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1. Introduction

Ship traffic poses various risks in terms of human loss, damage to environment and economic
costs. Analysis of historical accident data suggests that grounding and ship-ship collisions are the
most frequent accidents in the Gulf of Finland: in the period from January 1997 to June 2006, on
a total of 210 recorded accidents, 47.6 % were groundings and 20.0 % were ship-ship collisions
(Kujala et al., 2009). Analysis of world-wide accident databases suggests that fire, grounding and
collisions are the most common accident types (Soares and Teixeira, 2001). This highlights the

need for comprehensive risk models for these low probability, high consequence events.

In this paper, the focus is on the risk of ship-ship collisions in which a tanker is the struck vessel.
A modular collision risk evaluation algorithm is outlined. For several of the modules, viable models
are available in specialized literature. However, there exists a significant uncertainty about the
impact scenarios in the risk evaluation algorithm. The aim of this paper is to make a comparison
of impact scenario models proposed in literature. This is done by evaluating the collision energy
for a large number of impact scenarios, which are obtained from a collision probability model
proposed by Goerlandt and Kujala (2010) and partly modified based on impact scenario models
from the literature. This collision energy is combined with a simple criterion for critical energy a

ship hull can sustain, in order to evaluate the probability of tank breach.

In Section 2, the overall collision risk evaluation algorithm is outlined. A number of models for
each module of the algorithm is introduced, focusing on the available models for the impact
scenarios. In Section 3, the methodology used to compare the impact scenario models is
described. The algorithm to determine the impact scenarios for the traffic in the Gulf of Finland is
discussed. In Section 4, the results of the analysis for the various impact scenario models are

presented and discussed. Finally, some conclusions are drawn in Section 5.

2. Collision risk evaluation algorithm

2.1. General model outline

In maritime traffic, a ship-ship collision can lead to a number of undesired events, such as loss of
life, damage to the environment and economic loss. In Fig. 1, a generic outline of an algorithm to
assess the risk of ship-ship collisions in a probabilistic manner is given. This schematic is rooted in
the definition of system risk by Kaplan (1997) and is inspired by the work of van Dorp and Merrick
(2009).
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Fig. 1: Generic system risk model for ship-ship collision

Kaplan (1997) defines the system risk as a set of triplets

(Eq. 1)

Here, s; defines the context of the accident scenario, |; the likelihood of an accident occurring in

that scenario and c¢; represents the evaluation of the consequence in the scenario.

In this paper, additional parameters g;, a; and i; are introduced in the accident scenario, to
highlight the difference between the encounter situation e;, which stems directly from the flows of
the maritime traffic in the area in space and time, and the impact scenario i;, which is linked to
the encounter situation through the probabilistic evasive action a;. The system risk in this paper is

thus defined by the triplets from (Eq. 1), where the accident scenario is given by:

S =

(Eq. 2)

Definitions of the elements of the triplets of (Eq. 1), together with a description of which factors
influence these elements, is given in Table 1. Concerning the consequences, the focus is the risk

of oil spill due to tanker collisions.



Table 1:
Symbols in the table are defined in Fig. 1.

Definitions of elements and influencing factors in triplets according to (Eq. 1) and (Eq. 2)

Element Definition

Element contains

Influencing factors

e; Encounter scenario

Description of encounter
situation:
Static ship particulars
(type, dimensions, mass,
structural arrangement)

Ship operational information

(loading condition, crew
skill, maintenance level,
Cargo type

Time of day

Weather conditions
(visibility, wind, current)
Dynamic ship particulars
(speed, course)

Maritime traffic flows
Traffic schemes
Climatologic environment

l; Likelihood of accident
given encounter scenario

Conditional probability of

The factors of g;

accident for the given encounter Human factors

scenario
a; Likelihood of certain evasive Description of evasive action: Traffic rules
actions O Change in velocity Human factors
given encounter scenario e O Change in course Vessel maneuverability
i; Impact scenario Description of impact scenario: The factors included in the
O Selection of struck and encounter situation e; and the
striking vessel scenario for evasive action a;
O Speed and course of
striking and struck vessel
O Location of impact along
hull of struck vessel
O Vertical location of impact
relative to waterline
Gi Consequence Description of damage: The factors included in the

0 Damage location and
dimensions
O Loss of stability and/or
structural integrity
Size of oil spill

Type of spilt oil

encounter situation e; and impact
scenario i

The general flow chart of Fig. 1 is concretized in Fig. 2 for the risk of tankers due to collision, by

explicitly defining the flow of events for this accident type. The modules in this flow chart are

discussed in some detail below.
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Fig. 2: Flow chart for evaluation of collision risk of tankers

The starting point is a description of the maritime traffic on a system level, which can be done by
identifying traffic flows or by simulating the individual vessel movements in the studied area. Data
from the Automatic Identification System (AIS) can provide an excellent basis for this. Based on
the simulated vessel movements in time and space, a set of encounter scenarios can be evaluated
using simulation models as proposed by Merrick et al. (2000), van Dorp et al. (2009), Uluscu et
al. (2009) or Goerlandt and Kujala (2010). Alternatively, traffic flow-based methods as proposed
by Pedersen (1995, 2010) or Montewka et al. (2009) may be used. The set of encounter scenarios
clearly is very dependent on the location in the sea area, as it reflects the underlying pattern of

maritime traffic in the studied area.

The models mentioned above can also be used to determine the probability of collision for the
encounter scenarios, usually based on so-called causation factors, obtained from expert

elicitation, accident statistics, fault tree analysis or Bayesian networks (Kujala et al., 2009).

A second step in the risk analysis is the evaluation of the consequences of the collision. In ship
collision analysis, various consequences can be identified, depending on the ship type. For
tankers, the main interest is the risks involved in oil spills, both in terms of damage to the

environment and related economic loss.



A defining factor in the assessment of the consequences is whether or not the hull of the struck
vessel is breached due to the collision. The probability of hull breach and the hole size can be
evaluated by assessing the kinetic energy released in a collision and comparing that to the energy
which the ship structure can sustain through plastic deformation. If the released energy exceeds
the capacity of the structure, a hull rupture occurs. The collision energy can be evaluated using an
approach suggested by Zhang (1999), where external mechanics (i.e. the dynamics of the striking
and struck vessels, which are considered as rigid bodies) is uncoupled from the inner mechanics
(i.e. the structural response of the ship hull). Zhang applied the principle of conservation of
momentum in a planar motion model to obtain released energy components tangential and
perpendicular to the struck vessel hull. Chen (2000) and Brown (2002) proposed a simplified
method to couple the inner and outer mechanics, while retaining the simple planar motion model.
The model of Brown has been applied by van de Wiel et al. (2009) to obtain a regression model of

oil spill volume, for use in a probabilistic risk assessment.

Tabri et al. (2009) studied the dynamic interaction between striking and struck ship both

analytically and experimentally using a fully coupled 6 degrees of freedom ship motion model.

A reasonable model for the impact scenarios is required, in the assessment of the collision energy
and the structural response of the vessels. In the literature, a number of rather generic models
based on accident statistics or sometimes questionable assumptions has been proposed. These
will be discussed in more detail in Section 2.2. The set of impact scenarios is used to generate a
large number of possible collision cases, which are used in a Monte Carlo simulation loop to
determine the released deformation, hull rupture probability and probability of subsequent oil spill

size, loss of stability or structural integrity. This is explained in more detail in Section 3.

The likely vertical limits of the hole with respect to the waterline in the struck ship hull can be
evaluated based on the bow shape and height or the position of the bulbous bow, together with
an estimate of the operational trim of the striking vessel. This position is important in the
evaluation of the dynamics of oil outflow, which can be evaluated using a methodology described
by Tavakoli et al. (2010). Based on his work, the usually adopted assumption that in case of hull

breach, the entire contents of the tank is lost, may be questioned.

Once the probability of the occurrence of a given accident type has been evaluated and a
probabilistic assessment of the consequences for that accident type has been done, these can be

combined to obtain the final risk analysis.



The resulting damage to the environment can be evaluated based on concepts proposed by
Lehikoinen (2010), who evaluates of the oil propagation with respect to the habitat of sea life and
location of economic activities in the sea area. Oil spill risk information, together with a mapping
of the nature values can be used in assessing which areas to prioritize in coastal oil combating, as
discussed by Kokkonen et al. (2010).

2.2 Impact scenario models

In the probabilistic assessment of the collision consequences, it is paramount to obtain a
reasonable set of impact scenarios. It may be assumed that there is a certain correlation between
the circumstances of the encounter and the conditions at impact, as illustrated in Fig. 1 and Fig.
2. This assumption is supported by discussions on accident reports in (Cahill, 2002), in the sense

that the conditions at impact may be very different than at initial encountering.

In the literature, a humber of models for impact scenarios has been presented. A first point to
consider is which ship is the striking and which the struck, which is however little discussed. In
the simulation model of Goerlandt and Kujala (2010), the rather naive assumption is used that in
a head-on encounter, both vessels are striking and struck (i.e. bow-to-bow collision), whereas in
case of overtaking encounter, the faster vessel is the striking vessel and in case of crossing
encounter, either vessel has 50% probability to be striking or struck. Van Dorp and Merrick
(2009) propose a simple probability formula to determine the struck vessel, based on geometrical
reasoning. These models may be questioned, as the actions of the navigator prior to collisions and
the possible effect of the COLREGs are disregarded.

Concerning the distributions of collision angdg and,
Veruek @nd the location of the collision point along the hull of the struck ship dc, several models
have been proposed. Usually, the correlation between encounter conditions and impact conditions
is completely disregarded (Rawson et al. 1998, NRC 2001, Brown 2002, Tuovinen 2005). Van
Dorp and Merrick (2009) seem to consider the impact scenarios equivalent to encounter
scenarios, which is a rather unrealistic assumption according to Cahill (2002). Only in the model
by Litzen (2001), certain relationships between initial courses and speeds and impact angle and
speeds are assumed, which can be considered a first step towards assessing evasive actions. This
original idea is nonetheless amenable to improvement. For example, the assumption regarding the
relationship encounter speed versus impact speed, lead to an average impact speed of about
40 % and 33 % of the encounter speed, for the striking and struck vessel respectively. The
collision angle is taken to be most likely equal to the encounter angle. These assumptions are not

supported by discussions made by Cahill (2002).

Spee



An overview of the models for impact scenarios is given in Table 2. Only the distributions for
collision angle, speed of struck and striking vessel and position of impact along the hull of the
struck ship are included here. Some of the mentioned authors also propose distributions for the
type and size of the vessels, but these are not retained here. This is because these parameters
are obtained directly from the simulation model proposed by Goerlandt and Kujala (2010), which
is specific for the investigated area of the Gulf of Finland and therefore more suited than general

distributions for ship type and size.

Table 2: Overview of models for impact scenarios

Model by Ref. Col Il i sion a Vgyiking = Vxa Vstruek = Vib Collision location d.
[°] [kn] [kn] [x/L, from Aft] (1)

Truncated bi-normal

distribution,

lower end: N(5,1) idem as for Vstriking
upper end: N(10,1)

(min,max) = (2, 14)

Uniform distribution
u(o, 1)

Uniform distribution

Rawson (1998) U(0, 180)

NRC (2001) Normal distribution  Weibull distribution 5.);222322? Beta-distribution
N(90,29) W(6.5, 2.2) E(0.584) B(1.25,1.45)
Below 0.75Vinit:
Triangular Uniform distribution
.. . . . U(0,0.75Vinit) Triangular distribution Empirical distribution,
Litzen  (2001) i I8 3 ; ' I¢ buti o Above 0.75Vinit: T(0, Vinit) see Fig. 6
Triangular distribution
T(0-75Vinit, Vinit)
Brown  (2002) Normal distribution ~ Weibull distribution Eixs?(r)irt;i:izil Empirical distribution,
N(90,28.97) W(4.7,2.5) E(0.584) see Fig. 6
Empirical . o . T . o
Tuovinen (2005) distribution, see Fig. Empn_'lcal distribution, Emplrlcal distribution, Empn_'lcal distribution,
3 see Fig. 4 see Fig. 5 see Fig. 6

tf The Il ocation of the impact point akasured from é¢he laft pdrperdifcular,h e

relative to the ship length L.
1 ds the initial encounter angle

In Fig. 3 to 5, the proposed distributions for collision angle, striking speed and struck speed are
shown. The empirical distributions for the collision locations are shown in Fig. 6. It is clear that
various authors have proposed models which results in rather different sets of collision scenarios.
In how far these different assumptions affect the probability of having a hull breach, is
investigated in the following chapters. It should be noted also that the authors of these input
scenario models do not specify the area where these can be used, implying a universal
applicability. The implication of this implicit universal geographical applicability will be assessed by

evaluating the location-specific oil spill probability in the Gulf of Finland.
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In Fig. 7 the speed distributions are shown for the various ship types considered in the collision
simulation model by Goerlandt and Kujala (2011), applied to the Gulf of Finland. These are used
in the impact model where impact scenarios are considered equivalent to the encounter scenarios,
following the concept of van Dorp and Merrick (2009). In Fig. 8 the collision angle distribution in
the Gulf of Finland, obtained by direct application of the results by Goerlandt and Kujala (2011), is

shown.
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3. Methodology for comparison of collision scenario models

3.1 Methodology outline

The impact scenario models are compared by investigating the resulting probability of hull breach
obtained in a Monte Carlo simulation for collision energy. For each investigated case, the collision
energy is compared to the capacity of the hull to withstand plastic deformation, i.e. the critical
energy. If the collision energy exceeds the critical energy, the hull is breached and an oil spill will

OcCcur.

At the basis for the impact scenarios for the Monte Carlo simulation lay the encounter scenarios
obtained from the collision model by Goerlandt and Kujala (2010), for geographic areas of 5x5
km? in the Gulf of Finland. Each encounter scenario is modified with respect to dynamic variables
to obtain impact scenarios, based on the distributions for impact scenario variables, discussed in
Section 2.2. Only the striking and struck ship speed and the collision angle are modified. The
location of the impact along the hull of the struck ship is determined as well. The process is

illustrated in Fig. 9.

Encounter scenario

Striking ship:
type, length, width,
masg, speed, course

Struck ship:
type, length, width,

mass, speed, course

}

MOdlfy Vshi.kmga Vslrw:k
Determine collision angle, impact location

1

Impact scenario

Siriking ship: Siruck ship:
type, length, width, type, length, width,
mass, speed mass, speed

Collision Angle Impact location

I
v v

‘ Collision Energy ‘ ‘ Critical Energy ‘
I ]

? Hull breach

Fig. 9 Simulation model for impact scenario generation and hull breach

13



The collision energy is obtained using the model of Zhang (1999) and is compared with a simple

criterion for critical energy, given by the following equations:

(Eq. 3)

where DWT is the vessel deadweight in tonnes and Wy the width of the double side in meters,

according to ABS classification rules (2010), given by:

(Eq. 4)

This criterion is obtained from a simple linear regression in the example cases discussed in (Zhang
1999, Litzen 2001, HSE 2000). Even though the evaluation of the critical energy is based on a
very simplified model and better alternatives are available in the literature (Brown 2002, Ehlers
2009), this criterion is withheld due to its simplicity. Application of the simple criterion of (Eq. 3)
affects all impact scenario models in a similar way, such that the conclusions are still valid. The

actual value of critical energy is in this respect not essential as it is only used as a reference.

The actual structural arrangement does of course affect the critical energy. In particular, the
position of the transverse bulkhead is of importance. Transverse bulkheads correspond to a higher
critical energy, so the probability of hull breach is lower. On the other hand, in case a hull breach
does occur, it is possible that two cargo tanks are breached, leading to more severe
consequences. When the objective is to make a risk analysis of vessel collisions, a more adequate

criterion for critical energy is required.

At this point, only the share of the collision energy perpendicular to the ship hull is of interest, as
this is related to the damage extent into the ship hull. The tangential energy component, which
can be related to the damage extent alongside the hull (i.e. the length of the hull breach), is not
of interest in the present discussion. For simplicity, in the following the term collision energy will

be used where the energy component perpendicular to the hull is meant.

14



In the evaluation of the oil spill probability for the case of tankers as struck vessel, an additional
criterion is needed: a cargo oil spill only occurs when the hull breach is located within the cargo

area, which is taken in this paper as:

0.2

(Eq. 5)
where L, is the length of the struck vessel.

In the model of Zhang (1999), a number of input variables is required. These are given in Table 3,
where it is shown where the values for the variables in the Monte Carlo simulation are obtained
from and which assumptions are made. Notations in the table follow the conventions in (Zhang,
1999). Values for ship particulars are obtained from the collision encounter simulation algorithm
described in (Goerlandt and Kujala, 2010), which is based on AIS data to reflect a realistic
environment. Some more details about this are given in Section 3.2. Variables related to the ship
operation are taken either from the distributions of the impact scenarios or following assumptions
by Zhang (1999).

The assumption was made that the energy can be evaluated using surge speed only (i.e. Vay = Vi
= 0), as no impact model found in the literature takes the forward and lateral speed components
into consideration. Further, the position of the centre of gravity of both vessels is assumed to be
on the centre line amidships. The location of the centre of gravity may take other values

depending on the ship type and the loading condition of the vessel.

The results of the Monte Carlo simulation for each impact scenario model as given in Section 4,

will be compared as follows:

The mean probability of tank breach in the Gulf of Finland, obtained by each set of impact
scenarios, is compared.

The location-specific (i.e. in each geographic cell) probabilities of hull breach, obtained by
each set of impact scenarios, are compared.

The location-specific collision energy distributions, obtained by each set of impact
scenarios, are statistically tested for equivalence. This is done based on the 2-variable

Kolmogorov-Smirnoff test.
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The total number of Monte Carlo simulation collision cases for each impact scenario model is over

20.9 million for the entire Gulf of Finland, with a minimum of 2500 cases for a given 5x5 km?

geographic area.

Table 3: Variables for collision energy calculation

acc. to (Zhang, 1999), source of data

Variable Description Unit Value Reference
Striking vessel (index a)
M, Mass [kg] Encounter Sec. 3.2
scenario
L. Length [m] Encounter Sec. 3.2
scenario
B. Width [m] Encounter Sec. 3.2
scenario
Moy Added mass coefficient, surge motion [-] 0.05 Zhang (1999)
m,y Added mass coefficient, sway motion [-] 0.85 Zhang (1999)
ja Added mass coefficient, rotation around the centre of [-] 0.21 Zhang (1999)
gravity
Ra Radius of ship mass inertia around centre of gravity [m] 0.251L, Zhang (1999)
Vax Surge speed [m/s] Impact scenario Sec. 2.2 | Sec.
3.2
Vay Sway speed [m/s] 0 (assumed) -
Xa x-position of centre of gravity [m] O (assumed) -
Ya y-position of centre of gravity [m] O (assumed) -
Struck vessel (index b)
M, Mass [kg] Encounter Sec. 3.2
scenario
Ly Length [m] Encounter Sec. 3.2
scenario
By Width [m] Encounter Sec. 3.2
scenario
Mp1 Added mass coefficient, surge motion [-]1 0.05 Zhang (1999)
Mmp> Added mass coefficient, sway motion [-]1 0.85 Zhang (1999)
b Added mass coefficient, rotation around the centre of [-] 0.21 Zhang (1999)
gravity
Rp Radius of ship mass inertia around centre of gravity [m] 0.251L Zhang (1999)
Vp1 Surge speed [m/s] Impact scenario Sec. 2.2 | Sec.
3.2
Vpa Sway speed [m/s] 0 (assumed) -
Xp x-position of centre of gravity, in coordinate system ship [m] Impact scenario Sec. 2.2
A
Yb y-position of centre of gravity, in coordinate system ship [m] Impact scenario Sec. 2.2
A
Other situational parameters
Xc x-position of impact point, in coordinate system ship A [m] 0.5L, -
Ye y-position of impact point, in coordinate system ship A [m] O -
a collision angle [rad] Impact scenario Sec. 2.2 | Sec.
3.2
Mo friction coefficient [-] 0.6 Zhang (1999)
e coefficient of restitution [-1 O Zhang (1999)

16



3.2 Collision encounter simulation algorithm

The encounter scenarios can be considered as the basis of the Monte Carlo simulation as
described in Section 3.1. These are obtained based on the collision probability simulation model
proposed by Goerlandt and Kujala (2010). In this model, the marine traffic is simulation in the
spatio-temporal domain, by simulating the movements of each vessel in the studied area. Each
simulated vessel is given a number of variables, shown in Fig. 8. A collision candidate detection
algorithm evaluates the collision candidates for the generated set of ship voyages, assuming blind
navigation similarly to Fujii and Shiobara (1971), Pedersen (1995, 2010) and Montewka et al.
(2009). The collision candidates represent encounter scenarios, which, using Monte Carlo
simulation of the maritime traffic and collision detection, result in a probabilistic set of possible

encounters for each location in the studied area.

|TRAFFI(E EVENT |

l l x o
Ship particulars ‘Route‘ Departure time | |Speed

Waypoint coordinates |

Time of passage at each
waypoint

Fig. 10 Traffic event as basic element in traffic simulation and collision candidate detection algorithm
(Goerlandt and Kujala, 2011)

The model by Goerlandt and Kujala (2010) does not pre-assign values for ship mass to the
vessels. These can be obtained a posteriori using a random sampling of data relating ship length
to ship mass, per considered ship type. An example of a dataset relating ship length and ship

mass, obtained from AIS data, is shown in Fig. 11 for tankers.

Similarly, in the model by Goerlandt and Kujala (2010), ship speed is taken as constant over the
entire voyage, which may be unrealistic depending on the studied area. The location-specific
encounter speed is therefore resampled from local speed distributions for the selected ship type,
also obtained from AIS data. By way of example, the location-specific average speed, which is

deduced from these distributions, is shown in Fig. 12 for tanker vessels in the Gulf of Finland.
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4. Results and discussion

In this section, the results of the Monte Carlo simulations of the collision energy and hull breach
probability are given for the impact scenario models discussed in Section 2.2. In addition, the
simulation is performed for the case assuming that the encounter scenario is equivalent to the

impact scenario, such that no course or speed alterations are performed.

4.1 Average probability of oil spill due to collision for Gulf of Finland

In Table 4, the average probabilities of oil spill in case of collision for the entire Gulf of Finland are
given for the various impact models. The definition of the impact scenario models is given in Table

4. The average probabilities per initial encounter type are also shown.

Table 4: Overview of models for impact scenarios. Probability of oil spill due to collision in Gulf of Finland

Average oil spill Average oil spill Average oil spill Average oil spill
probability, probability, probability, probability,

Model by Ref. . .
any encounter type overtaking head-on encounter crossing encounter
[-] encounter [-] [-1 [-]

Plrect Sec. 3.2 0.1665 0.0812 0.0215 0.4797

input T

Rawson (1998) 0.2635 0.2642 0.2621 0.2607

NRC (2001) 0.3854 0.3871 0.3862 0.3855

Litzen (2001) 0.2024 0.2180 0.1702 0.1460

Brown (2002) 0.2648 0.2664 0.2612 0.2605

Tuovinen (2005) 0.5192 0.5198 0.5193 0.5190

tf A uniform distribution is assumed for the position of

These results show that the various models for impact scenarios result in a very significantly
different expected oil outflow in case of collision. The results also clearly shown that most models
do not consider the initial encounter scenario: for Rawson (1998), NRC (2001), Brown (2002) and
Tuovinen (2005), the average oil spill probability is practically equal for all encounter types. In
contrast, the model by Litzen (2001) and the model based on direct input as described in Section
3.2, result in different oil spill probabilities for the various encounter types. Here too, however,

the difference between these two models is significant.

4.2. Location-specific probabilities of oil spill due to collision

The probability of oil spill due to collision is given by location in Fig. 13, for the various impact
scenario models. The conclusions made in Section 4.1 are confirmed and reinforced. It is also
interesting to note that the location-specific oil spill probability is significantly different between
the various models. This is an interesting result because an important question in a risk analysis

of oil spills is where these may be expected. Since the uncertainty about the location-specific oil
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spill probability is very significant according to different models, a reliable answer cannot be given
to this question, based on the current state of research.
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Fig. 13 Probability of oil spill due to collision by location in the Gulf of Finland for the various impact scenario
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The results of the oil spill probability evaluation clearly show that the assumption that the models

are applicable in any geographic area, does not hold.

4.3 Location-specific collision energy distributions

A final comparison is made by evaluating the distributions of collision energy obtained by the
various models, for each 5x5 km? area in the Gulf of Finland. To test the equivalence of the
distributions, a 2-variable Kolmogorov-Smirnoff (KS-) test is used. The hypotheses are as follows:
Ho: the energy distributions are sampled from the same distribution versus H;: the energy
distributions are not sampled from the same distribution.

For practical reasons, the test is performed on histograms of the common logarithm of the
computed collision energy. This results in easier to apply bin sizes. A 10% confidence level is used

for the KS-test, with histograms containing 81 bins. The results are shown in Table 5. The values
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indicate the fraction of geographic cells for which the energy distributions obtained by the two
considered models are found to be equivalent, i.e. the statistical conclusion of the KS-test is that
the Ho hypothesis is correct. The range of this value is [0,1]. Due to the symmetry of test
conditions, only the upper half of the table is shown.

Table 5: Equivalence of location-specific collision energy distributions, based on 2 variable Kolmogorov-
Smirnoff test

Model by Direct Input Ra‘g’;g)“ NRC (2001) Liitzen (2001) Brown (2002) T‘(‘;(;’(')';‘;"
Direct input - 0.138 0.246 0.136 0.336 0.125
Rawson (1998) - 0.002 0.067 0.060 0.000
NRC (2001) - 0.530 0.000 0.000
Liitzen (2001) - 0.757 0.138
Brown (2002) - 0.000
Tuovinen

(2005) i

The results are clear: only in a very limited number of cases, the energy distributions are found to
be equivalent across impact scenario models. For some combinations of models, the distributions
are found to be different for all cells. Again, this shows that the models available in literature give
significantly different results, see Fig. 14. This qualitatively shows the important differences
between the models.

Direct simulation results Rawson (1998)
0.75 0.75
= 05 o 05
&= ()
2.0.25 I. 2.0.25 II
0 0
1 2345678910 1 2345678910
NRC (2001) Liitzen (2001)
0.75 0.75
~ 05 > 05
2025 II 2025 .l.
0 0
1 23 456 7 8910 1 2345678910
Brown (2002) Tuovinen (2005)
0.75 0.75
= 0.5 > 05
2 2 0.25 I
2.0.25 2.0. I
ob————  — . I_ o — || | I
1 2345678910 1 2345678910
LoglO(E, ;) [7] Logl0(E, ;) [7]
Fig. 14 The energy distributions according to the various impact models are given for the complete Gulf of
Finland.
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5. Conclusion and future work

In this paper, a modular maritime risk analysis methodology has been outlined, serving as a

framework for an analysis procedure of ship-ship collision energy and hull breach probability.

A number of proposed models for impact scenarios from literature have been linked to the output
of a collision probability simulation model. Combination of these has established a large set of
location-specific impact scenarios for the studied case of the Gulf of Finland. The collision energy
and related oil spill probability has been studied for these scenarios, enabling a comparison of the

various models proposed in the literature.

Results indicate that the models give rise to a widely varying average oil spill probability. In
particular, the uncertainty on location-specific oil spill probabilities is significant, which is an
important factor in the analysis of oil spill risk. Also the distributions of collision energy for various

geographic areas differ significantly from one another.

This leads to the conclusion that the understanding of the conditions of ship collision in a risk
modeling framework is very limited at present. The proposed models for impact scenarios are
moreover burdened with some inherent conceptual limitations. The most significant limitation is
the omission or unsatisfactory modeling of evasive maneuvering, which links the initial encounter
situation to the impact scenario. The universal applicability of the proposed models may be

questioned based on the results from the analysis in this paper.

Inspection of the parameters in Zhang's collision energy model indicates that especially the
parameters which navigators have a possibility to affect in evasive maneuvering, i.e. vessel
speed, collision angle and impact location, play a determining role in the evaluation of the
consequences. As the knowledge about these variables at the time of impact is limited, further

research on this matter is needed.

In this context, it should be noted that Zhang's model does not take rotational speeds into
account, while these arise in an evasive maneuver and may have a significant influence on the
released energy. Thus, in order to accommodate for evasive maneuvering in the outlined collision
risk model, the model by Zhang (1999) should be extended to include the rotational speeds.
Alternatively, the more physically correct model of Tabri et al. (2009) could be used. However,

this is also more computationally expensive.
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