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ABSTRACT

In polar areas, the mechanical and physical characteristics of sea ice, combined with the
inherent randomness of the interaction between ice and ships, contribute to the stochastic
nature of ice forces on vessels. Aimed for the uncertainty in ice forces and the associated
risks, this study employs a probabilistic method to analyze the measured ice force data. The
relationship between extreme ice force and ice thicknesses was established. Design ice forces
were provided based on Finish-Swedish ice class rules, and corresponding return periods
were calculated to enable a quantitative evaluation of extreme ice forces the ship may
encounter during its lifetime. Furthermore, a comparative analysis was conducted between
the extreme ice forces of “MT Uikku” and “Agulhas II”. The results indicate that the return
periods of “Agulhas II” are smaller than those of “MT Uikku” under the same ice force level
for “Agulhas II”” operates in independent icebreaking mode and therefore faces a more harsh
ice condition. The findings of this study can offer a quantitative method for risk assessment
of polar vessels from a probabilistic perspective.
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Introduction

The Arctic region is rich in oil and gas resources, with its reserves accounting for 13% of the
world's oil and 30% of the world's natural gas (Gautier et al., 2009). Global warming has
enhanced accessibility to Arctic shipping routes, offering shorter transit times and reduced
costs compared to traditional routes like the Suez Canal (Cao et al., 2022, Shyu and Ding,



2016). However, harsh ice conditions pose critical risks to vessel structural integrity through
ice-structure collisions, therefore, the study of ice forces plays a significant role in the design
of polar vessels.

Ice forces on ship structures are mainly evaluated via theoretical analysis, numerical
modeling, laboratory tests, and field measurements. Among these methods, field
measurements yield precise data crucial for ship-ice interaction researches. Countries
including Norway, China, Russia, and South Korea have accumulated extensive datasets
through sustained field experiments (Wu et al., 2021). Sea ice properties vary significantly
due to temperature fluctuations, salinity levels, the size of ice crystals, and their orientation,
while ship-ice collisions involve dynamic mechanisms like ice fracture and fluid-solid
coupling, resulting in stochastic processes (Suyuthi et al., 2012). Probabilistic analysis of ice
force data, which are key factors for hull plastic deformation and cumulative damage, is vital
for maintaining structural integrity.

Kheisin and Popov first studied ice forces using probabilistic methods, revealing that the ice
force amplitudes follow an exponential distribution (Kheisin and Popov, 1973). Daley (1984)
analyzed extreme ice forces using probabilistic models based on field measurements,
providing a statistical approach of ice load fitting. Jordaan (1993) introduced a probabilistic
analysis of local ice pressures, emphasizing exceedance probability models based on full-
scale ship measurements. Kujala (1994) conducted statistical characterization of ice forces on
ships operating in the Baltic sea, providing important insights into regional variability in ice
load modelling. And with the increasing availability of full-scale ice load measurements after
2000, researchers are enabled to conduct various statistical analysis and come up with more
refined probabilistic models, such as short-term statistics (Suyuthi et al., 2012),
nonparametric probabilistic modeling (Suyuthi et al., 2013), and hierarchical Gaussian
process models (Kotilainen et al., 2017). Recent work has emphasized uncertainty
quantification of ships sailing in ice, capturing randomness in ice-structure interactions and
operational variability (Shamaei et al., 2020, Li et al., 2021, Suominen et al., 2024). The
above research highlights a growing emphasis on probabilistic risk quantification to advance
risk-informed design frameworks for ice-going vessels (Bergstrdm et al., 2022), integrating
uncertainty management to enhance structural reliability.

This paper aims at analyzing the measured ice force data of polar vessels based on a
probabilistic method, establishing the relationship between extreme ice forces and ice
thickness. Return periods corresponding to different design ice forces will be calculated
based on Finnish-Swedish ice class rules, providing the possible extreme ice forces that the
vessel may encounter during its lifetime. Furthermore, a comparative analysis of the design
ice forces and corresponding return periods for different vessels will be conducted, providing
guidance and reference for the risk assessment and structural design optimization of polar
vessels.

Dataset and Main Parameters of the Vessel

This paper conducts analysis based on the measured ice force data of “MT Uikku”. Kotisalo
and Kujala (1999) conducted measurements of the ice forces at the bow and stern areas of the
“MT Uikku” in 1998, accumulating valuable measured data for ice force research. The vessel
has I A Super icebreaking capability with a design line load of 2087 kN/m at the bow area and
a maximum thrust of 11.4MW. The main parameters of this vessel are shown in Table 1.



Table 1. Main parameters of MT Uikku

Length 150 m
Corresponding deadweight 15.75kt
B’:normal frame angle at upper ice waterline 59.4
a.: upper ice waterline angle 25.2
xd: distance from the fore side of the stem at the intersection
. . . . . . 12.45
with upper ice waterline to station under consideration

Ice force measurement was carried out by installing strain gauges at the upper, middle, and
lower positions along the neutral axis of the bow and stern frames (Figure 1). The finite
element method (FEM) was used to model the frame structure. Calibration coefficients were
calculated to transform the measured shear strains into shear stresses, thus finally obtaining
the line load data. The measurement system automatically processed and stored data every 20
minutes, documenting peak line load values along with the associated ice condition
parameters.

Figure 1. Schematic Diagram of the Installation Location of the Measuring Device On MT
Uikku (Kotisalo and Kujala, 1999)

On April 26, 1998, the vessel, fitted with ice force measurement devices, departed from
Murmansk under the guidance of the Kapitan Dranitsyn. It navigated through the Barents Sea
and reached the northernmost point of Novaya Zemlja on April 29. Due to severe ice
conditions at that time, the nuclear icebreaker Rossiya provided escort. After crossing the
Kara Sea, Rossiya departed from the convoy, while MT Uikku and Kapitan Dranitsyn
reached the Subic loading dock on May 4 and completed loading on May 8. Subsequently,
both vessels returned to the Kara Sea, with Rossiya continuing its escort until it reached the
Barents Sea on May 12. Upon reaching areas of light ice and open water, MT Uikku
proceeded alone to Murmansk, arriving on May 13. The route of the voyage is illustrated in
Figure 2.

Figure 2. Route Map of the Voyage of MT Uikku (Kotisalo and Kujala, 1999)



During the navigation process, ice thickness was measured based on visual observations, and
the measurement system conducts statistics on the measured ice force data and corresponding
ice condition data every 20 minutes, recording the values of ice force and the maximum ice
thickness. In the dataset, ice force data corresponding to trapping, port arrival/departure, and
stationary conditions have been excluded from the dataset.

During the voyage, the max ice thickness during each 20-minute period was recorded in five
groups: 0.1m, 0.3 m, 0.7 m, 1.2 m, and 1.5 m. Since the bow area of Uikku is the main part to
collide with sea ice pieces and push them away, the ice force on the bow is larger and thereby
posing threat to structural integrity. Therefore, this paper focuses on the analysis of the line
loads on the bow area of Uikku, specifically at FFR2 (frame number Fr 196.5).

This paper also incorporates the icebreaker S.A. Agulhas Il for comparative analysis of
design ice forces and the corresponding return periods with different vessels. The main
parameters of S.A. Agulhas Il are listed in Table 2.

Table 2. Main parameters of S.A. Agulhas 11

Length (LUI) 130 m
DUI: displacement 14 kt
B’:normal frame angle at upper ice waterline 54.2 deg
o upper ice waterline angle 33.2 deg
xd: distance frgm the for_e side of t_he stem at the _intergection with 14m
upper ice waterline to station under consideration

Probabilistic Method

Jordaan (1993) proposed the Event Maximum Method for probabilistic assessment of
measured ice forces. This method sorts the maximum ice force values X from a series of ship-
ice collision events in descending order to form an ice force sequence (X1, X2, ..., Xn). The
exceeding probability pe corresponding to each ice force in the sequence can be calculated
using Equation (1). The relationship between the ice force and pe is determined by plotting on
the exponential probability plotting paper, where the ice force is on the horizontal axis and
the Weibull plotting position (-log(pe)) is on the vertical axis, as shown in Figure 3.
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Figure 3. lllustration of line load on exponential probability plotting paper



As shown in Figure 3, it can be observed that the measured ice forces follow an
approximately linear distribution. Therefore, they can be fitted using an exponential
distribution, expressed as:

—Iog(pe(x»z% (2)

In equation (2), Xo is the intercept of the fitted line on the horizontal axis in Figure 3, and £ is
the slope. The values of § and Xo can be obtained through linear regression, establishing the
relationship between the exceeding probability pe and the ice force. To intuitively present the
probability calculation results, the reciprocal of the exceeding probability can be taken to
obtain the return period. The return period describes the average time interval between peak
ice force events, enabling the estimation of the recurrence interval for specific ice forces of
interest. This facilitates structural design and risk assessment.

Based on the Event Maximum Method, a relationship between extreme ice forces and ice
thickness (h) can be established to form a predictive method. This method relies on two
fundamental assumptions (Li et al., 2021): (1) Extreme ice forces from different measurement
periods are independent and identically distributed (i.i.d.); (2) The tail of extreme ice forces
from different measurement periods follows an exponential distribution.

During ice force measurements, different measurement periods remain independent, and the
ship’s navigation parameters are nearly constant, resulting in consistent ice force distributions.
Assumption (2) originates from the Event Maximum Method, where the tail of extreme ice
forces on the exponential probability plot exhibits an approximately linear distribution,
justifying the use of an exponential distribution. Here, the top 20% of ice forces within each
measurement period are assumed to represent the tail data (Shamaei et al., 2020).

To establish the relationship between ice forces and ice thickness, the parameters £ and Xo can
be expressed as functions of ice thickness:

p=0h" ©)
X, = O;h" 4)
Let y=-log(pe), the estimated ice force value % can then be expressed as:

2 =6,h"y+0,n"% )

Since only the top 20% of extreme ice force data from each measurement period is used for
fitting, y is replaced with y’ (where y’=y+log(0.2)), and the estimated ice force value can be
expressed as:

X= (91h82 y + 93h94 (6)

Extract and combine the top 20% of extreme ice forces from each measurement period to

form a dataset. The parameters % to % are solved by minimizing the sum of squared

errors E, where E is defined as:

N1
E =z_(xi _)A(i)z
2 (7)

In the equation, N is the total number of ice force data points in the dataset, xi is the true ice
force value, and * is the estimated ice force value. To minimize E, the derivatives of E with



respect to parameters % to Y are setto zero. This constructs a nonlinear system consists of
four equations with four unknowns. The optimized parameter values can then be obtained by
solving this nonlinear system using numerical iterative methods.

Results and Discussion

Using the method proposed in this study, the extreme ice forces at the bow area of the hull
were fitted. The results of @ to % are listed in Table 3.

Table 3. Fitted parameters

Parameter Value
0, 262.92
0, 0.20
0, 393.87
0, 0.71

The empirical cumulative distribution function (ECDF) curves between the ice force data and
fitting results are shown in Figure 4. One can observe that the two ECDF curves exhibit the
same trend of change and are nearly identical, which shows that the fitting results match the
ice force data well.
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Figure 4. Comparison of ECDF between fitting results and ice force data

Meanwhile, to clearly show the changing trends between the fitting results and the raw data,
Figure 5 presents a Quantile - Quantile plot. It can be observed that the scatters are basically
distributed on the diagonal line (reference line), indicating that the fitting results have high
accuracy. And to quantify the fitting accuracy, the coefficient of determination (R?score) was
used for calculation. The result of R?score is 0.961, which means that the fitting results are in
good agreement with the extreme ice forces.
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Figure 5. Q-Q plot between fitting results and the raw data

In order to translate the fitting results into a more intuitive way, the exceeding probability pe
is transformed into return period in days, and the relationship between ice force and return
period under different ice thickness at bow area is shown in Figure 6. Different design line
loads are also shown in Figure 6 for comparison purposes. This curve allows for the
determination of return periods associated with various design ice force levels, thus providing
guidance for the hull structural design process.
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Figure 6. Relationship between line load and return period under different ice thicknesses

Furthermore, to demonstrate the methodology of this study for estimating the ice forces and
corresponding return periods that the Uikku icebreaker may encounter during its lifetime, the
following operating profiles of Uikku are assumed and analyzed as a case study:

Operational profile 1: The ship sails for 45 days in ice annually, with 3 days of operation in
each ice thickness category (0.1, 0.2, ..., 1.5 m) during the navigation period.

Operational profile 2: The ship sails for 75 days in ice annually, with 5 days of operation in
each ice thickness category (0.1, 0.2, ..., 1.5 m) during the navigation period.

Operational profile 3: The ship sails for 150 days in ice annually, with 10 days of operation in
each ice thickness category (0.1, 0.2, ..., 1.5 m) during the navigation period.

Figure 7 shows the ice force-return period curves for different operatioanl profiles. Based on
the results in Figure 7, the return period corresponding to the vessel’s design ice force (1,160
kN/m) is approximately 37 hours, which is in accordance with Riska and Bridges (2019).
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Figure 7. Relationship between line load and return period under different operational
profiles

Additionally, ice forces with respect to specific return periods under different operational
profiles can also be derived, as shown in Figure 8. It demonstrates that under different
operational profile assumptions, the extreme ice forces the vessel may encounter within the
same return period show differences in the magnitude of the values, presenting a more
adaptable approach for extreme ice force prediction. This appears to be more reasonable and
scientific compared to directly estimating the maximum ice forces on the hull assuming the
worst ice conditions where the ship may operate (Bergstrdm et al., 2022).
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Figure 8. Predicted ice forces of different return periods under different operational profiles

Figure 9 compares the ice force-return period curves of the Uikku and Agulhas Il icebreakers.
For Uikku, the curve is under the assumption of operational profile 2. For Agulhas Il, the
return period was calculated using the extended Event Maxima method (Li et al., 2021),
which incorporates both sea ice concentration and ice thickness. Here, the operational profile
for Agulhas Il is in accordance with operational profile 2, and the ice concentrations are
assumed to be 30%, 60%, and 90%.

It can be observed that Agulhas II’s return periods under all concentration conditions are
shorter than those of Uikku, which aligns with Shamaei (2020), even though his analysis
focused on local pressures. And the reason for this is that Agulhas 11 operates in independent
icebreaking mode, encountering more severe sea ice conditions, whereas Uikku was assisted
by another vessel most of its time, facing moderate ice conditions. Therefore, under the same
return period, the ice forces experienced by Agulhas Il are higher. Additionally, differences in



hull parameters and operational ice regimes during measurement (e.g., ice type, navigation
speed) may also account for this discrepancy.
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Figure 9. Comparison of return period (year) between Agulhas Il and Uikku

As indicated by the results in Figure 9, the line loads corresponding to the ten - year return
period for the two ships greatly surpass their design loads, and this can be attributed to
several factors. Firstly, the calculation results rely on assumed operational profiles, and the
actual navigation conditions may be less severe than those assumed. Secondly, during the
calculation, various factors influencing ice forces, including ship speed, ice type, and ice floe
size, were not taken into account. Thirdly, the ice forces calculated in Figure 9 are those
corresponding to the return period of continuous navigation in polar regions. In practice,
though, ships may not engage in continuous navigation for such an extended duration.

This paper presents a method for establishing the relationship between the extreme ice forces
and ice thickness based on the measured ice force data of the bow area of Uikku. However,
this method is not limited to this specific ship but is applicable to various types of vessels.
After obtaining the measured ice force data of a certain ship, this method can be employed to
rapidly establish the relationship between the extreme ice forces and ice thickness, determine
the corresponding parameters, and predict the extreme ice forces.

However, this paper has limitations in the following aspects. First, the method simplifies ice
conditions to a certain extent and does not comprehensively consider ship speed, ship type,
ice concentration, ice floe size, etc. Second, in terms of parameter optimization, this paper
adopts an optimization method based on point estimation, without taking into account the
uncertainty of parameters. Future work could address this issue based on the Bayesian
framework. Third, this paper does not consider how to transfer the obtained results to
different ice conditions or ship types, resulting in limitations in the application of the results.

Future work could consider establishing the relationship between the parameters (6'1 to 94)
and different ice conditions or ship types.

CONCLUSIONS

This study presents a probabilistic method to establish the relationship between extreme ice
forces and ice thickness. The coefficient of determination in the Quantle-Quantle plot is
0.961, indicating that the fitting results are in good agreement with the extreme ice forces.
The study also demonstrates how this method can be applied to predict ice force magnitudes
acting on the bow area of hull based on return periods. Based on assumed operational profiles



as shown in Figure 8, the return period of Uikku encountering its design ice force (1160kN/m)
is 37 hours. And the 1-year return period, 10-year return period and 100-year return period
ice forces were also predicted. Additionally, comparison between Uikku and Agulhas Il was
made. Under the same assumed operational profile, return period of Agulhas I1 is shorter than
that of Uikku because Agulhas Il operates in independent icebreaking mode and thus
encounters more severe ice conditions.
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