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Abstract  

Ice interaction studied in Nelis et al (2015) for symmet-

ric ship collisions revealed that ice crushing force had 

only modest influence on the collisions, where the 

struck ship was supported by level ice at the side oppo-

site to the collision side. To extend the understanding of 

ice interaction in ship collision, this paper quantifies the 

ice interaction in a scenario where the collision takes 

place in the ice channel and where the striking ship 

collides to the aft of the ship stuck in the channel. The 

aim of the paper is to study whether the ice forces are to 

be considered when evaluating collision damage in 

abovementioned scenario.  

First, the structural resistance of the aft structure is stud-

ied using displacement controlled finite element analy-

sis. This provides the force-penetration curves that are 

used in the external dynamic analysis. As a result of the 

external dynamics analysis, ships’ motions, penetration 

depth and the force histories are obtained providing 

detailed insight into the phenomena. The importance of 

the ice interaction is evaluated by comparing the magni-

tude of the contact force to the ice force. The same is 

done for the energies absorbed via different mechanisms. 

It is revealed that the ice interaction has only minor 

influence and accounts for about 6% of energy in max-

imum.  
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Introduction 

Maritime transportation is an important economic ac-

tivity, and navigation in ice conditions is a common 

operation in several northern sea areas. As in open water 

conditions, navigational accidents have occurred and 

may happen also in the future. A recent risk analysis of 

winter navigation in Finnish sea areas indicates that 

ship-ship collisions are the most important risk event, 

due to a relatively high occurrence probability and the 

potential for severe consequences, including oil spills 

(Valdez Banda et al., 2015a). It is therefore important to 

develop ship-ship collision models for assessing colli-

sion energy and related hull damage, for instance to 

assess the volumes of spilled oil. Such knowledge is of 

crucial importance for maritime oil spill risk analysis 

(Goerlandt and Montewka, 2015; Van Dorp and Mer-

rick, 2011), response preparedness assessment (IMO, 

2010; Lee and Jung, 2013; Lehikoinen et al., 2013) and 

ultimately for assessing the biological impacts of such 

spills (Lecklin et al., 2011). In existing maritime water-

way risk analyses models, the scope is either limited to 

non-ice covered waters (Li et al., 2012), or methods for 

open water collisions are applied also for ice conditions 

(COWI, 2012), which may be questionable. 

While for collisions in open water conditions, several 

models for assessing collision energy and hull damages 

have been proposed (Ehlers, 2011; Terndrup Pedersen, 

2010), the extension to ship collisions in ice conditions 

is not yet much elaborated upon and involves relatively 

high uncertainty. Nelis et al. (2015) studied symmetric 

ship collisions where the struck ship was supported by 

level ice at the side opposite to the location of impact, 

finding an increase in energy absorption by the struck 

vessel of 15-20% in rather thick ice fields. However, 

this impact scenario is not very realistic in actual navi-

gational practice, whereas it has been found that the 

proper definition of impact scenarios is very important 

in maritime transportation risk analysis (Goerlandt et al., 

2012) and in ship design (Ståhlberg et al., 2013). 

To increase the understanding of the ship-ship collision 

phenomenon in ice conditions, it is therefore important 

to assess the contribution of ice forces to collision ener-

gy in more realistic scenarios. Results from a risk analy-

sis (Valdez Banda et al., 2015a) and human error studies 

(Valdez Banda et al., 2015b) indicate that especially 

convoy operations are relevant. In such operations, one 

or several ships follow an icebreaker which breaks an 

ice channel, thus facilitating the movement of the assist-

ed vessels through the ice field. Collisions can occur if 

the icebreaker or one of the assisted vessels suddenly 

becomes stuck in the ice channel, e.g. due to compres-

sive ice forces, and when the following vessel cannot 

stop in time or maneuver out of the channel. Such sce-

nario occurred on 5
th
 of March 2006 in the Gulf of Fin-

land, where Dominican-registered cargo ship Runner 4 

sank after being collided to the aft by the Malta-
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registered cargo ship Svjatoi Apostol Andrey while 

travelling in ice breaker convoy (Wang et al, 2008).  

This scenario is the object of study in this paper. In 

particular, it is investigated whether the ice forces 

should be considered when evaluating the collision 

damage for a ship stuck in an ice channel which is im-

pacted at its stern. Given the findings from Nelis et al. 

(2015), it may be expected that the relative contribution 

of ice forces in such accident scenarios is relatively 

minor. If this is the case, this could mean that for mari-

time waterway risk analysis, using collision models for 

open water conditions may be sufficiently accurate and 

one should only take into account that the struck ship 

has stopped due to the ice interaction. 

Time-domain simulation model (Tabri, 2010) is used to 

evaluate the ice effects in bow to aft collision. The time 

domain collision simulation model considers all the 

main forces such as inertial forces, hydrodynamic forces 

and hydrostatic force. Here, also the ice force is added 

to the calculation. The relation between the forces and 

the ship motions is described through a system of equa-

tions of motion for each ship.  

In order to formulate the problem with realistic relations 

between the different forces, the contact force as a func-

tion of penetration depth for bow to aft collision is first 

evaluated with non-linear finite element simulations. 

Based on the results of numerical simulations, linear 

approximations for the contact force were derived and 

used for time-domain simulation model (Tabri 2010) to 

study the collision dynamics. The influence of compres-

sive ice force is presented for several combinations of 

sizes of colliding tankers, collision speeds and ice 

thicknesses.  

Compressive ice force in collision 

The approach to ice loads is similar to that used by 

Nelis et al. (2015), who studied symmetric ship colli-

sions where the struck ship was supported by level ice at 

the side opposite to the location of impact. This ap-

proach is based on the combination of Croasdale’s 2D 

approach (Croasdale, 1980) for horizontal line load 

combined with experimentally measured line load 

curves. While Nelis et al. (2015) considered the ice 

resistance in sideways moving ship, the ice force was 

transverse to the longitudinal axis of the ship and the ice 

force only contributed to the sway motion of the ship. In 

bow to aft collision, the ice force acts in the surge direc-

tion and the ice force is acting at the both sides of the 

ship. The transverse ice force is the same as used in 

Nelis et al. (2015) and it contribution to the longitudinal 

direction is evaluate by friction coefficient ice=0.1. 

Line load due to the ice acting transverse to the ship hull 

is evaluated as (Nelis et al. 2015): 

 

𝑞𝑚 = 2.6
𝑞𝐶𝑟𝑜𝑎𝑠𝑑𝑎𝑙𝑒

(
𝑙𝐶

𝑠
)

−𝑎 ∙ (
𝐿𝑚𝑖𝑑

𝑠
)

−𝑎

 
(1) 

where 

2.6  - is a scaling parameter (Fig.2 in Nelis et al, 2015). 

𝐿𝑚𝑖𝑑  - is actual contact length  

 𝑙𝐶   = 15 𝑚 (Nelis et al, 2015) 

𝑠  - is the smallest load width, here assumed 350mm 

(Filipović, A., 2014) 

𝑎  - is taken as -0.71 based on (Kujala, 1991) 

 

Croasdale’s 2-D approach (Croasdale, 1980) considers 

two processes: the failure of ice sheet by bending and 

then riding down the sloping surface. The predictive 

total horizontal ice force per unit meter, 𝑞𝐶𝑟𝑠𝑑𝑙 , on the 

structure is given by 

𝑞𝐶𝑟𝑠𝑑𝑙 =
𝐻

𝐷
= 𝐻𝐵 + 𝐻𝑅=0.68 ∙ 𝜉 ∙ 𝜎𝑓 ∙ (

𝜌𝑤∙𝑔∙ℎ𝑖
5

𝐸
)

1

4
 

+𝑧 ∙ ℎ𝑖 ∙ (𝜌𝑤 − 𝜌𝑖) ∙ 𝑔 ∙ (𝑠𝑖𝑛(𝛼) + 𝜇 ∙ 𝑐𝑜𝑠(𝛼)) ∙ 

∙ (
𝑠𝑖𝑛(𝛼) + 𝜇 ∙ 𝑐𝑜𝑠 (𝛼)

𝑐𝑜𝑠(𝛼) − 𝜇 ∙ 𝑠𝑖𝑛 (𝛼)
+

𝑐𝑜𝑠(𝛼)

𝑠𝑖𝑛(𝛼)
) 

(2) 

 

where 𝐷  is a width of structure, 𝐻𝐵  is breaking force 

which presents bending failure load and 𝐻𝑅  is ice ride-

down force. In addition, 𝜎𝑓 is the flexural strength of the 

ice, 𝜌𝑤 is the density of water, 𝑔 is acceleration due to 

the gravity, ℎ𝑖 is the ice thickness, 𝐸 is the elastic modu-

lus of the ice, 𝑧 is depth of slope (or draft), 𝜌𝑖  is the 

density of ice, 𝜇 is the friction coefficient between ice 

and structure, 𝛼 is slope angle of the structure and 𝜉 is a 

function of slope angle and the friction coefficient as 

given by 

 

𝜉 =
sin(𝛼) + 𝜇 ∙ cos (𝛼)

cos(𝛼) − 𝜇 ∙ sin (𝛼)
 (3) 

 
Fig. 1: Line load (eq.1) in comparison with the curve ob-

tained by Kujala (1991). 

 

As the eq.(1) for the line load qm is derived, it is com-

pared with the line load curve proposed by Kujala 

(1994), which is evaluated by measurements from sev-

eral ships with the ice thickness of 0.7 m. The ice pa-

rameters used in this calculation are taken the same as 

Kujala (1991) suggested for the sea ice in the Bay of 

Bothnia. The average ice characteristic values are pre-

sented in Table 1. The comparison is presented in Fig 1. 

Fig. reveals that while the scaling factor 2.6 is used, the 

line load by eq. (1) corresponds well to the line load 
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presented by Kujala (1994) assuming the ice thickness 

of 0.7 m. 

Table 1: Average ice parameters for the Baltic Sea. 

Parameter Value Unit 

Flexural strength 580 kPa 

Density of ice 900 Kg/m
3
 

Elastic modulus 5 GPa 

Porosity 0.3  

 

Having define the line load, it is possible to derive the 

final ice force formula, according to the actual contact 

length/midship length, which will be added to the colli-

sion calculations. Assuming the friction coefficient 

ice=0.1 and that the ice acts both sides of the ship, the 

formula for the compressive ice force in longitudinal 

direction becomes 

 

𝐹𝑖𝑐𝑒 = 2𝜇𝑖𝑐𝑒𝑞𝑚 𝐿𝑚𝑖𝑑 = 

= 2𝜇𝑖𝑐𝑒   2.6
𝑞𝐶𝑟𝑠𝑑𝑙

(
𝑙𝐶

𝑠
)

−𝑎 ∙ (
𝐿𝑚𝑖𝑑

𝑠
)

−𝑎

∙ 𝐿𝑚𝑖𝑑  (4) 

 

Throughout the simulations, it is assumed that the con-

tact length Lmid is 90% of the ship length. The total ice 

resistance Fice according to the eq. (4) is presented in 

Table 2 considering the ice properties given in Table 1. 

 

Table 2: Total ice resistance Fice (eq. 4). 

Tanker 
Lmid 

[m] 

Fice (eq.4) [kN] 

hice [m] 

0.5 1.0 1.5 

T150 135 482 968 1 456 

T190 172 517 1 039 1 562 

T260 234 565 1 135 1 708 

Contact force in bow to aft collision  

Contact force depends on the contact area i.e. the size 

and shape of the intruding bow and the structural con-

figuration of the aft of the struck ship. The contact forc-

es are first evaluated with non-linear finite element 

simulations and based on that, simple linear relation-

ships between the force and the penetration depth are 

approximated. Setup for the numerical collision analysis 

is presented in Fig. 2. The struck ship is initially stand-

ing still and is impacted to the aft by another tanker with 

impact speed v. Fig. 2 also presents the ice load even 

though it is not included in the displacement controlled 

finite element simulation, but is included in the time 

domain analysis with external dynamics model of Tabri 

(2010).  

In order to limit the number of finite element simula-

tions and considering the availability of the FE models 

of tanker sterns, the simulation are conducted with 260 

m long tanker, to which the tankers of different lengths 

collide. This approach gives us a contact force and de-

formation energy as a function of different sizes of 

intruding bows. In order to scale this structural re-

sistance level to smaller struck ships, a structural re-

sistance relationship as a function of ship length is used 

(Heinvee et al, 2016). Even though, this relationship is 

developed for grounding, here it is assumed that the 

similar relationship also holds for collision. This as-

sumption is partly proven by Heinvee et al (2016) where 

it shown that for tanker collision the deformation energy 

can be approximated using Minorsky (1959) energy 

relationship for collision.  

  

Fig. 2: Setup for the collision analysis. 

FE model of aft part of 260 m long tanker 

A double hull tanker with overall length of 260 m was 

used in collision analysis. The main dimension and 

parameters of the tanker are presented in Table 3 and its 

FE model in Fig. 3.  

 

Table 3: Main dimensions and parameters of a tanker used 

in numerical simulations. 

Dimension value 

Length       260 m 

Breadth 42 m 

Draught      16 m 

Depth      23 m 

Design speed 16 kn 

Block coefficient 0.885 

Displacement 158 500 tonne 

Classification  DNV, Ice class 1A 

 

The aft section of the tanker is modelled including all 

the main structural elements. Quadrilateral Belytschko-

Lin-Tsay shell elements with 5 integration points 

through their thickness are used. Element size in the 

contact region is 100x100 mm and about 400x400 mm 

elsewhere. Large structural elements such as web 

frames, floor, girders, stringers etc. are modelled with 

shell elements. Stiffener are modelled with shells for the 

webs and beams for the flanges. Steel NV32 (S315) is 

assumed. Material failure is modelled using element 

erosion. The criteria for element erosion is based on 

Kõrgesaar (2016). The intruding bow is modelled as 

rigid. 
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Fig. 3: FE model of the tanker. 

Scenarios  

Contact force is numerically evaluated for three differ-

ent collision scenarios, see Fig. 4: the struck ship is 

always an 260 m long tanker and the string ships length 

is either 260, 190 or 150 m. The dimensions of the ships 

are presented in Table 2. In transverse direction the 

contact point is at the middle of the struck stern. The 

vertical contact point follows from the drafts of the 

ships. In numerical simulations the speed of the collid-

ing ship was taken as 10 m/sec. 

Table 4: Parameters of the tankers.  

Parameter T150 T190 T260 

Length [m] 150 190 260 

Breadth  [m] 20 28 42 

Draught [m] 8 12 16 

Depth [m] 10 14 23 

Design speed 

[kn] 
16 16 16 

Double-bottom 

height [m] 
1.4 1.6 1.6 

Outer plating 

thick. [mm] 
14-15 15-18 17-21 

Classification 

rules 

HCSR-

OT 

HCSR-

OT 

DNV, Ice 

class 1A 

 

a) T260  T260 

 

 

 
b) T190T260 

 

 

 
c) T150  T260 

 
 

 

 

Fig. 4: Collision setups for different tanker combinations.  

 

Force-penetration curves 

Force-penetration relations evaluated with numerical 

analysis are presented in Fig. 5. It is somewhat interest-

ing to notice that the force penetration curves do not 

depend significantly on the size of the intruding bow. 

The difference between the force levels are up to 30%.  

Fig. 5 also presents the regression lines together with 

linear expressions for the contact force.   

 

 

Fig. 5: Force-penetration curves and regression lines from 

numerical collision analysis.  

Having the values to force- and energy-penetration 

relationships for tanker T260 when collided by different 

tankers, the approximate force- and energy-penetration 

curves for other possible collision combinations can be 

derived. For this, we scale down the force penetration 

curves according to the length of the struck ship.  The 

basis for the scaling is the structural resistance parame-

ter presented in Heinvee et al (2015) and modified in 

Heinvee et al (2016), see Fig. 6.  

Relationship in Fig. 6 represents the characteristic struc-

tural resistance of a double-hull tanker as a function of 

her length. For the scaling we use the updated resistance 

curve (a) in Fig. 6 and assume that the numerically 

obtained force-penetration curves in Fig. 5 for 260 m 

long tanker correspond to CT=3.1e+6 and for smaller 

tankers both correspond to value CT =2.35e+06. There-

by, in order to obtain the stiffness parameters for the 

smaller struck tankers, we multiply the stiffness’s for 

260 m long tanker 2.35/3.1=0.76. The obtained stiff-

ness’s allow to simulate all the possible combination 

between the tankers presented in Table 2. The stiffness 

values are presented in Table 3. Contact force FC can 

now be approximated as a product of corresponding 

stiffness k from Table 5 and penetration depth :  

 

𝐹𝐶 = 𝑘δ (5) 
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Fig. 6: Functions fCT (L) for structural resistance coeffi-

cient cT:(a) updated function (Heinvee et al, 2016) and (b) 

initial function by Heinvee et al. (2015). 

Table 3: Structural stiffness k values for collision between 

the tankers of different size.  

    STRUCK SHIP 

    T260 T190 T150 

S
T

R
IK

IN

G
 S

H
IP

 T260 1.0E+07 7.6E+06 7.6E+06 

T190 8.9E+06 6.8E+06 6.8E+06 

T150 7.1E+06 5.4E+06 5.4E+06 

 

Collision dynamics with compressive ice force  

To quantify the influence of the ice resistance, we dis-

cuss the collision dynamics for a scenario between 150 

m long tankers with collision velocity v=3 m/s and ice 

thickness h=1.5 m. The comparison between the contact 

force, viscous drag and the ice force is presented in Fig. 

7. It is obvious that the contact force is of order of mag-

nitude larger compared to the ice force. Inertial force 

balances the difference between the contact force and 

the ice resistance and the viscous drag. Thereby, also 

the inertial forces are significantly larger compared the 

ice force. Deformation energy in Fig. 8 is only slightly 

larger when compared to that obtained with momentum 

conservation model and is thus excluding the ice re-

sistance. Finally, the energy balance in Fig. 9 once again 

reveals minor role of the ice resistance as its share in 

energy balance is small.  

 

Fig. 7: Force time-history. 

 

Fig. 8: Penetration time-history. 

 

Fig. 9: Energy balance. 

The share of the energy absorbed by ice resistance con-

tinues to increase as the ships continue to move after the 

contact has been lost around t=3.5 sec. In the analyzed 

case, at the time instant when the ships separate and 

thereby, all the structural damage has occurred at t=3.5 

sec, the energy absorbed by ice accounts for only 6% of 

the total available energy.  

Parametric study  

Fig. 7 to 9 revealed the minor role of the compressive 

ices force in collision dynamics. In this chapter we 

study how different parameters such as the relation 

between the ship masses, collision velocity and the ice 

thickness affect the importance. The effect of the mass 

ration is presented in Fig. 10. The influence of the com-

pressive ice force increases as the striking ship becomes 

larger compared to the struck ship i.e when the ratio 
𝑀𝑠𝑡𝑟𝑖𝑘𝑖𝑛𝑔

𝑀𝑠𝑡𝑟𝑢𝑐𝑘
 increases. With larger striking ship, the struck 

ship travels a longer distance during the contact and 

more energy is absorbed to overcome the ice resistance. 

If a small striking ship hits a relatively large struck ship, 

the motions of the struck ship are modest and thus the 

ice influence is small.  
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Fig. 10: Effect of ratio between ship masses on defor-

mation energy (v=3 m/s) 

 

Effects of the ice thickness and collision velocity are 

presented in Fig. 11 and 12 by presenting the increase of 

the deformation energy due to the ice resistance.  From 

Fig. 11 it is obvious that as the ice thickness increases, 

more energy is absorbed by ice. On the other hand, 

increasing collision velocity decreases the importance of 

ice resistance as larger collision velocity results in high-

er contact and inertia forces. 

Fig. 7 to 11 presented the analyses, where the ice prop-

erties were kept constant according to Table 1. Ice prop-

erties can however vary significantly. Thus, Fig. 13 

presents the collision analysis, where the ice resistance 

is varied in large extent. Fig. 13 presents the collision 

between two T150 tankers, v=3 m/s and hice=1 m). Ice 

resistance is normalized with respect to Fice=968 kN that 

corresponds to the ice resistance according to the ice 

properties given in Table 1.  From that reference level 

the ice resistance is scaled up and down 10 times. Such 

simplified scaling allows to quantify the importance of 

the ice resistance while the sensitivity of individual ice 

parameters or the suitability of the proposed ice re-

sistance model is left for future studies. Fig. 13 reveals 

that the ice resistance should increase several times 

from the reference level for the ice to have remarkable 

contribution to the collision dynamics- if the resistance 

level increases five times, the ice induced increase in the 

deformation energy reaches to 20% compared to the 4% 

at the reference level.  

 

Fig. 11: Effect of ice thickness on deformation energy (v=3 

m/s). 

 

Fig. 12: Effect of collision velocity on deformation energy. 

 

 
Fig. 13: Effect of ice resistance Fice on deformation energy 

(collision between two T150 tankers, v=3 m/s and hice=1 m). 

Conclusions 

Influence of the ice resistance in bow to aft ship colli-

sion in compressive ice channel has been studied. The 

approach for compressive ice force was based on the 

combination of Croasdale’s 2D approach for horizontal 

line load combined with experimentally measured line 

load curves. 

Analysis revealed that the compressive ice force is sig-

nificantly lower compared to the inertial force and the 

contact force. Its contribution to the energy balance was 

modest and only 6% of the total available energy was 

absorbed to overcome the ice resistance with smallest 

collision speed and with very thick ice. Considering the 

conclusions from Nelis et al (2015), the ice force might 

be slightly underestimated with the corresponding mod-

el. However, this should not have significant effect on 

the quantification of the ice effects as significant in-

crease in ice resistance is required for it to have remark-

able contribution to the collision dynamics.  

The collisions in ice channel, where the struck ship has 

stopped due to the ice interaction, result in larger struc-

tural damage compared to the collision between the 

moving ships. However, the larger damage is not due to 

additional ice resistance, but mainly due to larger iner-

tial forces resulting from initially motionless struck ship 

that has being accelerated due to the action of the con-
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tact force.  

Acknowledgement 

This research work has been financially supported by 

the BONUS STORMWINDS (Strategic and Operational 

Risk Management for Wintertime Maritime Transporta-

tion System) project, by the research grant IUT1917 

from Estonian Science Foundation and by Tallinn Uni-

versity of Technology project B18 (Tool for direct dam-

age calculations for ship collision and grounding acci-

dents). This help is here kindly appreciated. 

References 

COWI. 2012. BRISK - Sub-regional risk of spill of oil 

and haardous substances in the Baltic Sea. COWI. 

Croasdale, K. 1980. Ice forces on fixed, rigid structures. 

Working Group on Ice Forces on Structures. State of 

the art Report. E., U.S.Army CRREL, Hanover, NH, 

Special Report 80-26, p.153. 

Ehlers, S. 2011. A review of collision and grounding 

damage assessment method. Mar. Syst. Ocean 

Technol. 6, 5–15. 

Filipović, A. 2014. Evaluation of ice induced loads on 

ships in compressive ice. Master’s Thesis. 

University of Zagreb, Croatia.  
Goerlandt, F. and Montewka, J. 2015. A framework for 

risk analysis of maritime transportation sytems: a 

case study for oil spill from tankers in a ship-ship 

collision. Saf. Sci. 76, 42–66. 

Goerlandt, F., Ståhlberg, K. and Kujala, P. 2012. Influ-

ence of impact scenario models on collision risk 

analysis. Ocean Eng. 47, 74–87. 

doi:10.1016/j.oceaneng.2012.03.006 

Heinvee, M. 2016. Influence of transverse and longitu-

dinal bulkheads on ship grounding resistance. In 

proceedings of International Conference of Collision 

and Grounding of Ships and Offshore Structures, 

ICCGS 2016. June 15-18, 2016, Ulsan, Korea. 

IMO. 2010. Manual on oil spill risk evaluation and 

assessment of response preparedness. IMO Publish-

ing. 

Kujala, P. 1991. Damage statistics of ice-strengthened 

ships in the Baltic Sea 1984-1987. Winter Naviga-

tion Research Board, Report. No 50, Espoo, Finland. 

Kujala, P. 1994. On the statistics of ice loads on ship 

hull in the Baltic. Helsinki: Acta Polutechnica 

Scandinavica, Mechanical Engineering Series No. 

116. 

Kõrgesaar, M. 2016. Experimental validation of failure 

criterion for large complex shell structures. In pro-

ceedingsof International Conference of Collision 

and Grounding of Ships and Offshore Structures, 

ICCGS 2016. June 15-18, 2016, Ulsan, Korea. 

Lecklin, T., Ryömä, R. and Kuikka, S. 2011. A Bayesi-

an network for analyzing biological acute and long-

term impacts of an oil spill in the Gulf of Finland. 

Mar. Pollut. Bull. 62, 2822–2835. 

doi:10.1016/j.marpolbul.2011.08.045 

Lee, M. and Jung, J.-Y. 2013. Risk assessment and 

national measure plan for oil and HNS spill acci-

dents near Korea. Mar. Pollut. Bull. 73, 339–344. 

Lehikoinen, A., Luoma, E., Mäntyniemi, S. and Kuikka, 

S. 2013. Optimizing the recovery efficiency of Finn-

ish oil combating vessels in the Gulf of Finland us-

ing Bayesian networks. Environ. Sci. Technol. 47, 

1792–1799. 

Li, S., Meng, Q. and Qu, X. 2012. An overview of mari-

time waterway quantitative risk assessment models. 

Risk Anal. 32, 496–512. 

Minorsky, V. 1959. An analysis of ship collision with 

reference to protection of nuclear power plants. 

Journal of Ship Research, 3:1-4. 

Nelis, S., Tabri, K. and Kujala, P. 2015. Interaction of 

ice force in ship-ship collision, in: Proceedings of 

OMAE. Presented at the ASME 34th International 

Conference on Ocean, Offshore and Arctic Engi-

neering, ASME, St. John’s, Newfoundland, Canada. 

Ståhlberg, K., Goerlandt, F., Ehlers, S. and Kujala, P. 

2013. Impact scenario models for probabilistic risk-

based design for ship–ship collision. Mar. Struct. 33, 

238–264. doi:10.1016/j.marstruc.2013.06.006 

Tabri, K. 2010. Dynamics of Ship Collision. Doctoral 

Dissertation. Aalto University. 

Terndrup Pedersen, P. 2010. Review and application of 

ship collision and grounding analysis procedures. 

Mar. Struct. 23, 241–262. 

Valdez Banda, O., Goerlandt, F., Montewka, J. and 

Kujala, P. 2015a. A risk analysis for winter naviga-

tion in Finnish sea areas. Accid. Anal. Prev. 79, 

100–116. 

Valdez Banda, Osiris, Goerlandt, F., Kujala, P. and 

Montewka, J. 2015b. Expert elicitation of Risk Con-

trol Options to reduce human error in winter naviga-

tion, in: Safety and Reliability of Complex Engi-

neered Systems - Proceedings of ESREL. Presented 

at the ESREL2015, Taylor & Francis Group, Zürich, 

Switzerland, 3137–3146. 

Van Dorp, R. and Merrick, J.R.W. 2011. On a risk man-

agement analysis of oil spill risk using maritime 

transportation system simulation. Ann. Oper. Res. 

187, 249–277. 

Wang, K., Leppärantaa, M., Gästgifvarsb, M., Vainioc, 

J., and Wang, C. 2008. The drift and spreading of 

the Runner 4 oil spill and the ice conditions in the 

Gulf of Finland, winter 2006. Estonian J Earth Sci-

ences, 57(3), 181-191. 


