value estimated by a model as Y. The aim of model development is to mini-
mize the prediction error εp calculated by Y-T, which is approximated by Y-M 
(denoted by εv) during validation. The prerequisite is then that the measure-
ment error , which equals M-T, is small. If this is the case, the prediction error 
can be decomposed as 

(8)

Here the subscripts denote ‘in’ while the superscripts denote ‘due to’.  is the 
error in the ice force part and  error in the other parts (Figure 7).  
represents the prediction error due to errors in the measurement of the input 
constants needed to run the model. This should be distinguished from the 
abovementioned .  represents the prediction error due to underlying 
assumptions, both on material behaviour and on the interaction processes. 

 denotes the prediction error from the computing process, which is the 
difference between the computed results and the true values given that the as-
sumptions are correct. The summation symbols represent the summation of 
prediction errors in each submodel within each part. Eq. (8) is not intended to 
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be a rigorous formula for error quantification because the errors may be inter-
dependent. Instead, it is used to provide notional insights in the elements to be 
considered. 

To make a credible validation,  should be minimized so that the pre-
diction error mainly comes from the model itself. For ship performance in level 
ice, this involves the accurate measurement of ship propulsive and maneuvering 
settings, ice thickness, and mechanical properties, as well as the composition of 
the ice field. A large ice field with relatively uniform ice thickness without gaps 
of open water and piles of ice rubble or ridges in between is typically rare in the 
real world, especially in maneuvering tests which demand a rather large level 
ice field. Therefore, one should check the measurement log or video records to 
ensure the selected data meets the criterion of level ice throughout the test. 

A conclusion should be made on the level on which the validation is carried 
out. For example, referring to Figure 7, a small prediction error in ship speed 
cannot indicate the validity of the ice force model unless it can be justified that 
the error in other force parts are of a smaller order of magnitude. Similarly, a 
small prediction error in ice resistance cannot indicate the validity of a proposed 
ice breaking module, unless it can be justified that the error in rotation and sub-
mersion modules are of a smaller order of magnitude. Therefore, if an improve-
ment is proposed on a lower-level submodel, a validation in higher level cannot 
convey much information without justifications from other submodels. The ro-
bust way to justify such improvement is then to validate the submodel directly, 
e.g. with experiments. 

The process of ship performance model development can be seen as the devel-
opment and constant improvement of each submodel. A direct conclusion from 
the above discussion is that an improvement in a submodel does not necessarily 
lead to improved prediction in the ship performance model due to unbalanced 
deviations in other submodels compared to the true value. This could be under-
stood with a conceptual sketch in Figure 8. Suppose a database of ship perfor-
mance measurement in level ice exists. A ship performance model gives predic-
tions on each case and the relative error of each case, (Y-M)/M, is summarized 
with a bias μ and a variance σ2. The ship performance model is constantly de-
veloped by improving each submodel in turn, and the statistics of the relative 
error are summarized after each improvement. As illustrated in Figure 8, an im-
provement in a submodel does not necessarily lead to reduced bias in the ship 
performance model; it could instead reduce the variance, which is also an im-
provement of the ship performance model. The bias or variance could then fluc-
tuate every time there is an improvement in a submodel, but finally converge to 
zero. If a ship performance model is validated with only one measurement, the 
error given by the validation can be seen as a random sample from the underly-
ing error distribution, which could be rather small with some luck or with some 
parameters tuned, or otherwise rather large.  
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Figure 8. Conceptual illustration of the statistics of relative prediction error during model devel-
opment process (PIV). 
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4. Local scale modelling: ice breaking 
and rotation

This chapter deals with the modelling of icebreaking processes around the wa-
terline, including ice breaking and rotation, in order to achieve Objective 3 in 
Section 1.2. The elements in Figure 7 within ice breaking and rotation modules 
are modelled. The aim is to find computationally light solutions suitable for im-
plementation in ship performance models, so that ship performance simula-
tions can run without complex numerical methods such as FEM and CFD. Due 
to this aim, ice is assumed as pure elastic and isotropic in ice breaking modelling 
and assumed as rigid bodies during rotation modelling. The hydrodynamic ef-
fect is approximated with meta-models in ice breaking and with hydrostatics in 
rotation.  

Section 4.1 presents the contact modelling technique, including the detection 
of contact area and the calculation of nominal pressure. Sections 4.2 and 4.3 
deal with ice bending failure modelling in the bow region and in the shoulder 
and midship regions. Section 4.4 derives an ice rotation model based on Valanto 
(2001). Section 4.5 presents a validation of the local scale models with available 
dataset. For easy understanding of the models, the flowcharts of the ice breaking 
and rotation modules are illustrated in Figure 9. This flowchart shows the pro-
cess to generate one ice piece in the ice breaking module and the process to ro-
tate the ice piece in the rotation module. If breaking does not happen or rotation 
cannot proceed, the process will end. Details are explained in in the following 
sections.  

 

 

Figure 9. Flowchart of ice breaking and rotation modules.
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4.1 Contact modelling

Figure 10 illustrates ship-ice contact. The tip of the ice gets crushed due to the 
relative motion between the ship and the ice. Due to the deflection of the ice 
sheet, the actual contact height becomes  instead of  which corresponds to 
the case of a rigid body. For a contact detection algorithm which realizes the ice 
sheet in two dimensions (i.e. the horizontal plane), the ‘virtual’ indentation 
depth  corresponding to a rigid body is typically detected and used to calculate 
the contact area, e.g. Su et al. (2010). The calculated contact area then needs to 
be corrected to account for the deflection of the ice sheet. 

 

Figure 10. Deflection of a flexible ice sheet (PIV).

Zhou et al. (2016) proposed a method to make such corrections. The problem 
is solved iteratively with the following equations 

Eq. (9) is obtained from the geometrical relationship. Eq. (10) is derived from 
the fact that the deflection  is a function of the contact force , which is fur-
ther a function of the actual contact height . Zhou et al. (2016) use Kerr’s 
(1976) solution to build Eq. (10). In this thesis, Eq. (10) is built through Nevel’s 
(1961) narrow wedge solution because this solution is used and extended in ice 
breaking modelling, as will be elaborated in Section 4.2. 

Based on Section 3.2.1, the nominal pressure p on the contact area is modelled 
with a simple equation 

where  is the crushing strength measured during a voyage. The sensitivity of 
a ship performance model on this choice will be examined in Section 5.2. 

4.2 Crack modelling in the ship bow region

The aim of crack modelling in this section and in Section 4.3 is to check whether 
bending failure is initiated and, if initiated, to determine the crack path so that 
the ice sheet can be updated. This needs a measure for the loading state as well 
as its corresponding limit value. In this thesis, the stress state in the ice sheet is 
chosen as the measure and the flexural strength is set as the limit value. This is 
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a practical choice since flexural strength is an engineering index which is rela-
tively easy to measure. The crack is then assumed to initiate when the maximum 
stress in the field exceeds the flexural strength, and then propagate along a set 
path starting from the location of maximum stress. For convenience, the maxi-
mum stress in the field is hereafter referred to as the bending stress, denoted by 

, and the distance from its location to a reference point in the contact area is 
referred to as the potential breaking length, denoted by . The detailed defini-
tion of  and  will be elaborated in this section and in Section 4.3. The main 
problem is then converted to finding the solution of  and .  

4.2.1 Ice breaking pattern from image analysis 

The ice breaking process is commonly solved by analogizing the indentation of 
a rigid plate to an infinite wedge, e.g. Su et al. (2010) and Lubbad and Løset 
(2011). This applies to the interaction in the ship bow region, where the ship hull 
is rather inclined such that the out-of-plane force is of a similar order of magni-
tude to that of the in-plane force. In this case, bending failure typically occurs 
shortly after contact is initiated without large indentation. Most existing solu-
tions use idealized shapes to model the circumferential cracks, assuming the 
cracks to be circular (Su et al., 2010) or linear (Lubbad and Løset, 2011). In re-
ality, the cracks are typically elliptical, with higher breaking lengths at the edges 
and small breaking lengths at the center. To provide evidence of this, the geom-
etry of 100 ice pieces photographed by a stereo camera installed at the starboard 
of the S.A. Agulhas II is measured via an image analysis program. Five points 
are located on each photo, including two on the contact area and three on the 
crack. In this way the breaking lengths at the center and at the edges can be 
extracted. The full results are shown below in Section 4.2.2. One examples of 
the measurement process is given here in Figure 11, indicating ellipticity. 

 

 

Figure 11. One example of the measurement of ice piece geometry. The left shows the original 
photos and the right shows the measurements (PII). 

4.2.2 Bending failure modelling 

A model which can capture this ellipticity is sought in order to improve the fi-
delity of ice breaking modelling. This starts with Nevel’s solution to a narrow 
wedge resting on elastic foundation (Nevel 1961). A ‘narrow’ wedge refers to a 
wedge with such a small wedge opening angle, , that the angular variation in 
deflection and stress can be neglected. This leads to a two-dimensional problem 
with the deflection of a point on a wedge, , as a function of both its non-di-
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mensional radial distance to the wedge tip, denoted by , and the non-dimen-
sional crushing depth, denoted by . Nevel (1961) derived a closed-form solu-
tion to this problem, written simply here as 

In order to extend this solution to the case of large wedge opening angles, an 
angular coordinate θ term should be included (see Figure 12). An exact solution 
is difficult to find without FE modelling. An approximation is adopted here by 
combining Nevel’s (1961) solution with an unknown function g(θ), given by 

Here, the dependency of  on  is due to θ. Suppose the wedge is discretized 
into an infinite number of narrow wedges as shown in Figure 12. The crushing 
depth  then differs between wedges according to Figure 12, thereby becoming 
a function of θ. If there are no interactions between neighbouring wedges, the 
deflection of each narrow wedge can be described simply with . However, 
the interaction leads to changes in deflection, which will be accounted for by 

. 
 

   

Figure 12. Sketch of the discretization of a wedge plate into n narrow wedge beams. Blue lines 
are virtual edges of each wedge. wb is short for ‘wedge beam’. The right figure shows the 
detail of the crushing area in the left figure (PII). 

 

Figure 13.  Left: Forces on a discretized narrow wedge and right: radial stress decomposition on 
a cross-section. The cross-section A is perpendicular to the  axis (PII). 

Consider the force balance on each narrow wedge. Referring to Figure 13, the 
vertical shear force at a point ( ), denoted by V( ) can be calculated accord-
ing to Kirchhoff-Love plate theory by taking derivatives of  with respect to  
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and . The force from water, δFhs, can be approximated assuming an elastic 
foundation. Summing the forces leads to the following equation: 

  (14)

where  is the vertical component of the contact force. Simplifying this equa-
tion finally yields a differential equation with respect to : 

  (15)

where  and  can be numerically calculated for any given ;  is the 
only unknown function to be computed from this equation. This equation can 
be numerically solved with little computational demand through Finite Differ-
ence Method (FDM). Once  is solved, the deflection field  can be obtained 
through Eq. (13). The stress within each discretized wedge is calculated by sum-
ming the stress due to out-of-plane and in-plane forces (see Figure 13), denoted 
by  and  respectively: 

    (16)

where  is calculated via the bending moment on a section divided by the 
section modulus, and  is calculated via the in-plane compressive force di-
vided by the cross-sectional area. Within each discretized wedge, a maximum 
value of  can be found at a position . The bending stress in the 
ice sheet is defined here as the maximum value of , i.e. 

(17) 

If , a crack is assumed to initiate from the position of , and propagate 
through the ice surface along the curve . Figure 14 gives examples of 
the potential cracks, which clearly shows elliptical feature.  

 

 

Figure 14. Examples of calculated cracks with different crushing depth. The red region illustrates 
the crushing area. (PII) 

4.2.3 Hydrodynamic correction 

The above model gives solutions during quasi-static interaction. However, ship-
ice interaction at the bow is typically associated with considerable hydrody-
namic effects, which are known to result in higher local forces and smaller ice 
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pieces (Varsta, 1983). Here simple corrections are derived from existing models. 
Tan et al. (2014) made a regression analysis to the numerical simulation of 
Varsta (1983), which yields a meta-model expressing the bearing capacity of ice 
as a function of relative speed. A correction factor is derived from the model of 
Tan et al. (2014), expressed as 

  (18) 

Here,  is the ice wedge bearing capacity at relative speed , and  is 
the bearing capacity under quasi-static conditions. The coefficient  is used 
here to scale down the bending stress  obtained from the above ice breaking 
model, so that the hydrodynamic effect is effectively considered. 

Similarly, a correction factor  according to Su et al. (2010) is utilized 
to correct the breaking length. This factor is originally given by Wang (2001) 
through a meta-modelling regression to the numerical simulation results of 
Varsta (1983) in order to account for the hydrodynamic effect on ice piece size. 
The value of  corresponding to Wang (2001) is -0.14 according to Kuuliala 
(2016). This correction factor is adopted here so as to correct the breaking 
length obtained under quasi-static conditions.  

4.2.4 Comparison with measurement 

Figure 15 compares the breaking length at the center ( ) and shape of ice 
pieces (characterized by ) by above computation with those from the image 

analysis of the photos as described in Section 4.2.1. Good agreement is achieved 
in terms of both the dimension and shape. 

 

Figure 15. Comparisons of computed and measured breaking length at the center of the wedge 
(left), and the ratio between the breaking lengths at the edge and at the center (right), as 
functions of the wedge opening angle, modified based on PII. 

Dedicated full-scale experiment on ice bending failure is very rare in the liter-
ature. Varsta (1983) conducted several experiments with a landing craft bow 
contacting a wedge-shaped ice. However, the geometry of the ice wedge is rather 
different from the geometry assumed in this model so the results are not com-
parable. Nonetheless, the results of Varsta (1983) will be used in the next section 
to validate another model. For the current model, we adopt an unrigorous but 
informative validation with the ice load measurement onboard S.A. Agulhas II.  
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We will calculate the force in scenario (c) of Figure 5 because it does not in-
volve ridges, then compare the results with measured ice loads by strain gauges. 
The flare angle of the hull at the intrumented location of the bow region is 32° 
and the instrumentation covers a width of 0.8m with two frames. Here we con-
sider the total force on this 0.8m span. Ice flexural and compressive strength 
are taken as 404kPa and 1.28MPa according to the measurement during this 
voyage. Young’s modulus is assumed to be 5GPa. According to the image analy-
sis in Figure 15, the majority of the ice pieces has wedge opening angles between 
120° to 140° while a few pieces reach 150°. The stereo camera measurement 
gives the mean ice thickness of 0.32m and the maximum of 0.48m during this 
scenario. Here two cases are calculated, one with the mean wedge opening angle 
and mean thickness while the other with the maxima of both. With these inputs, 
the forces leading to the bending failure of an ice wedge, i.e. the bearing capac-
ity, are calculated according to Section 4.2.2 with the hydrodynamic correction 
according to Section 4.2.3, results listed in Table 7. 

Table 7. Bearing capacity calculation. 

Case    Load length On the instrumented area  

1 0.32m 130° 49kN 0.53m 49kN 
2 0.48m 150° 127kN 1.13m 90kN 

 
Results of Case 1 approximately represents the mean value of the peak forces 

which lead to bending failures, while those of Case 2 approximates the maxi-
mum possible force. Since the load length of Case 2 exceeds the span of the 
measurement area, the force can be converted to 0.8m load length assuming 
proportionality, which gives 90kN as the maximum possible force on the instru-
mented area.  

 

Figure 16. Measured ice load, calculated limit force and calculated mean bending force on the 
instrumented area. 

The measured ice load peaks exceeding 10kN on the 0.8m span are plotted in 
the histogram in Figure 16, with the calculation results also presented. The 
measurement includes not only the forces leading to bending failure, but also 
the moving ice forces which pass by the instrumented area but not yet leading 
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to bending failure. The former takes a small portion and concentrates on the 
larger force side while the latter takes a large portion with relatively small force 
magnitudes. There are in total 158 loads detected, which is a relatively large 
number and thereby we can reasonably assume that the maximum measured 
load is close to the limiting load due to flexural failure. The comparison shows 
that the mean bending force calculated by the model locates at the larger force 
side while the calculated limit force covers most of the measured forces with 
only one exception. There is one load with the magnitude of 108kN which ex-
ceeds the calculated limit force. It is possible that the proposed model slightly 
underestimates the bending force, but it is also likely that this exceedance is 
cause by the local randomness in ice strength, e.g. higher flexural strength than 
the mean value used in the calculation. Overall, the comparison shows that the 
force magnitudes computed by the proposed model reasonably reflect the real-
ity. 

4.3 Crack modelling for ship shoulder and midship regions 

4.3.1 Model development 

In this thesis, a contact is classified as interaction with bow if the flare angle is 
less than 80 degrees, otherwise as interaction with shoulder or midship. Figure 
17 shows an image of a bending failure captured at the bow shoulder of the S.A. 
Agulhas II during the ship turning in level ice. A similar scenario may happen 
as well when a ship encounters compressive ice fields (Li et al., 2019). In such 
scenarios, ship-ice contact in the shoulder and midship regions becomes con-
siderable due to the relative transversal motion between ship and ice sheet. In 
these regions, the hull of the ship is typically close to vertical. The in-plane force 
is thus much larger than the out-of-plane force. Considerable indentation may 
take place before a bending failure is initiated. The shape of the contact region 
is then similar to a finite wedge connected with a semi-infinite plate, as assumed 
by Varsta (1983). Therefore, the premises used to derive the solution in Section 
4.1 do not hold; a new solution should be sought.  

The geometrical complexity at the contact region makes it difficult to simplify 
the problem analytically as was done in Section 4.2. The problem therefore has 
to be solved with numerical techniques such as FEM. In order to obtain a model 
suitable for ship performance simulation with light computation, a meta-mod-
elling approach is adopted. The idea is to run a large number of numerical com-
putations with FEM and then conduct regression analysis of the results. In this 
way, the accuracy of FE modelling can be maintained while benefitting from a 
fast and computationally cheap calculation.  

To realize the concept, the interaction process is assumed to be quasi-static, 
and the ice sheet assumed to be purely elastic and isotropic. With these assump-
tions, the deflection process is history independent. Solutions could then be 
sought at each instant during the entire contact scenario. The assumption of 
quasi-static interaction is supported by the fact that the interaction speed in the 
shoulder and midship regions is typically very low.  
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Figure 17. Bending crack initiation and propagation during S.A. Agulhas II turning in level ice, 
photographed at the starboard bow shoulder of the S.A. Agulhas II; (a) before crack initiation; 
(b) crack initiated; (c) crack propagated through the top surface and (d) crack further opening. 
The yellow lines illustrate the edges and the orange arrows show the location of the crack. 
(PIII) 

In the first step, the problem is characterized with several parameters so that 
variations of the problem could be controlled by varying these parameters. As 
shown in Figure 18, the geometrical profile of the contact region is characterized 
with the wedge opening angle , contact length , and wedge depth . The 
edge of the wedge is assumed to be an arc so the wedge width  can be calculated 
from  and . The force on the ice sheet acts uniformly on the area with length 
equaling  and height equaling ice thickness. The force is characterized with 
two parameters,  representing the ratio between the out-of-plane force and 
in-plane compressive force, and  representing the ratio between the in-plane 
frictional and compressive forces. The stress and deflection are linearly depend-
ent on force, so the absolute value of the in-plane compressive force is set as one 
without loss of generality. An elastic foundation is set below the ice sheet to rep-
resent the water and the related hydrostatic effects. 

In the next step, the five parameters are discretized with ranges listed in Table 
8. The parameters are set with model scale magnitudes under an ice thickness 
of 30mm and elastic modulus of 50MPa. This is set purely for numerical imple-
mentation and the results can be scaled to any thickness and elastic modulus 
(PIII). This yields a total of 7776 combinations of parameters. To run through 
all these combinations with automation, Python scripting is adopted with 
Abaqus/2017 to compute the stress fields. This step requires considerable com-
putational power. After the computation, another Python script is written to go 
through all the elements from each result file and find the one with the largest 
value of maximum principal stress. The largest value of maximum principal 
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stress in the field is here used as the bending stress , and later used for com-
parison with  for the judgement of bending failure. The potential breaking 
length  is defined as the distance from the position of  to the center of the 
contact area (see later Figure 20). From each result file,  and  are extracted 
for further analysis. 
 

 

Figure 18. Characterization of the ship-ice interaction region. The pink arrows illustrate the direc-
tion of forces. The mesh is refined inside the region bounded by the black solid line. (PIII) 

Table 8. Discretization of the control parameters. 

Parameter Range Number 
 [10, 40, 70, 100, 130, 160] deg 6 

b [6, 15, 30, 60, 120, 240, 360, 480, 600]mm 9 
c [15, 30, 60, 120, 180, 240, 300, 360, 420]mm 9 

 [0.05, 0.1, 0.15, 0.2] 4 
 [0.05, 0.1, 0.15, 0.2] 4 

Now, a matrix with 7776 rows, each containing five input and two output values, 
is obtained. A regression model is sought in order to build the link between these 
inputs and outputs. This is a multi-variate non-linear problem, for which is not 
straightforward to find the optimal function form to fit the data. Instead of man-
ually seeking the form of a function to fit the data, here Neural Network (NN) 
fitting is adopted due to its flexibility. Essentially, a two-layer NN attempts to fit 
the data with the following equation (Bishop, 2006) 

where  and  are the weight matrices;  and  the bias vectors.  and  
denote the input and output parameters.  denotes the tanh sigmoid function, 
which accounts for the non-linear feature. Using ten neurons in the NN, the 
weights and biases which minimize the error function can be numerically found. 
Figure 19 shows the performance of the NN for the estimation of the  and . 
The performance is shown to be very good, with most of the dots spreading 
around the line Y=T, and R values very close to 1. This indicates that the outputs 
can be accurately calculated with the NN without FE modelling. 
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Figure 19. Performance of the neural network fitting to  (left) and  (right). The vertical axis 
corresponds to the predicted values while the horizontal axis shows the computed values 
from FE modelling (i.e. the target values). (PIII) 

In theory, a NN can fit to any function with arbitrary precision as long as the 
number of neurons is large enough (Bishop, 2006). However, using too many 
neurons may lead to overfitting, which results in poor out-of-sample perfor-
mance. To check for overfitting, and to demonstrate the use of the derived NN, 
some examples are given here. The ship-ice interaction process is sketched in 
Figure 20. At the beginning of the contact, the geometry of the contact region is 
characterized with , , and . When the ship’s hull crushes the ice, the ge-
ometrical feature of the contact region, characterized with ,  and , changes. 
As a result,  and  also change during the process. The NN can be used at 
each instant with given values of , , and  together with the force related pa-
rameters  and  in order to calculate  and . Figure 21 gives some exam-
ples of  and  as functions of the indentation depth during the interaction 
process with randomly generated initial values. The curves calculated by the NN 
give rather good approximations to those computed by FEM. The curves are 
smooth, which indicates no overfitting. This further demonstrates the applica-
bility of this NN to reproduce the results obtained through FEM. It should be 
noted that the NN gives excellent interpolation within the discretized range of 
the input parameters but can give rather bad extrapolational predictions, due to 
the nature of regression. This motivates a wide range of discretization in order 
to establish the database. 

The remaining problem is to estimate the crack path once  exceeds . A rig-
orous procedure is to simulate crack propagation numerically and extract the 
shape of crack to build another meta-model. However, a simple approximation 
is adopted here. This is sketched in Figure 20(c). In this figure, A’ is the mirror 
point of A. The arc ACA’ is centered on point B with radius equal to . The point 
E is the midpoint of line CD. The crack is assumed to propagate along the curve 
AEA’, which is approximated with a parabolic curve. In this way, the ellipticity 
of the ice piece can be maintained. Since the size of the ice piece has been largely 
determined by the position of point A, such an approximation does not result in 
large deviations in the estimation of ice piece size and shape. 
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                               (a)                                                             (b) 

                                       
                                                                (c) 

Figure 20. A sketch of the indentation process, (a) at the beginning the contact and (b) during the 
contact at an instant t=t1 (PIII). The red arrows show the direction of the maximum principal 
stress. The potential breaking length  is defined as the distance between A and B. The 
assumed crack is plotted in (c) along AEA’. 

  

Figure 21. Calculation of the indentation process with randomly generated initial values 
 listed on top of each plot. The initial contact length  is fixed at 30mm. The 

left set of nine plots shows  non-dimensionalized by the nominal contact as functions of 
the non-dimensional indentation depth and the right set of nine plots shows  non-dimen-
sionalized by . The solid lines are from NN calculations and the circles are from the FE 
simulation database. (PIII) 

4.3.2 Comparison with measurement 

The geometry of the ice wedge adopted in this model highly resembles that of 
Varsta (1983) in the full-scale experiment of a landing craft bow breaking ice 
wedges. This provides a good source for a validation of the derived model. The 
geometry of the ice wedge by Varsta (1983) is 90°, 0.5m and 1.75m for ,  and 

 respectively. The coefficient  is zero because of no relative movement in the 
tangential direction. Varsta (1983) used two different frame angles, one of 30° 
and the other of 50°. By a simple calculation with friction coefficient 0.13 as 
assumed by Varsta (1983), the ratios between out-of-plane force and in-plane 
compressive force, i.e. , are 0.42 and 0.92 respectively. These leads to a prac-
tical difficulty in the comparison, that these  are beyond the range of the FE 
simulations which has been used to derive the neural network (NN). It is known 
that NN can give poor performance with values out of the training range so we 
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cannot use the NN directly with a  out of the pre-defined range (0 to 0.2). 
However, with , ,  and  equaling the above values,  can be calculated by 
the NN as a function of  in the range of 0 to 0.2, shown in Figure 22. The plot 
shows that  is linearly dependent on  in this range so we can extrapolate this 
line to  of 0.42 and 0.92 to get reasonable approximations of .  

 

Figure 22. Extrapolation of the calculation  by NN to  equaling 0.42 and 0.92, results ob-
tained with 1kN in-plane compressive force. 

The obtained  with  of 0.42 and 0.92 are tabulated in Table 9. If we take 
the flexural strength of ice as 500kPa, the critical in-plane force leading to bend-
ing failures can be calculated by scaling up the obtained  to 500kPa. Then the 
normal crushing force can be obtained. The comparison of the results with the 
measured peak force by Varsta (1983) is given in Table 9. The measurement 
values are read from Figure 57 of Varsta (1983) thus are not precise. There are 
three measurements with frame angle of 50°, all listed in the table. The compar-
ison shows that the results calculated from the NN nicely approximate those 
obtained from the measurement. 

Table 9. Comparison of calculated and measured bending force with quasi-static loading. 

Frame 
angle 

 with 1kN 
in-plane force 

In-plane force when 
 

Corresponding 
normal force 

Measured normal force 

30° 3.2kPa 155kN 182kN About 170kN 
50° 7.2kPa 69kN 108kN About 170, 110 and 90kN 

4.4 Ice rotation model 

4.4.1 Model development 

After a breaking event, an ice piece with known size and three-dimensional 
shape is formed. The rotation process is modelled with the sequence illustrated 
in Figure 23, based on Valanto (2001). The ice piece starts to get rotated by the 
hull if the hull is sufficiently inclined, i.e. the angle BAC in Figure 23(a) is larger 
than 90 degrees so that the contact force can turn the ice piece downwards. In 
the initiation stage, the ice piece is accelerated rapidly to the speed required by 
the steady forward motion of the ship. After that, the ice piece rotates due to the 
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contact with the ship hull, the intact ice sheet and the water. This can be divided 
into three phases: I) point  coincides with , acting like a hinge; II) point  
slides along the edge of the ice sheet; and III) point  detaches from the ice 
sheet. Finally, when the ice piece has been rotated parallel to the ship hull, it 
impacts the hull and the rotation process ends. An ice piece may also partially 
rotate without completing the whole process, e.g. if the relative speed between 
ship and ice piece is not large enough to proceed the rotation (see the flowchart 
in Figure 9).  
 

 
(a)                                          (b)                                          (c) 

  
(d)                                           (e) 

Figure 23. Illustration of the ice rotation process in two-dimension: (a) initiation stage; (b), (c) and 
(d) rotation stage, phase I, II and III respectively; e) impact stage. Point A’ and B’ are the 
upper-left and lower-right vertices of the ice piece. (PIV) 

Denote the speed of the ice piece after the initiation stage as , and the speed 
before impact stage as . The energy consumed in accelerating the ice piece 
in the initiation stage and in decelerating the ice piece in the impact stage can 
be expressed as functions of   and : 

   (20) 

   (21) 

where  and  are calculated from the kinetic energy change;  is 
the ship speed component in the direction normal to ship hull;  is the 
speed component of ice in the direction normal to ship hull; and  and  
are the mass and moment of inertia including also the added mass. The speed 

 and  can be solved from the rotation stage, described as follows. 
A detailed derivation of the equations at rotation stage can be found in PIV. 

Consider the ice piece as a rigid body during the rotation stage. The position of 
the ice piece at any instant during rotation can be tracked with , where 

 and  are the coordinates of the center of gravity, and  is the angle turned 
from the initial horizontal position. The motion equations can be written as:  
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(22) 

Here, , , , , , and  represent respectively the normal and frictional 
force of ship-ice contact acting at point A’, the normal and frictional force of ice 
piece-ice sheet contact acting at point B’, the hydrostatic force and the gravity 
force.  is calculated with hydrostatics assuming full ventilation so that no wa-
ter exists above the ice piece. Additionally, the effect of the bow wave is taken 
into account analytically by adding a hydrostatic pressure term based on the 
wave height calculated according to Kotras et al. (1983). There are in total seven 

unknowns in this set of equations, including , , , and , as well as , , 

and . Since  can be expressed as a fixed fraction of  according to Coulomb 

friction law, the number of unknowns is reduced to six. In Phase I, as point B’ 
coincides with B, there is only one degree of freedom (DoF) with the motion of 
the ice piece. The accelerations ,  and  reduce to one independent term, 

decreasing the number of unknowns to four. In Phase II, as point B’ slides along 
the edge of ice sheet,  could be expressed as a fixed fraction of . In this case, 
the ice piece motion has two DoFs, again reducing the total number of un-
knowns to four. In Phase III, ice-ice contact forces,  and , vanishes, again re-
sulting in only four unknowns. 

Based on the position of the ice piece in comparison to its initial position, an-
other equation describing the geometrical relationship can be established with 
respect to ,  and . Taking the second derivative of this equation, the follow-
ing relationship can be established: 

(23)

The coefficients , ,  and  are different functions of , ship hull flare 
angle , ship speed  and the time  since the beginning of turning. Note that 
these are all time-varying variables, thus these coefficients are also functions of 
the time derivatives of these variables. For example, due to the forward motion 
of ship, the ice piece moves towards the stern, the flare angle  then changes 
during this process. These changes are explicitly contained in the coefficients in 
Eq. (23). 

Now the problem has been formulated as an initial value problem with un-
known forces and acceleration terms. Combining Eq. (22) and (23), the un-
knowns can be solved at any time step by adopting a numerical scheme. Here 
the Euler method is adopted to implement the simulation. The numerical pro-
cedure for implementing the above computation is illustrated in Figure 9. At 
each time step,  and their first derivatives are updated based on the accel-
erations computed from the previous step. Subsequentially, the force and mo-
tion status are checked in order to determine whether the computation will en-
ter the next phase. The simulation ends if the angle  exceeds the hull angle , 
or if the rotation stops prior to the complete process (Figure 9). 
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A remaining problem is to find the initial state  at the beginning 
of the rotation stage. To achieve this, an assumption is made based on the ex-
periment of Valanto (1989) that the ship-ice contact force drops to zero at the 
end of initiation stage and then grows from zero at the rotation stage. This al-
lows the elimination of one unknown (which is ) in Phase I, thereby reducing 

 to an unknown parameter that could be solved from Eq. (22) and (23). The 
speeds  and  can then be calculated based on . 

The full ice rotation process can now be simulated with above procedure. Refer 
to Figure 7, the initiation and impact stage have been modelled at intermediate 
level via energy method, while the rotation stage modelled at fundamental level 
numerically. The assumption of full ventilation enables the process to be simu-
lated with hydrostatics. One phenomenon which is not modelled here is the 
‘backfill effect’ (Lu et al., 2012), i.e. the process when water partly fills the void 
above the ice piece. This is more relevant to the positions close to shoulder area, 
where the ship-ice relative speed is low and ship hull flare angle is large. How-
ever, according to the simulation with the model developed in Chapter 5, ice 
pieces at this region mostly cannot finish the whole rotation process due to the 
low relative speed and large flare angle. The influence of backfill effect to the 
global load caused by ice rotation is then reasonably low. This, however, needs 
further numerical and experimental justifications. 

4.4.2 Comparison with measurement 

The only existing source of experiment on ice rotation is from Valanto (1989), 
where Valanto conducted several series of model-scale tests with 2D ship-ice 
interactions similar to Figure 23 and recorded the force from the beginning of 
the contacts until the end of an icebreaking circle. In the Appendix of Valanto 
(1989) the test results are tabulated including the test speed, ice piece dimen-
sion as well as mean and maximum forces during an icebreaking circle. Here the 
test results of presawn ice are used because the breaking process is excluded 
thus the remaining force can be regarded as mainly from the rotation process. 

The same ice piece dimension, ship speed and hull flare angle are set into the 
programme to realize the ice rotation computation described in Section 4.4.2. 
The bow wave height is not accounted into this calculation because the empirical 
formula for bow wave height calculation adopted in the ice rotation model does 
not apply to the experimental configuration of Valanto’s test. Also due to this 
reason only the first set of tests with lowest speed is used here. The mean force 
in the horizontal direction is calculated by the total energy consumed during the 
process divided by the length of the ice piece, which is then the mean horizontal 
force during the rotation process. The computation results together with Val-
anto’s measurement results are listed in Table 10. 

Table 10. Comparison of calculated and measured mean force during ice rotation process.

Test No. Ship speed 
(mm/s)

Ice piece 
length (mm)

Mean horizontal 
force, measured (N)

Mean horizontal 
force, calculated (N)

7.1-7.4 178 270-275 1.04, 0.99, 0.98, 0.56 0.74
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The comparison shows that the calculation with the proposed model underes-
timates the measured mean force by around 20%. This is possibly due to the 
effect of bow wave which is not accounted in this calculation. The bow wave in-
creases the pressure beneath the ice pieces and leads to higher force on the ship. 
As mentioned in Section 4.4.1, an empirical equation according to Kotras et al. 
(1983) is applied to calculate the bow wave height when the rotation model is 
included in the ship performance model, which is expected to reduce the devia-
tion.  
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5. Global scale modelling: ship perfor-
mance model

This chapter assembles several submodels into a ship performance model for 
the simulation of ship performance in level ice, in order to achieve Objective 4 
in Section 1.2. This includes but not only includes the net thrust model in Chap-
ter 2 and the ice breaking and rotation models in Chapter 4. The model aims 
primarily for the simulation of ship maneuvering, while also being able to sim-
ulate ships in straight course. The full-scale measurement data of S.A. Agulhas 
II are used to validate the model via comparing the recorded and simulated 
turning trajectories. 

5.1 Model description

The model is set up with four degrees of freedom, including surge, sway, roll, 
and yaw. The inclusion of roll motion is motivated by the fact that roll motion 
changes the hull inclination angles, and thus may affect the ice breaking process 
in the shoulder and midship regions during ship turning. Essentially, the ship 
performance model solves the following coupled motion equations: 

(24)

Here , , , , , , , and  are the local ice breaking and rota-
tion force, submersion resistance, propeller net thrust, rudder force, hydrody-
namic and hydrostatic force, as well as gravity force.  is ship mass and  
and  are the moments of inertia in roll and yaw. The speed terms are denoted 
by , , , and . Among the ice force terms, the breaking and rotation 
forces are obtained numerically by solving each contact subscripted with i, while 
the submersion force is calculated with Lindqvist (1989) formula.  

The propeller thrust is estimated with the revised net thrust model described 
in Section 2.3. The rudder force is calculated empirically according to Molland 
(2007) and Matusiak (2017). This is done through empirical calculations of the 
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lift and drag coefficients as well as the inflow velocity considering rudder-pro-
peller interaction. The hydrodynamic force is calculated with the regression for-
mulae given in Matusiak (2017).  

A Matlab program is written to implement the model. A flowchart of the algo-
rithm is presented in Figure 24, and a visualization is shown in in Figure 25. 
Details of the ice breaking and rotation modules were presented in Figure 9 
(Chapter 4). The program firstly initializes ship and ice parameters and discre-
tizes the ship’s waterline and ice sheet into polygons. The ship is set outside of 
an ice sheet in the beginning of a simulation. With given propulsion and rudder 
settings, the ship moves into the ice sheet. In the ice breaking module, the algo-
rithm identifies the contact area by detecting the overlapping areas of the two 
polygons. Once a contact is detected, the area is adjusted with the method de-
scribed in Section 4.1. The algorithm then calculates the features of the contact 
region, including its position, geometry, hull angles, and forces. Based on these, 
and depending on the position of the contact, either the model in Section 4.2 or 
the model in Section 4.3 is employed to compute the bending stress and poten-
tial breaking length. If the bending stress exceeds the flexural strength, a bend-
ing failure occurs and the ice sheet is updated by subtracting the shape of the ice 
piece. 
 

 

Figure 24. Flowchart of the ship performance model, updated from PII.
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Figure 25. Visualization of the ship performance model in a simulation of the S.A. Agulhas II 
turning in level ice (PIV). 

After a bending failure, the newly generated ice piece is recorded in the ice ro-
tation module and the computation of ice rotation is initiated. Each ice piece is 
treated as an object with its dimension, position, and motion as its features. The 
algorithm first makes a judgement on whether the ice piece is rotatable. If not 
rotatable (the black dots in Figure 25), the ice piece is classified as inactive and 
stays unturned. Inactive ice pieces can be regarded as a part of the intact ice 
sheet, which may contact the hull via crushing. If the ice piece is rotatable (the 
blue dots in Figure 25), it is active and the model in Section 4.3 is applied to 
compute the motion of the ice piece and the corresponding force on the ship. At 
each time step, the position of the ice piece on the waterline is updated due to 
the forward motion of the ship. The hull angle is then also updated based on the 
new position. Because of this, an inactive ice piece may become active, for ex-
ample when an ice piece has moved from the midship to the stern where the hull 
is quite inclined. The ice piece is deleted from the ice rotation module if any of 
the following criteria is satisfied: i) it is behind the ship; ii) it has been turned 
parallel to the ship hull; or iii) the turning cannot proceed any more, e.g. due to 
slow relative speed between ship and ice. 

At each time step, the submersion force, propeller thrust, rudder force and 
hydrodynamic force are calculated and summed to yield the total force. The 
components of submersion force are approximated by 

   (25) 

where the scalar quantity  is the submersion resistance calculated by the 
Lindqvist (1989) formula, and L is the ship length. It has been assumed that the 
yaw moment arises from the transversal force component acting on a point 
0.25L forward of the gravity center, i.e. approximately the midpoint from the 
gravity center to the stem. The numerical simulation is implemented with an 
explicit scheme using Euler method. The time step is set to 1ms, which corre-
sponds to an advancing distance of 5mm if the ship goes at 5 m/s (9.7 knots). 
The simulation continues until it reaches a set distance or time. 
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5.2 Comparison with full-scale measurement

An approximately 5-minute section of data from the S.A. Agulhas II ice trial is 
selected to compare with the simulation results of the above model. The ship 
turns to starboard by approximately 70 degrees during this period. These data 
are selected primarily because of the ice condition meeting the criterion of the 
definition of ‘level ice’. From the recorded video (PIV), it is seen that the ice field 
is relatively smooth and, most importantly, continuous, i.e. there is no gaps with 
water or ice floe. This ensures that the turning trajectory is not deviated by con-
ditions other than level ice. A summary of the ship performance and ice condi-
tion parameters during this turning scenario is given in Table 11. 

Figure 26 shows the simulated ship trajectory together with the measured tra-
jectory and Figure 27 shows the time histories of ship speed, roll angle, and an-
gle turned. The mean turning radius (calculated by the mean speed divided by 
the mean angular velocity) given by the simulation is 1164m, which is about 
16.5% higher than the measured radius. This deviation is acceptable considering 
the considerable assumptions made to construct the model. To make a valid 
conclusion, the validation methodology discussed in Section 3.4 is followed. The 
main concern here is to test whether the developed ice force model is reliable. 
Since the validation has been carried out at ship performance level, possible 
prediction error associated with other force models needs to be evaluated in or-
der to draw correct conclusions on the ice force part. Towards this aim, the es-
timated rudder force is altered with plus and minus 20% of the estimated value 
and additional simulations are carried out. From Figure 26, the actual relative 
prediction error on the turning radius due to the deviation in ice force estima-
tion is in the range of -0.6% to 36.9% if possible underestimation or overesti-
mation of rudder force is considered.  The range is relatively wide so a strong 
conclusion cannot be made regarding the accuracy of the model. However, the 
deviation is in a reasonable range, indicating that the estimation by the model 
is quite likely acceptable with certain overestimations. 

Table 11. Summary of the selected turning case.

Date 21-Mar-2012 Time (UTC) 10:47:18 – 10:51:57 
Ice thickness 0.29m Revolution 140rpm 
Mean power 4465kW Propeller pitch 70% of maximum 
Rudder angle 28.5° Angle turned 68.3° 
Mean speed 4.25m/s   

 
During the development of the model, a somewhat subjective assumption was 

made on the nominal contact pressure that the pressure equals the measured 
compressive strength. In the literature, different options exist. For example, 
Valanto (2001) assumes the pressure to be half of the compressive strength. The 
sensitivity is tested here with an assumption of , shown also in Figure 26. 
As expected, the turning radius is reduced with smaller pressure. However, the 
change is not significant (less than 10%), which may seem surprising consider-
ing the significant change in pressure and the extensive crushing events in the 
stern shoulder area. An explanation for this can be found by looking to the mean 
speed and angular speed. The reduction in pressure increases the angular speed 
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by 11.4%, meanwhile increasing ship speed by 5.2%. An increase in angular 
speed tends to reduce the turning radius, while an increase in speed counteracts 
this to some extent. The change in turning radius is therefore less significant. 

 

Figure 26. Turning trajectories of measurement and simulations, including sensitivity test on 
nominal pressure and variation in results considering uncertainties in rudder force (PIV). 

 

Figure 27. Time histories of measured and simulated parameters (PIV). 

Finally, it is informative to examine the relative importance of the three ice-
breaking processes according to the simulation results. Figure 28 presents the 
resistance and resisting moment decomposition in surge and yaw directions re-
spectively. The results indicate that submersion resistance takes the largest por-
tion in surge direction, which is consistent with the results in Table 5 of Section 
2.4. However, the resisting moment due to submersion during turning becomes 
insignificant (less than 1%), while ice breaking dominates the total moment. It 
should be noted that the submersion part has been significantly simplified in 
the model. Nonetheless, the contribution of submersion to the total resisting 
moment is still rather low, even if the magnitude is amplified by a factor of ten. 
The conclusion is therefore not sensitive to the assumption of 0.25L made in 
Section 5.1. Ice rotation shows similar importance in both scenarios, which is 
minor but not negligible. Supposing the relative magnitude of the icebreaking 
processes reflected by the model is reasonable within the correct order of mag-
nitude, the results clearly indicate that the main modelling effort should be in-
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vested in the most critical elements depending on the modelling purposes. Spe-
cifically, for a ship in straight course submersion should be modelled with more 
focus, while for ship turning the main effort should be invested to ice breaking.  

 

 

Figure 28. Proportion of the three icebreaking processes contributing to the total mean resistance 
in surge direction and resisting moment in yaw direction (PIV). 
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6. Concluding remarks

This thesis aims to advance the state-of-the-art of numerical method as an ap-
proach to estimating ship performance in level ice and find the way towards 
more reliable models suitable for ship design purposes. The content of the thesis 
is summarized in Section 6.1 to recap the main findings and modelling work. 
Discussions and conclusions related to these two aims are presented in Section 
6.2. The first two subsections in Section 6.2 answer in turn two main questions 
listed in Objective 5 of Section 1.2 respectively and give recommendations for 
future research. Other possible future work is discussed in Section 6.2.3. 

6.1 Summary of the thesis

This thesis starts with an evaluation of the state-of-the-art methods for the es-
timation of ship performance in level ice. Data gathered from the ice trial of the 
S.A. Agulhas II are used to compare with estimations given by selected methods. 
In order to estimate ship resistance from the data, an improvement is made to 
the net thrust model so that the equation adapts to changing power and propel-
ler pitch. The comparison indicates that the methods selected give acceptable 
but not accurate estimations of ship speed. Uncertainties arising from several 
assumptions are considerable, especially when the index for comparison is re-
sistance. The results are especially sensitive to variation in the assumed coeffi-
cient of ice piece size. Overall, the numerical model does not show clear ad-
vantage in terms of accuracy and uncertainty over analytical methods for a ship 
following a straight course. 

This thesis then seeks a structured framework for the development of numer-
ical models in order to simulate ship performance in level ice. The framework is 
proposed based on an analysis of icebreaking processes, with a focus on the 
modelling aspects. It covers the hierarchy of elements to be included in a ship 
performance model, the overall strategy to construct a model, the possible 
methods to develop efficient sub-models and the methodology of model valida-
tion. An efficient and effective ship performance model can be established and 
constantly developed following the proposed framework. 

This thesis then enters local icebreaking processes modelling. The first model 
deals with ice breaking in the ship bow region. This model aims to improve the 
fidelity of ice breaking modelling by estimating more realistic ice pieces. A the-
oretical derivation is conducted in order to approximate the deflection field 
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within the ice sheet. The derivation yields a differential equation with two un-
knowns which approximates the three-dimensional problem under quasi-static 
loading. This equation is easy to solve compared to a FE solving process and 
yields elliptical cracks which are close to the real shape of ice pieces measured 
by an image analysis program.  

The second local scale model deals with the ice breaking process in the shoul-
der and midship regions. The model is developed with a meta-modelling ap-
proach. The profile of a contact process is characterized with five parameters. 
By altering the values of the parameters, a large number of cases are formed and 
computed with FEM. A neural network regression is then implemented to fit the 
obtained result database, which is shown to excellently capture the key features 
of the FE results. The problem can then be solved analytically with the accuracy 
of numerical computation, which is thus suitable for implementation in a ship 
performance model. 

The third local-scale model deals with the ice rotation process. This model is 
an extension of Valanto (2001) model with a more rigorous derivation of the ice 
motion. The ventilation effect is approximated by hydrostatics, assuming that 
no water is present on top of the ice pieces. The motion equations with unknown 
forces are solved in a stepwise manner, based on the position and motion status 
of the ice piece. The model takes account of the position change of the ice pieces 
on the waterline, making the model more realistic.  

This thesis then combines these local scale models with several existing mod-
els into a global-scale ship performance model. The model is validated with full-
scale data of the S.A. Agulhas II turning in level ice on the Baltic Sea. The com-
parison shows that the numerical ship performance model can estimate the 
magnitude of turning radius to the correct order. This model still relies on Lind-
qvist (1989) submersion resistance formula, which takes a large portion in total 
resistance. Compared to existing numerical methods, the main improvement 
lies in the extensive modelling of ice breaking and rotation modules with phys-
ics-based methods, which contribute to improved model performance for the 
simulation of ship maneuvering in level ice. To further develop this model, em-
pirical information on ice breaking and rotation needs to be gathered from lit-
erature and from future tests to calibrate the theoretical submodels, in order to 
exploit the value of semi-empirical approach.    

6.2 Discussion and future work

6.2.1 Current status of numerical method for ship design 

The evaluation and methodological investigation have demonstrated that cur-
rently, numerical methods for ship performance in level ice still largely depend 
on empirical information. Numerical methods have not shown great superiority 
over analytical methods in terms of accuracy and uncertainty for ships on 
straight course. However, compared to analytical methods, numerical methods 
are capable of a wider range of applications such as ship maneuvering, which 
enlarges the capability of theoretical approaches. In other words, numerical 
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models broaden the applicability of theoretical estimation while maintaining 
the level of accuracy of analytical methods.  

The author believes in the value of numerical models at the current stage in 
icebreaking ships design, especially for icebreakers. The main reason lies in the 
flexibility of numerical simulation to adapting to different hull forms and oper-
ational modes, which provides a flexible tool to evaluate ship performance for 
its designated purposes at early design stage. Typically, icebreakers are required 
to have good maneuverability in order to execute operational tasks. A numerical 
method enables such evaluation at early design stage, so that ship performance 
can be evaluated from the combined view of both attainable speed and maneu-
verability. Numerical methods can be especially useful for promoting innovative 
concepts. For example, the oblique icebreaker Baltika (Hovilainen et al. 2016) 
adopts an asymmetric bow form for better icebreaking service capability. Such 
a concept is not suitable for evaluation with conventional analytical methods, 
but can be evaluated with numerical methods in the same way as a ship with a 
conventional bow. The concept and design can then be optimized before model 
tests are carried out, resulting in optimal solutions. Numerical methods could 
also be applied to ships following a straight course, as a supplement to analytical 
method, in order to optimize hull lines when the main hull angles at certain po-
sitions, as well as ship dimensions, are given. In such cases, a numerical model 
captures the difference between different hull lines in more details compared to 
analytical solutions. 

As shown in this thesis, the absolute magnitudes of parameters such as re-
sistance, speeds and turning radius given by current numerical models have ra-
ther large uncertainties. Therefore, when applying current numerical models in 
ship design, attentions should be given to the relative magnitude estimated for 
different ship concepts, in order to compare different hull form solutions and 
find the optimal one. The absolute magnitude should be treated with caution 
considering the uncertainties inherent in the models. A possible remedy to this 
shortcoming is to benchmark a numerical model with extensive full-scale and 
model-scale measurement, so that the deviations and uncertainties can be un-
derstood quantitatively and then used to guide further estimation. Another ap-
proach is to explicitly model the uncertainties, i.e. quantify the uncertainties of 
all input parameters and submodels, and through a simulation-based approach 
estimate the uncertainty of the output variables. 

6.2.2 Roadmap towards reliable numerical models  

It was demonstrated in Section 1.3 and Section 3.2 that modelling different ice-
breaking processes requires focus on rather different aspects. The relative im-
portance of the three icebreaking processes differs significantly in the context of 
different purposes, as highlighted by the numerical results in Section 2.4 and 
Section 5.2. On a straight course, ice submersion may take the largest portion in 
total resistance, while, during turning, ice breaking dominates the resisting mo-
ment. These facts strongly support the development of purpose-oriented mod-
els. A purpose-oriented approach invests its main efforts in modelling the most 
critical aspects while making appropriate simplifications to the less dominant 
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aspects. For a numerical model developed to estimate the speed attainable in 
level ice, adopting a complex ice breaking model while extensively simplifying 
ice submersion may not lead to much added value compared to an analytical 
method. However, for the purpose of simulating a ship turning in level ice, such 
a model becomes rather effective since ice submersion likely becomes insignifi-
cant. 

For the simulation of a ship following a straight course, the priority at the cur-
rent stage is to develop a numerical approach for the submersion process. This 
should be able to account for the hydrodynamic force effectively so that the 
speed dependency of the resistance can be correctly reflected. It is in principle 
possible to achieve this with coupled DEM-CFD, but it remains a problem to 
construct a model efficiently without huge computational demand. The pro-
posed meta-modelling approach might be able to simplify certain computations 
e.g. via constructing meta-models of the speed dependency. However, since 
there has been no research adopting coupled DEM-CFD specifically on this 
topic, possible solutions are yet to be exploited. Efforts could be invested in par-
allel into systematic model tests on submersion resistance. By assuming that the 
ice pieces can be reasonably treated as rigid bodies during submersion, the 
problem of scalability regarding ice material properties becomes less of an issue. 
Submersion resistance measurements could be reasonably converted to full-
scale values as long as the submersion resistance could be accurately extracted 
from the measured towing force. Such test results will enrich the empirical da-
tabase, which could be used to calibrate numerical simulation results before the 
full maturity of theoretical models. 

For the simulation of ship maneuvering in level ice, the priority at the current 
stage is to improve ice breaking modelling. One demanding aspect of this is the 
estimation of nominal pressure on the contact area, which affects the resisting 
moment considerably, but is still understood only to a limited extent. This, how-
ever, has been known as a difficult problem throughout the experimental inves-
tigations and theoretical modelling during the past decades (Varsta, 1983; 
Riska, 1987; Riska, 2018). Consequently, the uncertainty associated with pres-
sure estimation will probably remain in such numerical models for a long time 
until a satisfactory solution is reached. Besides pressure modelling, there is a 
need to improve the modelling of hydrodynamic effect on the stress distribution 
within the ice sheet. There have been several studies of this problem in recent 
years using potential flow theory, e.g. Keijender et al. (2018) and Wang and Poh 
(2017). Efforts to extend the two-dimensional solutions in these studies to 
three-dimensional cases may yield models suitable to be implemented into ship 
performance simulations. Another aspect yet to be investigated is the energy 
consumed during crack propagation, which has been commonly neglected 
purely for simplicity. Recent advances in numerical methods such as CEM and 
XFEM provide powerful tools to gain insight into this problem. This also de-
mands knowledge on ice mechanics to describe the crack initiation and propa-
gation processes. Besides theoretical modelling, experimental work is equally 
important since theoretical models are restricted by the extent of knowledge of 
ice mechanics. Experimental investigation should be well designed so that the 
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quantity of interest can be measured directly or extracted credibly. Due to the 
scalability problem in ice breaking, more focus of the investigation should be 
given to full-scale tests. Such empirical information could then be gathered and 
applied in order to calibrate the estimations of theoretical models.  

Based on the resistance and resisting moment decomposition from the simu-
lation results in Figure 28 and referring to the simulation results presented by 
Valanto (2001), it seems that ice rotation plays a minor but not negligible role 
in the total resistance and resisting moment, which is about 15% in the case sim-
ulated in Chapter 5. The magnitude of the ice rotation resistance and resisting 
moment is likely to be similar to or even lower than the magnitude of uncer-
tainty associated with a current ship performance model. At the current stage, 
it might be wise to keep the modelling of ice rotation process simple, instead of 
investing considerable model complexity and computational power into this 
component. The model given in Section 4.4 may adequately realize this aim. 
This, however, does not deny the importance of research on ice rotation. When 
it becomes possible to control the uncertainties in ice breaking and submersion 
to a low level, the accuracy of an ice rotation model becomes dominant in the 
overall estimation of resistance and resisting moment.  

To summarize, it is possible to further develop existing icebreaking submodels 
based on current knowledge and modelling capability in line with the proposed 
framework, so that the overall accuracy in a given ship performance model is 
greatly improved. 

6.2.3 Other future work 

Numerical models for ship performance in level ice can give estimations of local 
ice loads on ship hull as well due to the inherent nature of numerical method. 
Investigations on this purpose, e.g. Su et al. (2011), have been rare compared to 
ship performance estimations. Compared to ship performance estimations. Lo-
cal ice load estimations involve rather different aspects such as load peak, load 
length and duration, thus presenting different requirements on a numerical 
model. Such local ice load estimations can provide useful information on the 
distribution of ice load in short-term, which could be used as the basis for long-
term prediction. This enables risk-based ship structural design (Kujala et al. 
2019) in the long term. 

In addition to ship design, another application area of numerical models is 
operational planning, e.g. simulating icebreaker operation together with off-
shore structures. Such applications need numerical models to be able to handle 
different ice conditions in addition to level ice, e.g. ridged ice (Gong et al., 2019), 
floe ice field (Kim et al., 2019; Lubbad et al., 2018) and brash ice (Sorsimo et al., 
2016). Efforts are needed to combine different models into an integrated model. 
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