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A B S T R A C T   

Following the International Code for Ships Operating in Polar Waters (Polar Code), ships oper-
ating in ice-covered polar waters must comply with an appropriate Polar Class (PC) or equivalent 
ice class standard. For the selection of an appropriate Polar Class, ship designers and operators are 
encouraged to use the Polar Operational Limit Assessment Risk Indexing System (POLARIS). A 
limitation of POLARIS is that it does not consider the extent to which a ship operates in various 
ice conditions, and thus also not the probabilistic nature of ice loading. To address this limitation, 
this article outlines a goal-based approach that is intended to complement POLARIS when 
selecting a ship’s Polar Class. Following the proposed approach, the appropriateness of a ship’s 
minimum required Polar Class as determined using POLARIS is evaluated by assessing the ship’s 
long-term extreme ice loads, and by relating these to the design loads behind the considered Polar 
Class standard. To account for the probabilistic nature of ice loading, the approach calculates a 
ship’s long-term extreme ice loads considering its intended operating profile and expected ice 
exposure. This is achieved by synthesising a modified version of the so-called event-maximum 
method, discrete-event simulations, and satellite ice data. The utility of the proposed approach is 
demonstrated through a case study, in which it is used as a complement to POLARIS to select an 
appropriate Polar Class for a double-acting ship intended for year-round independent operations 
along the northeast coast of Canada.   

1. Introduction 

1.1. Background 

Arctic shipping is on the rise. For a start, the Arctic may hold some of the world’s largest remaining oil and gas reserves, as well as 
very significant mineral deposits [1–3]. In recent years, the extraction of these natural resources has resulted in increased 
destination-Arctic shipping of cargo in and out of the Arctic, a development that is likely to continue [4,5]. In addition, trans-Arctic 
shipping, especially along the Northern Sea Route (NSR), has a significant potential for growth [6–8]. Furthermore, there is an ex-
pected increase in Arctic cruises and tourism [9,10]. These developments are driven by multiple drivers including the demand for 
natural resources, climate change, regulatory changes, technological development, national and international policy, infrastructure 
developments, fuel prices, and the global economy [11]. 

As per IMO [12]; maritime activity in the Arctic is subject to multiple hazards including sea ice, icing, low temperatures, darkness, 
poor satellite coverage, remoteness, a lack of relevant crew experience, and difficult weather conditions. To account for such hazards, 
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traditionally the design of Arctic ships has been regulated by mainstream International Maritime Organization (IMO) statutory in-
struments, such as the International Convention for the Safety of Life at Sea (SOLAS) and the International Convention for the Pre-
vention of Pollution from Ships (MARPOL), which have been supplemented by flag state and classification society specific ice class 
regulations [13]. To harmonise the regulations, in 2017 the IMO enforced the International Code for Ships Operating in Polar Waters 
(Polar Code), making it mandatory under both SOLAS and MARPOL [12]. 

To protect human life and the Arctic environment, the Polar Code determines a wide range of regulations covering ship design, 
construction, equipment and machinery, operational procedures, training, and pollution prevention [12]. A ship approved under the 
Polar Code obtains a Polar Ship Certificate (PSC) that classifies a ship as one of the following [12]:  

• Category A, for ships approved for operation in at least medium-thick first-year ice.  
• Category B, for ships approved for operation in at least thin first-year ice.  
• Category C, for ships approved for operation in ice conditions less severe than those included in Category A-B. 

The issuance of a PSC requires an Operational Assessment to specify a ship’s operational limitations, taking into account the 

Abbreviations 

DES Discrete event simulation 
FR Functional requirement 
IACS International association of classification societies 
IMO International maritime organization 
MARPOL International convention for the prevention of pollution from ships 
NSR Northern sea route 
PC Polar class 
Polar Code International code for ships operating in polar waters 
POLARIS Polar operational limit assessment risk indexing system 
PSC Polar ship certificate 
RIO Risk index outcome 
RIV Risk index value 
SOLAS International convention for the safety of life at sea 
UR Unified requirements 

Notations 
α The inverse slope of the best-fitted line to the peak ice line load 
C, D Ice condition-specific coefficients 
ze The most probable maximum ice load 
Fz(ze) Cumulative distribution function of the most probable maximum local ice load 
μ Number of ship-ice impacts on a particular line-load area 
h Ice thickness [m] 
T Time period [years] 
Ct, Ca , Cb, Cc Ice thickness concentrations 
Sa, Sb , Sc Sea-ice stages of development 
Tport Port-turnaround time [hours] 
σ Percentage standard deviation [%] 
FBow Design force, bow area [MN] 
QBow Design line load, bow area [MN] 
FNonBow Design force, hull areas other than the bow [MN] 
QSternShoulder Design ice load, stern shoulder [MN] 
CFC Crushing failure class factor 
DF Ship displacement factor 
CFD Load patch dimensions class factor 
fa Shape coefficient 
AR Load patch aspect ratio 
Δ Ship displacement [kt] 
L Ship length [m] 
x Distance from the forward perpendicular to the station under consideration [m] 
A Waterline angle [deg] 
β Frame angle [deg] 
β′ Normal frame angle [deg]  
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anticipated range of operating conditions in terms of operation in low air temperature, ice, and high latitude, among other hazards that 
a ship may encounter in polar waters [12]. Such an operational assessment can either be carried out for a specific ship, or to determine 
design criteria for a ship intended for a specific type of operation, e.g., in the context of a ship acquisition process. This study deals with 
the latter more complex task. 

For ships operating in ice, the need for hull ice-strengthening is well documented, see e.g. Kubat & Timco [14]; Kujala [15] and 
Hänninen [16]. However, ice-strengthening significantly increases the costs and emissions related to the construction and operation of 
a ship [17,18]. Therefore, the determination of appropriate design criteria with regards to ice-strengthening, balancing the risk of ice 
damage with the costs of ice-strengthening, is very important for safe and efficient operations. 

To assess ships’ limitations for operation in ice, IMO [19] recommends using the Polar Operational Limit Assessment Risk Indexing 
System (POLARIS) [19]. Accordingly, the level of risk associated with operating in ice is quantified in terms of a Risk Index Outcome 
(RIO) value, which is calculated as per IMO [19] considering a ship’s Polar Class (PC) standard as determined by IACS [20]; the ice 
conditions in which the ship operates, and related so-called Risk Index Values (RIVs). The ice conditions are defined in terms of ice 
regimes, determined based on the concentrations of different ice types in an area. The considered ice types are defined as per WMO 
[21] in terms of, e.g., medium first-year ice, thick first-year ice, and second-year ice. Individual ice features (e.g., ridges) are not 
considered directly but appear to be assumed present. 

As per Table 1, the obtained RIO value forms the basis of the decision to operate or to limit operations. Specifically, for ships of PC1- 
PC7, a RIO value below zero but larger or equal to −10 indicates an ‘elevated operational risk’, whereas a RIO value below −10 
indicates ‘operations subject to special consideration’. In general, operations in ice conditions corresponding to an elevated risk should 
only be carried out following the ice class specific speed limits presented in Table 2, whereas operations in ice conditions for which 
operation is subject to special consideration should only be carried out with extreme caution and avoided if possible [19]. 

A limitation of POLARIS is that it does not consider the extent to which a ship operates in various ice conditions. This is significant 
considering that the nature of ice loading is highly stochastic, as demonstrated by Jordaan [22]; Daley et al. [23]; Kujala [24]; among 
others. In effect, by not considering the stochasticity of ice loading, POLARIS does not consider the long-term extreme loads associated 
with operations in any given ice conditions. In other words, the method does not consider whether a ship’s exposure to some specific 
ice conditions is sporadic and limited, or frequent and extensive. It is noted that the safety regulations of the Polar Code are funda-
mentally goal-based, meaning that they in principle facilitate so-called alternative or equivalent designs [25]. Concerning hull 
structural design, the approach for considering safety equivalency as specified by the Polar Code involves comparing other ice classes 
to the Polar Class standards in terms of material properties and structural strength [12]. As a result, because the ‘level of safety’ is 
quantified in such terms, designers must nevertheless specify an appropriate Polar Class using an acceptable methodology such as 
POLARIS [12]. 

1.2. Research objectives and limitations 

The objective of this study is to outline a novel goal-based approach that is intended to be used as a complement to the POLARIS 
methodology considering long-term extreme loads. To this end, the new approach must be able to probabilistically assess a ship’s long- 
term extreme ice loads, considering its route, operating profile, operating principle, as well intra- and inter-annual variations in the ice 
conditions along the route. To this end, the study will identify and synthesise relevant state-of-the-art knowledge, design tools, and 
data. As a part of the study, knowledge gaps and topics for further research related to the proposed approach will be identified. 

The study is limited to issues concerning long-term extreme ice loads on ships related to normal planned operations. Accidental ice 
loads relate to unplanned accidental events, such as a collision with an iceberg, are not addressed. Also not directly addressed are ice 
loads related to interactions with individual ice features, such as ice ridges, or ice loads caused by compressive ice. Other issues not 
directly addressed include ship weight, strength, and load-response characteristics, as well as the consequences of potential ice 
damage. Issues concerning the strength of hull structures under the influence of ice loads appear relatively well understood [26,27]. An 
approach for the consideration of the consequences of potential ice damage, developed as an augmentation to POLARIS, is presented 
by Browne et al. [28]. 

1.3. State-of-the-art 

Available methods for assessing ice loads on ships can be divided into two main categories [29]:  

(1) Theoretical or first-principle methods, which consist of methods that have a theoretical core supported by empirical features. 
Such methods can be further divided into analytical (exact) and numerical (approximate) methods. 

Table 1 
RIO criteria for ice classes PC1-PC 7 [19]].  

RIO Type of operation 

RIO ≥0 Normal operation 
−10 ≥ RIO <0 Elevated operational risk 
RIO <−10 Operation subject to special consideration  
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(2) Empirical and semi-empirical methods, which consist of methods that have an empirical core, typically based on full-scale hull 
ice load measurements, supported by theoretical features making them applicable to a range of ship designs (e.g., ships with 
different hull angles). 

The design loads behind the Polar Class rules are calculated using a method that was originally presented by Popov et al. [30] and 
further developed Daley [31]. This method, known as the Popov method, is based on the principle of conservation of momentum and 
energy in collisions. Although the method is fundamentally analytical, because the ship-ice interaction process is highly complex and 
not fully understood, its practical application relies upon multiple assumptions, some of which are empirical [32]. Thus, the method 
can be described as semi-empirical. As per Daley et al. [33] the method is capable of detailed simulations of hull ice loads. However, as 
demonstrated by Idrissova et al. [34]; the obtained load estimates are sensitive to variations in the assumptions behind the method. 
Thus, obtaining reliable load estimates requires a detailed and accurate description of the operating conditions (e.g., type of ice, ice 
thickness) and the related ship-ice collision scenarios (e.g., contact geometry). It should be noted that the Popov method is not only 
behind the Polar Class rules but also behind the ice class regulations of the rules of the Russian Maritime Register of Shipping, see 
Ref. [35], which have to be followed by ships operating within the NSR area [36]. 

While the Polar Class rules constitute the international ice class standard, the Finnish-Swedish ice class rules (FSICR) [37], 
developed jointly by the Finnish and Swedish maritime authorities, can be considered an “industry standard” for the design of ships for 
first-year ice conditions [38]. As per IACS [39]; the two highest Finnish-Swedish ice classes, namely 1 A Super and 1 A, are generally 
recognised equivalent to the two lowest IACS polar classes, namely PC 6 and PC 7. This is important, e.g., to minimize the cost and 
efforts of operating a ship on the Baltic Sea during the winter season, and in the Arctic during the summer season. The ice loads behind 
FSICR are calculated based on a combination of experience from ships, obtained through damage surveys, and theoretical knowledge 
on ship-ice interactions obtained through research activities including full-scale ice load measurements [38]. In contrary to the Polar 
Class rules, the FSICR consider the probabilistic nature of ice loading and an assumed return period [38]. Specifically, the rules have 
been determined so that for a ship with a typical operating profile, the yield limit state of the ship’s structure is expected to be reached 
once a year, whereas the plastic limit state is expected to be reached once during a ship’s lifetime [13]. For ships operating on the Baltic 
Sea, the rules can be considered very robust, as they have been calibrated based on extensive ice damage surveys and are ‘tested’ every 
year by a large number of ships [13]. However, because the rules rely significantly on empirical data from ‘typical’ ship operations in 
the Baltic Sea, they cannot be assumed efficient for ships operating in the Arctic. This is both because ships operating in the Arctic are 
expected to encounter different types of ice conditions, including multi-year ice, and because ships operating in the Arctic often have a 
unique operating profile, which might differ significantly from that assumed by the FSICR. 

Available numerical methods to simulate ice loads caused by ship-ice interactions include discrete element method (DEM) ap-
plications such as the one presented by Lau et al. [40]; finite element method (FEM) applications such as those presented by Sazidy 
[41] and Xu et al. [42]; combined finite-discrete element methods such as that presented by Polojärvi & Tuhkuri [43]; and 
non-FEM/DEM-based applications such as those presented by Lubbad & Løset,. [44], Su et al. [45] and Zhang et al. [46]. Most 
theoretical methods, including those mentioned above, appear well-suited for linking ice loads with design parameters, such as ice 
strength properties and hull geometry parameters. Also, they appear well-suited for assessing ice loads associated with hull in-
teractions with individual ice features, such as ice ridges and growlers. However, no model has yet been fully validated for the 
simulating of local ice loads [29]. Thus, further research and development are needed to make the models ready for practical 
application. In addition, predicting a ship’s long-term design loads using numerical methods would require defining the worst-case, or 
design, ship-ice impact scenario and simulating the resulting loading. This is challenging due to existing knowledge gaps related to the 
material behaviour and properties of ice. Another general issue related to the use of theoretical models is that they require a significant 
amount of detailed input data, including empirical assumptions, to which their calculated results tend to be sensitive [47]. 

Kujala [24] presents a semi-empirical method for predicting long-term ice loads based on his findings that (a) 12-h maximum ice 
loads measured on a ship operating in first-year ice on the Baltic Sea fit a Gumbel I extreme value distribution, and (b) that 12-h 
maximum hull ice loads measured on a ship can be linked to the corresponding maximum volume equivalent ice thickness encoun-
tered during the same 12-h period. A period of 12 h was selected as representative of the typical time it takes for a ship operating on the 
Baltic Sea to pass through a specific sea area (e.g., Bothnian Bay) with a specific ice regime. This makes the method well-suited for the 
development of ice class regulations for the Baltic Sea region. However, as the method quantifies a ship’s expected load maximum per 
sea area, it does not account for local ice thickness variations. In addition, the applied 12-h period might not be suitable for all ships, 
considering their individual operating profiles. Nevertheless, based on a similar approach as applied by Kujala [24]; Kujala et al. [27] 
estimated the long-term maximum loads acting on two different ships navigating in ice: (a) a ship navigating independently in the 
Antarctic Ocean, and (b) a ship navigating with icebreaker assistance on the Kara Sea. The study found that PC 3 is appropriate for the 
former case and that PC 6 is appropriate for the latter case. 

Table 2 
Recommended speed limits for elevated risk operations.  

Ice class Recommended speed limit 

PC1 11 knots 
PC2 8 knots 
PC3-PC5 5 knots 
Below PC5 3 knots  
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Another semi-empirical method for predicting long-term ice loads, known as the event-maximum method, is presented by Jordaan 
et al. [48]. This method, which is included among the recommended methods in the ISO 19906:2010 standard for offshore structures 
[49], estimates probabilistically the most probable long-term maximum ice pressure acting on a structure, which can be either a fixed 
or a moving structure, such as a ship. The method describes the relationship between the local peak ice pressure and the size of the 
considered local design area in terms of α-area curves, which are empirically determined based on parent distributions of short-term 
full-scale ice load measurements. As such, the method can estimate the relationship between the most probable long-term maximum 
ice pressure acting on a specific region of a ship’s hull (e.g., the bow area) and the considered hull area’s ice exposure, quantified in 
terms of the numbers of impacts with different categories of ice. Using the event-maximum method, Taylor et al. [50] examined several 
ship-ice interaction data sets, based on which they produced a set of α-area curves representing different sea areas and ice conditions. 

Any empirical or semi-empirical method for predicting ice loads is dependent on full-scale ice load measurements. As per Kendrick 
& Daley [51] and Suominen [52]; over the years multiple full-scale ice load measurement campaigns on ships have been carried out, 
including those reported on by St. John et al. [53]; Uto et al. [54]; Ritch [55]; Leira et al. [56]; Kotilainen et al. [57]; and Kujala et al. 
[27]. However, only in a few measurement campaigns, including those reported on by Kujala et al. [27] and Kotilainen et al. [57]; were 
both the ice conditions that the measurement ship encountered and the resulting ice loads measured simultaneously in a systematic 
manner, making it possible to link the two. Based on such data, Shamaei et al. [58] determined a modified version of the 
event-maximum method that establishes a direct relationship between the local peak ice pressure and the prevailing ice thickness. As a 
result, the above referred to α parameter can be determined as a function of the prevailing ice thickness instead of the size of the 
considered impact area, making the method better suited for ship design purposes. As per Shamaei et al. [58]; the rationale for linking 
ice thickness to ice load is based on the assumption that the ice load height is 30% of the prevailing ice thickness, along the lines of the 
FSICR [37]. 

When using the (modified) event-maximum method, it is necessary to assess a ship’s ice exposure. For this purpose, Bergström et al. 
[59] present a simulation-based model utilizing the technique of discrete-event simulation to simulate a ship’s exposure to different 
categories of ice over a specific period (e.g., one year). Their model was particularly developed to be applied in the context of ship 
design for the simulation of design relevant data, enabling fast simulations of extensive operating periods, repeated for multiple 
different stochastic operating condition scenarios. Anyhow, a ship’s ice exposure could probably be assessed by higher resolution 
Arctic shipping simulation models as well, such as those presented by Montewka et al. [60] and Milaković et al. [61]; or by using 
simulation models developed for Arctic shipping route optimization, such as the one presented by Li et al. [62]. 

Kotilainen et al. [57] and Kotilainen et al. [63] present a novel approach to predicting ice loads on ships in which a hierarchical 
Gaussian process model is used to study how ice load distribution parameters depend on the prevailing operating conditions in terms of 
ship speed and ice thickness. The approach differs from traditional probabilistic approaches in that it models distribution parameters as 
random variables. However, although the approach is promising, its preliminary results do not appear to fully reflect what is expected 
concerning the underlying physical processes, such as the dependency between ship speed and ice loading, indicating that additional 
research is needed to make the approach fit for design application. In addition, to make the approach practically applicable, it would 
have to be complemented by a separate model for assessing ice exposure, which the approach defines as any ship-ice interaction event 
resulting in a load exceeding a specific limit value. Assessing that value is challenging because, when a ship operates in ice, the number 
of ship-ice interaction events per time or distance unit resulting in a load exceeding a specific value may vary significantly. 

Considering the above state-of-the-art, we believe that long-term ice loading on ships is currently best assessed using semi- 
empirical methods. The credibility of these methods comes from the fact that they merge full-scale ice load measurements with the 
existing physical understanding of the ship-ice interaction process and the resulting ice loading (e.g., knowledge about the relationship 
between ice pressure and the ship-ice contact area). As a result, in comparison with purely empirical models, semi-empirical models 
are applicable to a wider range of design cases and compared with purely theoretical models, semi-empirical models can account for 
those ship-ice interaction process-related phenomena that are not fully known. Among the above presented semi-empirical methods, 
for assessing ice load on ships operating in Arctic waters, we believe that the modified event-maximum method as presented by 
Shamaei et al. [58] is among the most appropriate readily available methods. 

2. Method 

2.1. Modified event-maximum method 

The modified event-maximum method as presented by Shamaei et al. [58] is based on the same principle as the original 
event-maximum method presented by Jordaan et al. [48]. Specifically, as per the modified method, a ship’s most probable long-term 
maximum ice load ze is defined as per Eq. (1) in terms of an ice pressure (MPa) acting along with a ship’s hull-ice interface. 

ze = α{ − ln[ − ln Fz(ze)] + ln μ} (1) 

Parameter α [MPa] is assumed dependent on the prevailing ice thickness as per Eq. (2). 

α = ChD (2)  

where h is the ice thickness in meters and C and D are ice condition-specific coefficients that are determined empirically based on full- 
scale ice load measurements recorded on a ship’s hull. 

Because C and D are empirically determined, their values may be influenced by factors related to the underlying measurements, 
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including the measurement location (e.g., bow, midship, stern shoulder), hull shape (e.g., bow angles), ship displacement, speed in ice, 
the sea area (e.g., sea area-specific ice strength characteristics dependent on temperature, salinity, etc). This should be considered in 
the choice of α – curve. 

Fz(ze) represents the cumulative distribution function of the most probable maximum local ice pressure with respect to the 
considered period T as per Eq. (3). 

Fz(ze) = 1 −
1
T

(3) 

Parameter μ represents the number of significant hull-ice impacts during a sub-period (e.g., one year). 
In this study, the above-defined coefficients are determined as per Shamaei et al. [58] based on full-scale ice load measurements 

recorded on the South African icebreaking polar supply and research ship S.A. Agulhas II on a voyage across the Antarctic Ocean in 
11/2013–02/2014. As explained by Shamaei et al. [58]; during the measurements, the ship was exposed to both first- and multi-year 
ice. Ice loading was measured by strain gauges installed on nine different frames located within the bow, bow shoulder, and stern 
shoulder areas. In this study, the measurements at frame #134.5 are chosen as representative of the bow area, whereas the mea-
surements at frame #41 are chosen as representative of the stern shoulder area. The locations of the considered measurement points 
are presented in Fig. 1. 

The prevailing ice thickness was measured by visual observation as explained by Kujala et al. [27]. As explained by Shamaei et al. 
[58]; based on the measurements, ship-ice impact events were defined in terms of 10-min pressure amplitudes, separately for the bow 
and the stern shoulder areas, for three different ice categories defined as per Table 3. 

As explained above, the α - ice thickness curves provided by Shamaei et al. [58] specify α in MPa. To achieve this, Shamaei et al. 
[58] converted the considered full-scale line load measurements into pressure by assuming, along the lines of Traficom [37]; that the 
so-called ice load height, corresponding to the height of the nominal ship-ice contact area, is 30% of the maximum prevailing ice 
thickness. Anyhow, in this study this assumption is removed by converting the unit of the considered α-thickness curves back into line 
loads as per Eqs. (4) and (5). The resulting α - ice thickness curves are presented in Fig. 2. 

α#134.5 = 1.026 * h−0.663[MPa] * 0.3h [m] ≈ 308*h0.34
[

kN
m

]

(4)  

α#41 = 0.813 * h−0.831[MPa] * 0.3h [m] ≈ 244*h0.17
[

kN
m

]

(5) 

As per Shamaei et al. [58]; because the considered loads were measured based on all types of ship-ice interactions, including 
impacts with ridges, differentiation between different ice features is neither motivated nor possible. As a result, the considered ice 
thickness h can be considered as an index for the overall ice conditions in an area. However, to properly account for ice condition 
parameters other than ice thickness, such as ice ridging characteristics and ice floe size, the ice load measurement behind the applied C 
and D values should approximately represent the overall ice conditions of the application case, not only in terms of ice thickness. 

2.2. Design process 

To utilize the modified event-maximum method in the selection of an appropriate ice class for a ship, we propose that the method is 
applied as a part of the process outlined in Fig. 3, which is described in the following. First, design goals (e.g., concerning the allowable 
operational downtime and the minimum allowed return period for exceeding ice design loads), information on the ship’s intended 
operating profile (e.g., route), route-specific ice condition data, and a provisional ice class notation are determined. Second, 
considering the determined input data, the appropriateness of the considered provisional ice class is assessed using the POLARIS 
approach. If the provisionally selected ice class is if found to be inadequate or overly conservative, it should be replaced by a higher or 
lower ice class, respectively. Third, the ship’s ice-going performance is specified considering the route-specific ice data as well as the 
ship’s provisional ice class notation. Fourth, considering the ship’s operating profile, as well as its above-determined operating profile 
and ice-going performance, its intended operations are simulated using the technique of discrete-event simulation. Fifth, design 
relevant data including the ship’s simulated ice exposure, are extracted from the simulation output. Sixth, based on the simulated ice 

Fig. 1. The locations of the considered strain gauges on S.A. Agulhas II [27].  
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exposure, using the modified event-maximum method, the most probable maximum ice loads that the ship is expected to be subjected 
to during its lifetime are calculated. Seventh, the appropriateness of the provisionally selected ice class is assessed by comparing its 
associated design loads with the ship’s estimated maximum ice loads. As a general goal, the maximum ice loads as calculated for the 
considered return period should be equal or lower than the design loads behind the considered ice class. If the calculated long-term 
loads exceed the design loads of the considered ice class, it is replaced by a higher ice class. This process is repeated until an ice class 
has been found whose design loads are lower or equal to the ship’s estimated maximum ice loads. To avoid an overly conservative 
design, the lowest ice class that meets this criterion should be selected. 

It is noted that along the lines of IACS [39]; the design loads behind the Polar Class standards can be considered conservative, but 
there are no explicit references to any formal damage frequency or return period. In other words, the level of safety associated with the 
design loads behind the Polar Class standards is not formally quantified. 

3. Case study 

3.1. Design goals and operating profile 

The case study concerns the design of a supply ship intended for year-round operation between Quebec and Nanisivik following the 
route along the northeast coast of Canada presented in Fig. 4. The distance of the route is around 2340 NM. Because the availability of 
icebreaker assistance in the area is limited, the ship is designed for independent operation in ice. In addition, because operational 
reliability is assumed important, a design goal is that potential operational interruptions and downtime should be avoided. Because the 
planned operation is intended to be long-term, the minimum allowed return period for exceeding ice design loads is specified as 25 
years. 

It should be noted that the considered route between Quebec and Nanisivik serves as an example only. As per CBC News [64]; the 
port of Nanisivik was originally built as a part of a lead and zinc mine that closed in 2002 but is now being developed into a naval 
refuelling station. In the same region there are significant active mining developments, such as the Mary River Mine on Baffin Island 
[65]. 

Table 3 
Considered ice thickness categories for the ice load measurements on S.A. Agulhas II [58]].  

Ice thickness category Category A1 Category A2 Category A3 

Ice thickness [m] 0.7 < h ≤ 1.2 1.2 < h ≤ 2 h > 2 
Mean value [m] 0.95 1.6 2.75  

Fig. 2. α – ice thickness curves determined based on Shamaei et al. [58]. The value of α [kN/m] increases as a function of the ice thickness.  
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3.2. Ice conditions and provisional ice class selection 

To support the modelling of the ice conditions along the ship’s route, the route is divided into 61 navigation legs as per Fig. 4. Each 
leg is defined as the distance between two successive waypoints. The lengths of the navigation legs vary between 16 NM and 64 NM. 
The ice conditions along the routes are modelled based on data from the Canadian Ice Service [66] describing the observed ice 
conditions along the route over the period January 1, 2010–December 31, 2019. 

For each waypoint, the following data is available: (a) observation date, (b) ice conditions specified in the egg code standard 
format, and (c) RIO values for PC 1–7. Following the ice data, each data point is updated 3–5 times per month. In the simulation, we use 
the data point closest to the current date. 

The egg code data specifies multiple ice parameters of which this study consider the following (see Fig. 5): the total ice concen-
tration (Ct), the concentration of the thickest ice (Ca), the concentration of the second thickest ice (Cb), the concentration of the third 
thickest ice (Cc), the stage of development of the second thickest ice (Sa), the stage of development of the third thickest ice (Sb), and the 
stage of development of the fourth thickest ice (Sc). 

Different ice development stages are categorized following the egg code and their corresponding ice thickness ranges are given in 
Table 4. As per the table, the maximum ice thicknesses of some of the categories are not specified by the egg code or the related sea ice 
nomenclature [21]. Hence, the maximum ice thickness of categories 6 and 4• are assumed 70 cm and 120 cm, respectively. As per 
Riska [67]; the maximum thickness of ice of stage of development 7•, 8•, and 9•, representing old-, second-, and multi-year ice, is 
assumed 250 cm. Within a specific ice thickness range, the thickness is assumed uniformly distributed. It is noted that the considered 
egg code data does not include data on ice ridges and hummocks, nor does it include data on ice compression. 

While there are no formal guidelines on how to apply egg code data in the context of ship transit simulations, in the present study 
the considered data is converted into an equivalent-volume ice thickness value as per Eq. (6). If the ice concentration along a leg is 
larger than zero but below 100%, the leg is divided into an open water segment and an ice-covered segment considering the total leg 
distance and the total ice concentration Ctot. 

heq =

∑Nic
i=1hi · Ci

Ct
(6) 

As pointed out by Milaković et al. [69]; Eq. (6) does not specifically account for ice ridging. Anyhow, in the context of the modified 
event-maximum method, this is assumed not to be a significant limitation as the considered ice thickness is interpreted as an index for 
the overall ice conditions in an area, including ice ridging [58]. 

The prevailing ice conditions along the route are visualized in Fig. 6 in terms of leg-specific monthly mean and maximum heq values. 
As per the figure, in terms of ice conditions the route can be roughly divided into three sections: 

Fig. 3. The proposed goal-based design process for selecting an appropriate Polar Class for a ship.  
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• Section 1 (leg 1–19): This section (970 NM in length, 42% of the total) is ice-free within the period July–November, meaning that it 
features first-year ice only. The mean monthly heq remains below 1.0 m throughout the whole year.  

• Section 2 (leg 20–28): This section (460 NM in length, 20% of the total) is permanently ice-free.  
• Section 3 (leg 29–61): This section (902 NM in length, 38% of the total) may feature some ice throughout the whole year. Within the 

period February–June, the prevailing ice thickness is dominated by thick first-year and old ice. The monthly maximum heq of 
individual legs is close to 2.5 m. 

As the route features thick first-year ice as well as a significant amount of old ice, PC3 is provisionally selected as ice class. 

3.3. Assessment of the provisionally selected ice class using POLARIS 

As explained in Sec. 1.1, using POLARIS an appropriate Polar Class is selected considering the design goals and the RIO criteria 
presented in Table 1. In practice, for a given ice regime these criteria determine “go/no-go” conditions for each Polar Class so that a 
ship is not recommended to enter ice conditions corresponding to a RIO value below −10. 

Fig. 4. Route and waypoints.  
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For the considered period 2010–2019, Fig. 7 presents the annual minimum recorded RIO values along the route as determined by 
Canadian Ice Service [66] for the provisionally selected ice class PC 3, as well as for PC 2, PC 4, and PC 5. As per the figure, for PC 2 the 
minimum recorded RIO value remained above zero for all years. For PC 3 the minimum recorded RIO value was −8. For PC 4, on a 
single occasion in October 2017, along a single leg during a period of approx. one week, RIO fell to −18. During the same year, the 
second-lowest recorded RIO value for PC 4 was −12, which occurred on 9 occasions in January. At all other times, the corresponding 
values remained above −10. For PC 5, the corresponding RIO values went frequently below −10. 

As per the above, PC 3 appears to ensure safe and unrestricted operations at all times, whereas both PC 4 and PC 5 appear to be 
associated with a risk of operational downtime. Because as per Sec. 3.1 operational reliability is assumed important, PC 3 remains the 
provisionally selected ice class. 

It should be noted that the above approach, in which an appropriate Polar Class is derived based on recorded RIO values along the 
considered route over 10 years, is based on engineering reasoning rather than on any specific guidelines or recommendations. 
POLARIS and its related documentation do not specify any criteria for instance concerning the minimum acceptable return period for 
exceeding the RIO criteria. 

3.4. Ship performance 

According to the considered ice data and the assumptions presented in Sec. 3.2, the maximum heq along the route is close to 2.5 m. 
For the ship to be able to operate independently in such ice conditions, the ship is designed as a so-called double-acting ship. A double- 
acting ship is a ship that operates ahead (bow first) in open water and moderate ice conditions, but that operates astern (stern-first) in 
challenging ice conditions for improved ice-going capability. Accordingly, the ship has a bulbous bow optimised for operations in open 
water and light ice conditions, whereas the stern, which acts as a bow during astern operation, is optimised for ice breaking. In terms of 
size, the considered ship is assumed to be around 200 m in length and 34 m in width. The assumed ice-going performance of the ship is 
determined as per the hv-curves presented in Fig. 8, which determine the speed of the ship as a function of the operating mode (ahead 
or astern) and the prevailing ice thickness. In this study, the ship is assumed to operate ahead if heq is below 0.4 m. Otherwise, the ship 
is assumed to operate astern. When operating astern, the ship is assumed to be able to progress in up to 2.5 m thick ice without 
stopping. In open water, the ship is assumed to operate at 19.0 knots. The considered ice thickness is as determined per Eq. (6). As a 
simplification, potential added resistance due to compressive ice is not considered. The assumed hv-curves presented in Fig. 8 were 
approximated based on reference ships and they serve only as input for the present case study. Corresponding curves for a specific ship 
could be determined by well-established methods, such as per Lindqvist [70]; or based on ice tank testing. 

It is noted that as per IACS [20]; the hull form and propulsion power of a ship assigned a Polar Class notation must be such that the 
ship is capable of operating independently and at continuous speed in the ‘representative ice condition’ corresponding to its Polar 
Class, as defined by IACS [20]. Other than this, the Polar Class rules do not specify any specific criteria concerning propulsion power or 

Fig. 5. Considered egg code parameters.  

Table 4 
Considered ice types [68]].  

Stage of development Thickness range [cm] Stage of development Thickness range [cm] 

1 0–10 8 30–50 
2 0–10 9 50–70 
3 10–30 1• 70–120 
4 10–15 4• >120 
5 15–30 7• >200 
6 ≥30 8• >200 
7 70–120 9• >200  
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Fig. 6. Leg-specific monthly mean and maximum heq-values.  

Fig. 7. Minimum RIO values along the route for different Polar Class standards.  
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speed in ice. Thus, assuming as per Fig. 8 that the case study ship can operate in up to 2.5 m thick ice, roughly corresponding to 
‘moderate multi-year ice conditions’, in terms of propulsion power and speed in ice, the ship can be considered meeting the minimum 
requirements of at least PC 2. 

3.5. Discrete event simulation of ship operations 

Because there are significant seasonal and inter-annual variations in the ice conditions along the route, the considered ship is 
expected to be exposed to multiple types of ice. To quantify the ship’s expected ice exposure, its operation is simulated using the 
technique of discrete event simulation (DES). Specifically, the simulation approach is implemented in MATLAB (ver. R2021a), using its 
discrete event simulation tool SimEvents (based on SimuLink ver. 10.3/R2021a) [71]. In DES, the simulated period is divided into 
equal time steps, which in this study are 1 h long, meaning that a change in the state of the system may occur hourly. 

An overview of the applied DES model is presented in Fig. 9. Simulation input includes the above-presented route, ice data, and hv- 
curves. The simulated ship is represented by a ship-entity that enters the simulation model at the start of a simulation. When entering 
the simulation, the ship is assumed to be in the process of departing the port of Quebec to start its voyage towards Nanisivik. 

While at sea, the ship-entity completes one navigation leg at a time. The time it takes for the ship-entity to complete a navigation leg 
depends on the leg distance, the prevailing ice conditions, the operating mode (ahead or astern operation), the ship’s assumed hv- 
curves defined as per Fig. 8, as well as the POLARIS related speed limits presented in Table 2. As the ship’s provisionally selected ice 
class is PC 3, the ship’s speed in ice conditions corresponding to an ‘elevated operational risk’ is assumed limited to 5 knots. 

The prevailing ice conditions along a leg, i.e., between two adjacent waypoints, are determined based on the ice conditions at the 
first waypoint. Accordingly, the prevailing ice conditions are updated at each waypoint but not between waypoints. The prevailing ice 
conditions at a specific waypoint are determined based on the present date, which is calculated based on the assumed start date of the 
simulation and the elapsed time since the start. The total voyage time is the sum of all leg times. 

Once the ship-entity has reached the destination port it stays there for 14 days, which is the assumed port turn-around time between 
voyages throughout the simulation. 

In total 10 operating years are simulated, representing the period 2010–2019. During each simulated year, the ship completes 8 
return voyages. The simulated transit times vary from season to season and from year to year depending on the ice conditions. Spe-
cifically, as per Fig. 10, over a year the transit times may vary between around 5 and 13 days. Because of such variations in voyage 
time, the date by which the ship has completed the set number of annual return voyages varies from year to year. 

Fig. 8. The ship’s assumed speed in ice as a function of the operating mode (ahead or astern) and ice thickness.  

Fig. 9. Simulation model overview.  
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3.6. Simulation output 

The ship’s simulated ice exposure is presented in Fig. 11. As per the figure, the ice exposure is quantified separately for five different 
ice thickness categories in terms of:  

• Distance [NM] covered in ice.  
• The number of relevant ship-ice impacts.  
• Average thickness [m] of the encountered ice. 

The considered ice thickness categories are determined as per Table 5 based on WMO [21]. Because the ship is assumed to operate 

Fig. 10. Examples of simulated transit times.  

Fig. 11. Simulated ice exposure parameters. Grey bars represent the ship’s ice exposure during the individual years 2010–2019, whereas black bars 
represent average values for the whole period. The percentage standard deviations of the various datasets are denoted by σ. 
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by the double-acting principle, the ice exposure is determined separately for ahead and astern operation. 
As per Sec. 2.1, the number of impacts is defined in terms of 10-min load maxima calculated based on the simulated ice exposure so 

that the number of impacts with ice of various categories is assumed proportional to the time spent operating in the corresponding ice 
conditions. 

In Fig. 11 the simulated ice exposure is determined both for the individual years 2010–2019, and in terms of the average annual 
exposure over the whole period. As anticipated, the simulated ice exposure varies significantly from year to year. Specifically, the 
percentage standard deviations of the simulated distances in ice vary between 24% and 99% depending on the ice thickness category 
and operating mode. Because the number of impacts is calculated based on the time spent operating in ice, their standard deviations 
are close to those of the distances. In contrary to the distances and impacts, the annual average thickness of the encountered ice does 
not appear to vary significantly. It is noted that for ahead operation, as the ship is assumed to operate astern in ice thicker than 0.4 m, 
the ship’s ice exposure is limited to young and thin ice. 

3.7. Calculation of long-term extreme ice loads using the modified event-maximum method 

Based on the simulated ice exposure, the ship’s long-term extreme ice loads are calculated as per Eqs. (1)–(3) for different operating 
modes (ahead and astern), different ice categories, and different return periods. As per Table 6, three different return periods are 
considered: 5, 25, and 100 years. Among these, considering the design goals defined in Sec. 3.1, the 25-year period, which represents a 
typical design lifetime of a ship, is the most relevant. Anyhow, because as per Sec. 2.1 the calculated ice loads are expected to be 
exceeded once in the considered return period, longer return periods could be considered for additional safety. 

Example ice load calculations calculated based on the ship’s simulated ice exposure for year 2011 are presented in Table 7. As per 
the table, for ahead operation, most of the ice exposure relates to ice of category 1, whereas the maximum loads relate either to ice of 
category 1 or 2. For astern operation, most of the ice exposure, as well as the maximum loads, relate to ice of category 4. The overall ice 
exposure is dominated by exposure to ice of category 4. This is because, as shown in Fig. 6, the route features a significant amount of 
thick (>1.2 m) ice. In addition, operation in thicker ice is associated with lower speed, which in turn is associated with a higher number 
of considered ice impacts per distance unit. 

It is noted that for ahead operation, the estimated loads tend to be somewhat higher for the stern shoulder than for the bow, which 
contradicts the current state-of-the-art assumption that bow loads are always larger than stern loads. This outcome relates to Fig. 2, 
according to which, for ice thicknesses below around 0.3 m, the α-values for the stern shoulder are somewhat higher than those for the 
bow. In the present case, this appears to be a result of linear approximation. Additional full-scale measurement points would be needed 
for greater accuracy. Nevertheless, the calculated loads for astern operation dominate in all cases. This is important considering that 
during astern operation, the area acting as stern shoulder corresponds to the ship’s bow shoulder area. Thus, if the bow of the ship 
would be designed considering only the anticipated loading during ahead operation, it would likely be overloaded during astern 
operation, i.e., when acting as a stern shoulder. To avoid this, the loads acting on the bow shoulder during astern operation must be 
considered as well. 

Fig. 12 presents ice loads calculated separately for each set of ice exposure parameters presented in Fig. 11. Based on the figure, the 
following observations can be made:  

• The calculated long-term load maximums vary somewhat depending on which year’s ice exposure they are calculated based on. For 
ahead operation, the standard deviation is 5–8% depending on the length of the considered return period. For astern operation, 
representing the dominating mode of operation in ice, the corresponding standard deviations are lower at 1–2%. These relatively 
low albeit significant standard deviations indicate that it is motivated to consider a ship’s average ice exposure instead of that of an 
arbitrary year. 

Table 5 
Ice thickness categories [21]].  

Ice category Thickness range 

1. Young ice 0–0.3 m 
2. Thin first-year ice 0.3–0.7 m 
3. Medium first-year ice 0.7–1.2 m 
4. Thick first-year ice 1.2–2.0 m 
5. Old ice >2.0 m  

Table 6 
Values of −ln[−lnFz(ze)] for different return periods.  

>Return period [years] 5 25 100 

Fz(ze) 0.8 0.96 0.99 
− ln Fz(ze) 0.2231 0.0408 0.0101 
− ln[ − ln Fz(ze)] 1.50 3.20 4.60  
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Table 7 
Example ice load calculations: ice loads calculated based on the simulated ice exposure for year 2011. 

Fig. 12. Calculated design loads and comparison with Polar Class design loads. The grey bars represent ice loads calculated based on the simulated 
exposures for the individual years in the period 2010–2019. The black bars represent ice load calculated based on the ship’s average annual ice 
exposure over the same period. 
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• For the average annual ice exposure, the 25-year ice load on the stern area that acts as ‘bow’ during astern operation is estimated at 
around 4300 kN/m.  

• For the average annual ice exposure, the 25-year ice load on the bow shoulder area, which acts as ‘stern shoulder’ during astern 
operation, is estimated at around 3100 kN/m.  

• For the average annual ice exposure, the 25-year ice load on the bow area is estimated at around 1800 kN/m. However, it should be 
noted that the expected load on the adjacent bow shoulder area during astern operation is significantly higher at 3100 kN/m.  

• For the average annual ice exposure, the 25-year ice load on the stern shoulder is estimated at around 1700 kN/m. However, this 
load estimate appears to be of limited practical utility considering that the loads on this area are driven by the much higher loads 
associated with astern operation. For this reason, this load will not be further considered. 

3.8. Comparison with polar class design loads 

Towards determining an appropriate Polar Class for the considered ship, we calculate the design loads behind the various Polar 
Class standards as per IACS [20]. Accordingly, the design force for the bow area, denoted FBow, is calculated as per Eq. (7). 

FBow = fa*CFC*Δ0.64 [MN] (7) 

where fa is determined as per Eq. (8), and CFC and Δ are determined as per Table 8. The considered ship displacement (Δ) is the 
same as that of S.A. Agulhas II. 

fa = minimum(fa1, fas, fa3) (8)  

where fa1, fa2, and fa3 are determined as per Eqs. (9)–(11). 

fa1 =

(

0.097 − 0.68
(x

L
− 0.15

)2
)

*
A

β0́.5
(9) 

where x, L, A, and β′ are determined as per Table 8. 

fa2 = 1.2*
CFF

(sinβ́)*CFC*Δ0.64 (10)  

, where CFF, β́, CFC, and Δ are determined as per Table 8. 

fa3 = 0.60 (11) 

The design line load on the bow, denoted as QBow, is calculated as per Eq. (12) based on the above-defined FBow. 

QBow = F0.61
bow *

CFD

AR0.35 [MN / m] (12) 

where CFD is determined as per Table 8 and AR is determined as per Eq. (13). 

AR = 7.46*sin(β)́ ≥ 1.3 (13) 

where β́ is determined as per Table 8. 
The design force on the hull areas other than the bow, denoted FNonBow, is calculated as per Eq. (14). 

FNonBow = 0.36*CFC*DF [MN] (14)  

, where CFCand DF are determined as per Table 8. 
The design line load on hull areas other than the bow, denoted QNonBow, is calculated based on FNonBow as per Eq. (15). 

Table 8 
Parameters used to calculate the design loads behind the Polar Class standards.  

Parameter name Symbol Assumed value 

Crushing failure class factor CFC  As per IACS [20] 
Ship displacement factor DF As per IACS [20] 
Load patch dimensions class factor CFD  As per IACS [20] 
Shape coefficient fa  As per IACS [20] 
Load patch aspect ratio AR As per IACS [20] 
Ship displacement Δ 14 kt 
Ship length L 130 m 
Distance from the forward perpendicular to the station under consideration [m] x 14 m 
Waterline angle A 33.2◦

Frame angle β 58.9◦

Normal frame angle β′ 54.2◦
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QNonBow = 0.639 * F0.61
NonBow*CFD [MN / m] (15)  

, where CFDis determined as per Table 8. 
Along the lines of IACS [20]; the design ice load on the stern shoulder is calculated as per Eq. (16). 

QSternShoulder = QNonBow*AF [MN / m] (16)  

, where AF is an area factor determined as per Table 8. 
As per Fig. 12, for astern operation, the predicted 25-year ice loads on the stern (acting as a bow) and the bow shoulder (acting as a 

stern shoulder) somewhat exceed the corresponding PC 3 design loads. Specifically, if we consider the ice loads calculated based on the 
ship’s average annual ice exposure over the considered period (given by the black bars in Fig. 12), the loads on the stern (acting as a 
bow) are exceeded by around 5% whereas the loads calculated on the bow shoulder (acting as a stern shoulder) are exceeded by around 
8%. With respect to the 100-year loads, the corresponding deviations are larger at 17% and 22%, respectively. Thus, if the goal is that 
the design loads behind the ship’s ice class must not be exceeded during the ship’s assumed design lifetime of 25 years, these findings 
indicate that both the stern (acting as bow during astern operation), as well as the bow shoulder areas (acting as a stern during astern 
operation), should be constructed to PC 2 rather than PC 3 standards. 

For ahead operation, the estimated 25-year ice load on the bow, as calculated based on the ship’s average annual ice exposure over 
the considered period, is close to the corresponding PC 6 design load. However, as per the above, the predicted 25-year ice load on the 
adjacent bow shoulder during astern operation is significantly higher. Considering this, it would not be feasible or rational to design 
the bow for a significantly lower load than the nearby bow shoulder. In addition, the present Polar Class rules do not recognize double- 
acting ships, or ship designs representing combinations of different Polar Classes. This is because the rules stipulate design loads not 
only for the bow part of a ship but for the entire hull. For any ship, the part of the hull with the least ice strengthening determines its 
Polar Class notation (e.g., if a ship has a PC 2 bow with a PC 6 stern, would be considered a PC 6 ship) [20]. Considering this, we 
conclude that the entire hull needs to be designed in accordance with the PC 2 standard, i.e., one ice class level higher than as derived 
using POLARIS. 

Because a change in the ice class from PC 3 to PC 2 results in different RIO values, and thereby as per Table 2 in a different rec-
ommended maximum speed for elevated risk operations, the simulation was repeated to assess if this change affects the simulated ice 
exposure and the corresponding estimated long-term extreme ice loads. It is noted that in the present case, the change in ice class does 
not stipulate any change in the ship’s ice-going performance because, as explained in Sec. 3.4, the ice-going performance of the initially 
considered PC 3 ship as specified by the hv-curves presented in Fig. 8 meets the requirement for PC 2. Anyhow, in case a change in ice 
class would also motivate or require a change in the ship’s ice-going performance, the corresponding change would have to be 
considered in the simulation. This is important as a ship’s speed in ice affects its estimated ice exposure and hence ice loads. 

Because we found that, for the considered case, a change in ice class from PC 3 to PC 2 does not result in any noticeable change in 
the estimated ice exposure and loads, the above-presented ice loads calculated for the initially considered PC 3 classified ship apply for 
a corresponding PC 2 ship as well. As a result, we conclude that the appropriate ice class for the considered ship, considering the set 
design goals, is PC2. That the change in ice class did not affect the obtained ice load estimates is explained by the fact that the 
considered ship’s speed in ice conditions corresponding to an ‘elevated operational risk’ as per POLARIS is limited by its hv-curve 
rather than by the speed limits as specified by POLARIS. 

What is noticeable from Fig. 12 is that the outcome of the proposed goal-based approach is very consistent regardless of annual 
variations in the ice conditions. As per Fig. 7, the appropriate Polar Class as derived using POLARIS, on the other hand, depends 
significantly on what year’s ice conditions are considered, i.e., on how the anticipated maximum ice conditions were determined. 

It is noted that in the present study, the stern (acting as bow during astern operation) is assumed to have the same hull angles as 
those of the bow of S.A. Agulhas II. However, on an actual double-acting ship, to minimize ice resistance, the hull angles of the stern 
would likely be smaller, resulting in somewhat lower loads. As a result, both the calculated maximum loads for the stern and the 
corresponding Polar Class design loads can be considered conservative. 

4. Analysis of the dependency between a ship’s operating profile and its estimated long-term extreme ice loads 

As mentioned in Sec. 1.1, a limitation of POLARIS is that it does not consider the extent to which a ship operates in various ice 
conditions, and thus also not the probabilistic nature of ice loading. As a result, the appropriate Polar Class is determined based on the 
worst ice conditions that a ship is expected to encounter, considering the acceptable amount of downtime when the ship is not able to 
operate due to too severe ice conditions. 

To assess the difference between considering the worst ice conditions only, versus considering a ship’s total ice exposure, 5-, 25-, 
and 100-year hull area-specific ice loads are calculated for three different operating profiles, all of which involve year-round navi-
gation along the considered route:  

• Operating profile 1: The ship makes 20 return voyages per year so that it remains in port for 24 h between each voyage.  
• Operating profile 2: The ship makes 8 return voyages per year so that it remains in port for two weeks between each voyage. This is 

the default operating profile considered in the above case study.  
• Operating profile 3: The ship makes 5 return voyages per year so that it remains in port for four weeks between each voyage. 
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As per Fig. 13, the obtained long-term ice load estimates depend to some degree on the considered operating profile. For instance, 
for both the stern (acting as a bow) and the bow shoulder (acting as a stern shoulder), the difference between the 25-year ice loads 
calculated for operating profile 1 and those calculated for operating profile 3 is around 9%. This finding indicates that it is well- 
motivated to consider a ship’s individual operating profile and overall long-term ice exposure rather than simply the maximum 
anticipated ice conditions in which it is expected to operate, which would have been the same for each of the considered operating 
profiles. Nevertheless, in the present case, because for the bow shoulder (acting as a stern shoulder) all the considered operating 
profiles resulted in 25-year loads exceeding the design load of PC 3, the selected ice class would be PC 2 regardless of operating profile. 

5. Discussion 

Along the lines of IMO [72]; driven by new ship design challenges and the ever-increasing speed of computers, there is an ongoing 
trend towards increasingly goal-based regulations. We hope that the approach presented in this article will support this trend. Our 
vision is that the presented approach could not only be used as a complement to POLARIS to derive an appropriate ice class for a ship 
but that the obtained long-term probabilistic ice load estimates could be used directly as input for the determination of design loads. 
However, due to the various above-mentioned assumptions and uncertainties related to the presented approach, many of which relate 
to its semi-empirical nature, this is not yet advisable. Nevertheless, if future research can provide sufficient confidence in the proposed 
approach and extend its range of applicability, by combining its estimated ice loads with ultimate strength calculations, a generalized 
path towards goal- or risk-based design and regulatory approval would be obtained. This would make it possible to tailor a ship’s level 
of ice-strengthening to its individual operating area and profile, potentially resulting in enhanced maritime safety as well as significant 
savings in emissions and costs over the lifetime of a ship. As per LR [73]; the potential savings from such an approach are assumed 
significant, especially for larger ships for which the Polar Class rules are assumed to result in design conservatism. In this context it 
should be mentioned that the rules of the Russian Maritime Register of Shipping [35], which have to be followed by ships operating 
within the NSR area, were recently updated in line with the goal-based approach of the Polar Code. As per Aker Arctic [74]; following 
this change, designers and operators will have more freedom, but also more responsibility, regarding the determination of an 
appropriate level of hull ice-strengthening, among other design features. 

To enable a safe and smooth introduction of goal-based hull structural design for ice loading, all related tools and approaches must 
be properly validated over a transition period. This will require additional full-scale ice load measurements, among others. In addition, 
to ensure widespread compliance, practical and efficient approaches for the monitoring of regulatory compliance must be developed. 
This is important because at least within the waters of the NSR, regulatory non-compliance and violations are common as reported by 
Humpert [75]. As per the same source, the violations that constitute the most significant risk to human life and the environment are 
those involving vessels that exceed their limitations for operation in ice. A number of such recorded violations have resulted in in-
cidents that could have resulted in very serious consequences. For instance, in September 2013, while operating in the NSR area, the 
tanker MS Nordvik was holed by an ice floe as a result of operating in ice conditions that exceeded the operational limitations of its ice 
class [76]. Only thanks to a successful rescue operation there were no lives lost and no significant discharges into the fragile Arctic 
ecosystem [77]. Another similar and more recent case is that of MS Sparta III, a general cargo vessel that ended up in need of rescuing 
after it had deviated from its approved route and entered areas with heavy ice conditions that exceeded its limitations for operation in 
ice [78]. The risk of future regulatory violations, intentional or not, cannot be eliminated, and it could be argued that the use of a 
goal-based rather than a traditional prescriptive approach would provide new opportunities for misconduct, e.g., through the 
manipulation of performance assessment calculations. As a countermeasure, standards for the monitoring of compliance with 
goal-based rules need to be developed. These standards must ensure an appropriate level of transparency, among others, which is 

Fig. 13. Calculated ice loads for different hull areas, return periods, and operating profiles.  
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needed to ensure that no underlying assumptions are manipulated. In the meanwhile, it is advisable that goal-based approaches should 
be used in parallel with traditional established prescriptive rules and regulations, to support better-informed decision making, among 
others, reducing the level of uncertainty and hence risk. This is especially relevant for activities with potentially catastrophic con-
sequences in case of an accident, such as maritime oil transport. For such high-risk activities, a goal-based approach would make it 
possible to adapt the likelihood of an accident to the severity of the consequences of a potential accident, i.e., to manage the risks. 

Considering the probabilistic nature of ice loading, any goal-based approach to hull structural design for ice loading must consider a 
ship’s ice exposure, i.e., the extent of operation in ice. This is significant, because if the assumed exposure is defined, it may place a 
ceiling on the amount of time that a ship is allowed to operate in ice. As per the above, best practices need to be developed to ensure 
compliance. It should be noted that the use of a goal-based approach would not prevent the design of ships for ‘unlimited’ operations in 
ice; one would simply need to assume that a ship operates continuously in the worst ice conditions that it is expected to encounter. 

A general challenge related to the application of probabilistic methods to ships is the consideration of the human element. Con-
cerning ice loading, it is important to remember that ships are operated by humans whose decisions affect the ship’s interaction with 
sea ice and hence the resulting ice loads. In this study, this factor is not specifically addressed, but it is noted that the considered full- 
scale ice load measurements were recorded during normal operations in ice. Thus, the data indirectly reflects the actions taken by the 
ship’s crew during the measurements. Anyhow, further research and additional full-scale ice load measurements are needed for a 
better understanding of the role of the human factor in this regard. 

In the above analyses, the considered ship’s anticipated ice conditions were modelled based on ice data from the past 10 years. To 
consider the forecasted climate change-driven reduction of sea ice, future ice scenarios such as those provided by Met Office (2021) 
would need to be considered instead. However, because relying on future ice scenarios might result in a non-conservative solution, 
relying on recently recorded ice conditions appears to be a more reliable albeit likely conservative approach. 

6. Conclusions 

This article outlines a goal-based approach intended to be used as a complement to POLARIS for selecting a ship’s Polar Class. 
Following the proposed approach, the appropriateness of a ship’s required Polar Class as determined using POLARIS is evaluated by 
calculating its long-term extreme ice loads, and by relating those to the design loads behind the considered Polar Class standard. To 
account for the probabilistic nature of ice loading, the approach calculates a ship’s long-term ice loads considering its route, operating 
profile, operating principle, and related ice exposure. This is achieved by synthesising a modified version of the so-called event- 
maximum method, discrete-event simulations, and satellite ice data. 

The feasibility of the proposed approach was demonstrated through a case study dealing with the selection of an appropriate Polar 
Class for a double-acting ship operating year-round along the northeast coast of Canada. For the considered ship, to ensure safe and 
unrestricted operations at all times, the minimum required Polar Class as derived using POLARIS was specified as PC 3. To assess the 
appropriateness of the outcome of the POLARIS approach, the ship’s long-term extreme ice loads were calculated using the above- 
described simulation-based probabilistic approach. Specifically, the loads were calculated both based on the ship’s simulated ice 
exposures for the individual years 2010–2019 and based on its average annual simulated ice exposure over the same 10-year period. 
The obtained long-term ice loads estimates were found to vary somewhat depending on which year’s ice exposure they were calculated 
based on. For the 10-year average annual ice exposure, the 25-year loads calculated for the stern (acting as bow during astern 
operation) and the bow shoulder (acting as stern shoulder during astern operation) were found to somewhat exceed the corresponding 
PC 3 design loads. For the bow area, the calculated 25-year load was found to be close to the corresponding PC 6 design load. Because 
as per the Polar Class rules, the part of a ship’s hull with the least ice strengthening determines its Polar Class notation, and because a 
goal of the case study was that the design loads behind the ship’s ice class must not be exceeded during the ship’s lifetime, the outcome 
of the case study is that the entire hull should be built to PC 2 standards, i.e., one level higher than the minimum required ice class 
derived using POLARIS. Further analyses indicated that the estimated long-term ice loads depend to some degree on the assumed 
number of return voyages per year. For instance, by increasing the number of assumed annual voyages from 5 to 20, the estimated 25- 
year extreme ice load was found to increase by around 9%. 

Limitations of the proposed approach are primarily related to its semi-empirical nature, making it dependent on the available full- 
scale ice load measurements. The availability of such data is limited as the instrumentation of ships for ice load measurements is 
expensive. To extend the range of applicability of existing and future measurements, it is recommended that future research is carried 
out to develop and add new theoretical features to the present semi-empirical approach to make it more generalized. Future theoretical 
features added to the model could potentially make it possible to specifically consider sea ice parameters other than ice thickness (e.g., 
ice floe size and ice ridging, as well as region-, season-, and temperature specific strength parameters), specific operating scenarios and 
modes (e.g., manoeuvring in ice), and ship design parameters (e.g., ship displacement, hull geometry, speed). Adding new theoretical 
features to the approach to extend its range of applicability would be significantly more cost-effective than obtaining new full-scale ice 
load measurements covering all possible ship-ice interaction scenarios. Nevertheless, additional full-scale ice load measurements 
covering additional ship types, ice conditions (e.g., with different levels of ice ridging), operating modes (e.g., assisted vs. non-assisted 
operations), will be needed for model validation, among others. Future research is also needed to develop new approaches for the 
prediction and quantification of a ship’s ice exposure. For this purpose, to ensure consistency, efficiency, and transparency, among 
others, dedicated and potentially standardized software tools are needed. In the present study, since the applied ice load data was 
measured at fixed time intervals, ice exposure was quantified based on simulated operational times in different operating conditions. 
For improved accuracy, future research is recommended to enable distance-based exposure assessments. In addition, the fact that ships 
are operated by humans whose decisions might affect their ice exposure and hence ice loads, should also be considered. 
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