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Executive Summary

The purpose of this thesis has been to develop a rational procedure for analysis of ship
collisions, addressing all types of ships and damage scenarios.

The covered main aspects are:

1. Deterministic analysis of ship collisions

2. Numerical Monte Carlo based simulations of ship collisions for estimation of distribu-
tions for the damage to the struck vessel and of the energy released for crushing

3. Analysis of damage statistics related to ship collisions

4. A new proposal for damage stability regulation using the probabilistic approach

The work concerning deterministic analysis of ship collisions includes the following main
aspects:

e Presentation of a collision model based on the principle of splitting the collision problem
into an internal and an external analysis, where the external analysis deals with the
movements of the two vessels and the interaction with the surrounding water during
the collision, whereas the internal analysis or the internal mechanics is concerned with
the response of the structure. The internal mechanics is described in more detail and
the calculation procedure is validated by formerly performed experiments on double
hull-structures

e Establishment of models for describing the geometry of the striking bow and the struc-
ture of the side of the struck vessel. The bow geometry is idealised so that the geometry
can be described by few parameters, still covering with sufficient accuracy almost all
existing bows. The side structure modelling is based on the principle that the area of
the struck ship which is effected by the collision is restricted to the area touched by
the bow of the striking vessel.
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e Three programs have been developed for the deterministic analysis:

— Damage to the struck vessel
The results from the developed program have been compared to results from other
programs for analysis of collisions. In order to investigate the sensitivity of the
collision analysis, the effect of changing the striking location and the design of
the side of the struck vessel have been analysed

— Damage to the striking vessel
Two models for bow crushing have been presented, one dealing with longitudinally
stiffened bows, the other with transversely stiffened bows. The bow strengths for
the two differently stiffened vessels have been compared

— Damage to both vessels
A sensitivity analysis has been carried out using a series of computer simulations
of collisions involving 11 different ships, five striking and six struck, in order to
determine when the energy released for crushing is absorbed by the bow of the
striking vessel or by the side structure of the struck vessel

The work concerning numerical Monte Carlo based simulations of ship collisions includes the
following main aspects:

e Establishment of a probabilistic method for determination of damage and energy distri-
butions. The probabilistic analysis is based on input distributions of striking vessels,
velocities, striking locations and collision angles. This input can be separated into
three groups, the struck vessel, the striking vessels and the collision scenarios. The
input parameters for these groups are analysed in detail

e The probabilistic method has been used for the following analyses:

— Fifteen different struck vessels have been subjected to the damage analysis giving
distributions for the damage lengths and penetrations

— Distributions for energy to be absorbed by crushing of the ship’s structure have
been calculated for vessels sailing in worldwide trade, the Straits of Dover and
Gibraltar and the eastern and western routes through the Great Belt

A damage database containing information on past collisions, collected within the European
research program HARDER has been analysed with respect to collision type, the relation
between the struck and the striking vessel and the relation between damage parameters and
the main particulars of the struck vessel.

Based on findings from the numerical simulations and the analysis of the damage statistics
a new proposal for damage stability regulation using the probabilistic approach is given.



Synopsis

Formalet med dette studium har veeret udvikling af en rationel procedure til analyse af
skibskollisioner. Analysen inkluderer alle typer af skibe og kollisionsscenarier.

Arbejdet er delt i fire hovedomrader:

1. Deterministisk analyse af skibskollisioner

2. Numeriske, Monte Carlo baserede simuleringer af skibskollisioner. Hovedformalet er
her etablering af skadesfordelinger pa det ramte skib og fordelinger for den kollisions-
energi, der skal optages i skibets struktur ved knusning og deformation

3. Behandling af skadesstatistik vedrgrende skibskollisioner

4. Udvikling af forslag til et nyt saet af leekstabilitetsregler
De veaesentligste aspekter af arbejdet med den deterministiske analyse af skibskollisioner er:

e Prasentation af en kollisionsmodel, hvor den ydre dynamik og den indre mekanik
behandles i to adskilte analyser. Den ydre dynamik behandler skibenes bevagelser
under kollisionen, herunder interaktionen med det omgivende vand. Formalet med
denne analyse er at bestemme tabet af kinetisk energi. I analysen af den indre mekanik
behandles knusning og deformationer af skibsstrukturen, herunder energioptaget

e Etablering af modeller til beskrivelse af bovgeometrien pa det rammende skib og
sidestrukturen i den ramte skibsside

e Udvikling af tre programmer til bestemmelse af skader pa skibe:

— Skader pa det ramte skib
Resultater fra dette program sammenlignes med resultater fra andre kollisions-
programmer. Herudover er der udfort sensitivitetsanalyser angaende placering af
kontaktpunkt og det strukturelle design af ramte skib
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— Skader pa rammende skib
Praesentation af to forskellige modeller til bestemmelse af bovdeformation pa hen-
holdsvis tveerskibs- og langskibs-afstivede skibe. Styrken af de to bovafstivnings-
typer er sammenlignet

— Skader pa bade ramte og rammende skib
Analyser hvor bade det ramte og det rammende skib deformerer under kollisionen.
Tredive forskellige kollisionsscenarier er undersggt. Disse kollisioner involverer fem
rammende og seks ramte skibe.

De vasentligste aspekter i arbejdet vedrgrende numerisk simulering af skibskollisioner er:

e Etablering af en probabilistisk metode til bestemmelse af skades- og kollisionsenergi-
fordelinger. Den probabilistiske metode bygger pa kendte fordelinger af rammende
skibe, hastigheder, kontaktpunkter og kollisionsvinkler. Forslag til disse inputfordelinger
er fundet bl.a. ved hjeelp af skibs- og skadesdatabaseanalyser

e Den udviklede probabilistiske metode er bl.a. anvendt til fglgende:

— Fordelinger for skadesleengder og indtreengninger er fundet for femten forskellige
ramte skibe

— Fordelinger for kollisionsenergi er beregnet for skibe, der sejler i fri fart gennem
Dover eller Gibraltar straedet samt gennem den vestlige eller gstlige rute i Store-
beelt

En skadesdatabase indeholdende informationer om tidligere observerede kollisioner er etableret
i forbindelse med det europeiske forskningsprojekt HARDER. Denne database er benyttet
til etablering af skadesstatistik og til bestemmelse af relationer mellem ramte og rammende
skibe samt mellem ramte skibe og skadesstgrrelser.

Baseret pa numeriske simuleringer og analyse af skadesstatistik er der udarbejdet et forslag
til et nyt saet af laekstabilitetsregler.
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Chapter 1

Introduction

1.1 Overview and Background

The overall goal of this thesis is to develop rational procedures for analysis of ship collisions,
addressing all types of ships and damage scenarios. The procedure ends up giving methods
for both deterministic and probabilistic analyses of damages to vessels.

The vessels of today have a built-in passive safety based mainly on the damage stability
regulations, which either build on traditional deterministic methods or on the more mod-
ern probabilistic approach. In the usual deterministic procedure, all relevant one- or two-
compartment damages must be analysed in order to verify compliance with the requirements
in the regulations. This may be reasonable for ships with a standard compartmentation, but
may lead to either too unsafe or too conservative ship designs. A way out of this dilemma
may be the probabilistic approach, where all possible damages are considered and weighed
with regard to survivability.

The first international probabilistic concept for damage stability regulation, Resolution
A.265, IMO (1971), was adopted by IMO in 1971. The probabilistic rules were an op-
tional alternative to the deterministic passenger vessel regulation in the SOLAS Convention
and were developed for passenger vessels only. The passenger vessel regulation was in 1990
followed by the adoption of subdivision and damage stability rules for dry cargo vessels,
SOLAS (1990), also based on the probabilistic concept. While the probabilistic rules for
cargo vessels are generally based on the same overall principles and damage statistics as
the passenger vessel rules, there are some differences, specially the treatment of the vertical
extent of damage.

The damage statistics for the passenger vessel A.265 regulation is based on data collected
for casualties occurring in the 1950’s and 1960’s and covers vessels commonly used at that
time. These vessels were considerably different from the ship design of today. Many of the
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vessels were often designed with many decks. Even though the shortcomings of the statistics
were well known, the same statistics was used for the dry cargo regulation in 1990. The
shortcomings mainly arise from lack of updating the statistics, but also from the fact that
the statistics is based on only 296 ship collisions.

The International Maritime Organization (IMO) is currently seeking to harmonise the dam-
age stability regulation for all types of vessels using the probabilistic damage stability con-
cept. Following, introduction of the probabilistic damage stability requirements of dry cargo
ships, SOLAS Part B-1, IMO put on their work program for harmonisation of all damage
stability requirements in SOLAS, using a probabilistic concept of survival. The main frame-
work of these new harmonised regulations should follow the concept of SOLAS Part B-1,
but include the main features of IMO Res. A.265 and the current deterministic regulations
of SOLAS Chapter 8, also referred to as SOLAS 90.

In parallel with the activity within IMO, a European research program entitled HARDER,
”Harmonization of Rules and Design Rationale”, was initiated, see Harder (2000). The
project, which was begun in 2000, is presently carried out to investigate systematically the
validity, robustness, consistency, and impact of all aspects of the harmonised probabilistic
damage stability regulations.

A part of the work presented in this thesis is also included in technical reports from the
research project HARDER.

1.2 Objectives and Scope of the Work

With the overall objective of improving the safety of ship’s structures with respect to acci-
dental loads, the present thesis focuses on ship collisions.

The basic modelling of a given collision is quite complex and involves the coupled effects of:

The global motion of the two ships during the collision

Hydrodynamic forces from the surrounding water, arising from ship accelerations

e Friction between the bow of the striking vessel and the side of the struck vessel

Large plastic deformation of the involved structures

Fracture and propagation of cracks in the structure

Depending on the level of detail, each of these effects can be complex to model and predict
theoretically. Therefore, it is essential to simplify carefully the modelling as much as possible
with due consideration to the desired level of accuracy.
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A well known theoretical model for prediction of collision damage is due to Minorsky (1959).
He separated the collision problem into two, namely the external dynamics and the internal
mechanics. The external dynamics deals with the global motion of the vessels and the
interaction with the surrounding water during the collision, whereas the internal mechanics
is concerned with the response of the structure. The present theoretical collision model is
based on the same idea of splitting the problem into an internal and an external analysis.
When both the rigid body dynamics and the crushing internal mechanics are known the
damage to the struck vessel can be determined by comparison of the results from the two
analyses.

When the struck and the striking vessels are known, a deterministic analysis can be performed
and a quite accurate estimate of the damage can be made. In the Monte Carlo approach the
deterministic calculations are carried out for many different choices of striking vessels and
collision scenarios along the above-mentioned lines, so that the probability distribution for
the damage to the struck vessel and for the energy released for crushing can be determined.

Casualty statistics related to ship collisions has been collected in order to update the orig-
inal damage database from IMO. This statistics has been used to analyse the historical
distributions of damage locations and damage sizes.

The results from the analysis of the damage statistics have been compared to results from
numerical simulation. The outcome of these analyses is new proposals for damage distribu-
tions regarding both striking locations, damage sizes and maximum upper extent of damage.
These distributions have been used to establish a new proposal for the damage stability
regulations for vessels by using the probabilistic approach.

The thesis is composed as follows:
In Chapter 2 a framework for risks associated with collisions is presented.

Chapter 3 gives the model for the external dynamics, which deals with the movements of the
two vessels and the interaction with the surrounding water during the collision. The aim of
this analysis is to estimate the fraction of the kinetic energy which is released for crushing
of the structure.

In Chapter 4 the crushing analysis or the internal mechanics is presented. The chapter starts
with a presentation of the principles of modelling the bow of the striking vessel and the
structure on the side of the struck vessel. The crushing analysis deals with the deformation
of the side of the struck vessel and the bow of the striking vessel. It is very difficult to obtain
a precise calculation of the internal mechanics as the collision strength of a ship is governed
by a complex mixture of buckling, yielding, tension, tearing, rupture and brittle failure of
materials. Owing to this complexity of the problem, a simplified but rational method is used
to determine the energy absorption in the ship’s structure. The results from the method are
compared to experimental results.
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Chapter 5 introduces a method for prediction of damage to vessels in a collision event. The
collision analyses are purely deterministic. The chapter starts with a description of the
program modelling. Three programs have been developed for the deterministic analysis:
one predicting the damage to the struck vessel, the second predicting the of damage to the
striking vessel and the third predicting the damage to both vessels. The program structure is
described in detail, including the necessary input and the program output. The results from
the developed programs have been compared to results from other programs for analysis
of collisions. In order to investigate the sensitivity of the collision analysis, the effect of
changing the striking location and the design of the side of the struck vessel have been
analysed. The last section of the chapter deals with minor damages to vessels. The minor
damages may arise at sea during collision with floating objects or by contact with obstacles
during manoeuvring in harbour areas. The question of how large permanent deformation
can be accepted without having the vessel repaired is raised in this section.

In Chapter 6 the probabilistic method for determination of damage distributions is presented.
The probabilistic program or calculation method is build up around the deterministic pro-
gram calculating damage to the struck vessel introduced in Chapter 5. The analysis concerns
one particular struck vessel. The input for the striking vessels and for the collision scenarios
differs from the deterministic analysis. In the probabilistic analysis not only one striking ves-
sel or one particular collision scenario is enough. Therefore, the input parameters for these
groups are analysed in detail. Output from the program is distributions for the damage to
the struck vessel and for the energy released for crushing. Fifteen different struck vessels
have been subjected to the damage analysis. In the energy analysis five cases have been
investigated, namely struck vessels in worldwide trade, in the Straits of Dover and Gibraltar
and the eastern and western routes through the Great Belt.

Chapter 7 starts with a short description of the damage database, collected within the
European research program HARDER. The database is analysed with regard to collision
type, the relation between the struck and the striking vessel and the relation between the
damage parameters and the main particulars of the struck vessel.

In Chapter 8 the results from the numerical simulation, regarding the distributions of damage
sizes, are compared to the distributions obtained from the damage statistics.

In Chapter 9 the damage distributions have been used to establish a new proposal for
the damage stability regulations for vessels by using the probabilistic approach. The main
concept of the probabilistic damage stability regulation from A.265 and SOLAS part B-1 is
used for determination of the subdivision index A. The current method for calculation of the
index is validated using the damage statistics, and new proposals for parameters contained
in the expression for A are given. The chapter includes small application examples, where
the new parameter proposals are compared to current regulation.

Chapter 10 contains the conclusions.



Chapter 2

Risk Analysis of Collisions

Shipping regulations have over many years been developed on the basis of some significant
marine accidents. Therefore, the regulations are mostly concentrated on reducing the conse-
quences. Often this can be an effective method, but in some circumstances it may be better
to reduce the likelihood of an accident occurring.

The ship collision analysis may be performed in three steps: estimation of the probability of
collisions, the consequences and finally recommendations for decision-making.

Probability of a Collision

When the probability of a collision is to be determined all factors related to the risk of a
collision must be identified. In the present analysis a method of splitting the probability of
a collision into two separate analyses is used. First the number of possible ship collisions
is estimated, if no aversive manoeuvres are made. The result from this analysis is mostly
concerned with the waterway and the size of the involved vessels. Then the causation
probability or the fraction of the possible collisions, which result in a collision event is
estimated. The causation probability is influenced by a large number of factors related both
to the waterway, the involved vessels and to the human factor. Methods of analyses for
finding the causation factor may include e.g. fault trees or Bayesian networks.

When all factors related to the risk of a collision are identified, they can be separated into
two groups. The first group contains the factors which can be controlled. Factors in this
group may be denoted as risk control options. The other group contains factors which cannot
be controlled. Factors in this group are mainly related to the environmental conditions.

The factors concerning estimation of the probability of a collision are described in more
detail in Section 2.1.
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Consequence Estimation

Factors which may reduce or increase the consequences of the collision must be found. The
consequences cannot only be related to the structural deformation of the vessel. Also human
safety, the effect on the environment, the economic consequences, the reputation of the
shipping company and the amount and the type of the oil outflow may be included in this
analysis.

The ship collision consequences are described in more detail in Section 2.2.
Recommendations for Decision Making

A way of evaluating the collision risk could be an analysis of the combination of the frequency
and the consequences of collision, Figure 2.1 illustrates the model. To bring a vessel from
an intolerable to an acceptable situation may be performed by reducing the frequencies
and/or the consequences of the collisions. The diagram shown in Figure 2.1 is called the risk
diagram or the ALARP (As Low As Reasonable Practicable) diagram. By this method the
risk involved in shipping can be compared with other transportation forms.

The risk assessment or the cost-benefit analysis may provide a decision tool or recommenda-
tions for specific risk reduction measures, either preventive as vessel traffic systems (VTS)
or protective as new design criteria for the structure of the involved vessels. Making a cost-
benefit analysis could be a way of quantifying the consequences, in this process it is needed
to quantify values for statistical life, pollution and property. The term cost-benefit refers to
the costs of risk reduction in relation to the achieved benefits.

Frequency
Intolerable
%«
9, .
(30 Reducing Consequences
Reducing Frequency
Negligible

Consequences

Figure 2.1: The ALARP diagram.

Not only is the overall collision analysis result interesting, but also other analyses concerning
the collision event may be performed, e.g.:

e Comparison of ship structures for better energy absorption

e Effect of human errors, technical failures and environmental conditions
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e Comparison of waterways or traffic regulation systems
e Cost-benefit analysis of given fixed shipping routes

e Comparison in connection with route planning

2.1 Ship Collision Probability

Collision

Q and

Own vessel
does not act

Ships on
collision
course

Figure 2.2: Procedure for determining the probability of collision.

The probability of a collision is described by the fault tree in Figure 2.2. If two vessels
collide it is required that the vessels are on collision course and none of the vessels make any
action to avoid the situation. The probability of no action, given that the other vessel as
well does not act, is called the causation factor, which can also be defined as the fraction of
the collision candidates, which result in an accident.

The probability of a collision can be determined from the number of possible ship collisions
and be estimated as

Plcollision] = 1 — e~ Nshir=ship

where Ngpip—snip is the expected number of ship to ship collisions, which can be determined
as

Nshipfship - PcNa

Here P, is the causation probability, and the number of possible ship collisions is denoted
N,. A more detailed description of these parameters will be given in Sections 2.1.1 and 2.1.3.

The number of possible ship collisions may be ignored during the analysis by assuming
that all vessels will experience the same level of traffic during their lifetime. This sounds
reasonable if the same sizes and types of vessels are compared, which is the case in many
analyses. But a calculation of choosing alternative routes between two ports requires a
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The number of
possible ship
collisions N,

The causation
factor P,

Figure 2.3: Probability of collision.

The expected
number of collisions
Nshipfship

The probability
of a collision
PJcollision)]

calculation of possible collision candidates, which is also the case in connection with a cost-
benefit analysis of a given fixed shipping route. An analysis of a traffic system may include
analyses of technical, navigational and environmental issues and the types and sizes of vessels
passing that particular location.

The following three sections deal with the identification of factors related to the risk of a
collision, finding the causation probability and determining of the number of possible ship
collisions in a particular area.

2.1.1 Collision Risk Factors

The first step of the analysis is to define the system of interest. This means - define the
structure, group the elements and define their relationship - define the output from the
system and the impacts of interest.

Determination of the probability analysis of a collision requires combination of knowledge
and modelling of risk, involving human factors, the nature of the waterway, description and
modelling of the ship structure deformation, global motions of the vessels and technical
installations, both in connection with the waterway and on board the vessels.

Reducing the probability of a collision may also be referred to as preventing the vessels from
collisions. Preventing a vessel from accidents is one of the main objectives of the shipping
industry, as accidents in many cases will result in loss of life, lost operational time, lost
income and insurance claims from passengers, authorities or cargo owners.

This section includes an analysis of factors which may influence the probability of a collision.
These factors are here separated into three main groups:

e The waterway system including environmental conditions

e The involved vessels

e Human factors
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The vessels cannot be analysed isolated from the waterway. Likewise the waterway cannot be
analysed isolated from the vessel, and both the ship and the waterway are complex systems
involving physical and human elements and are extremely interdependent. However, to
identify factors related to risk and later to identify where to implement actions of prevention,
it seems to be a good separation.

The factors influencing the risk of a collision are shown in Figures 2.4 - 2.6, where they are
separated into the three main groups: the waterway system, the involved vessels and human
factors. Some of the factors are difficult to change, but most of the factors mentioned in
the following can be considered as risk control options, which can be used as parameters in
cost-benefit analyses.

Waterway system and environmental conditions

Traffic Environmental conditions
Distribution of vessel type Water depth
Distribution of vessel size Navigational complexity
Traffic intensity Current

Tide

Traffic management Sea state
VTS - VTIS Wind
AIS Visibility
Pilotage
Radio communication
Equipment for location

of objects
Navigational aids

Figure 2.4: Influence of the waterway system on the probability of a collision.

Waterway System and Environmental Conditions

The waterway system is analysed considering the traffic in that particular area, the man-
agement of the waterway system and the environmental conditions. The analysis of the
traffic includes information about the types and sizes of passing vessels and of the traffic
intensity. Factors describing the traffic can normally not be changed, as they are a result of
the surrounding harbours.

Most regions in the world are not restricted in navigation, only the rules of the sea apply.
Other areas are equipped with a vessel traffic system (VTS) or pilotage as a mandatory
or voluntary system. VTSs are land-based marine vessel systems usually operated by gov-
ernment authorities. The main objective is to ensure safe navigation in restricted shipping
areas, such as coastal waters, heavy traffic areas, and areas of difficult navigation. The man-
agement of the VT'Ss varies depending on the size and the navigational difficulties of the
location, but generally the system is equipped with radars for location of objects and vessels
and has equipment for inspection of navigational aids as buoys, light houses etc. Most VTSs
have mandatory or voluntary reporting systems, where radio communication is often used.
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Most of the factors involved in the management of the traffic can be changed and they are
therefore risk control options.

Environmental conditions may also be considered. The navigational conditions may be re-
stricted because of the water depth or the complexity of the waterway. Current and wind
may set the vessel, or the visibility can be restricted because of heavy rain, fog, smoke, or
sea spray. In this case the complexity of the waterway and perhaps the water depth can be
risk control options, whereas the other factors normally cannot be changed.

Vessel

Ship design Instrumentation
Propulsion ECDIS - ARCS
Steering engine - rudder Radar - ARPA
Thrusters Alarms
Velocity GPS - DGPS
Size of vessel AIS
Manoeuvrability Rudder indicator
Sight lines Signal-giving apparatus
Inexpedient design of bridge Rate of turn

Ship management
Bridge procedures
Route planning
Updated charts
Maintenance

Figure 2.5: Influence of the vessel on the probability of a collision.

The Vessel

The vessel analysis includes design, instrumentation and management. The design and
the instrumentation are directly related to the particular vessel, whereas the management
of the vessel may both be related to the crew on board and the shipping company. The
International Maritime Organization (IMO) has laid down conventions and guidelines for
education of the crew on board, guidelines for the equipment, and contingency planning for
emergencies. The maintenance of both the vessel and the equipment on board is normally
examined by classification societies or authorities at regular intervals.

The introduction of the automatic identification system (AIS) on ships and on shore-based
VTS stations may in the future have a large impact on the number of accidents at sea. The
system makes it possible to identify and track vessels from other vessels and from shore
stations. Unfortunately, the system cannot be reliable before all vessels are equipped with
AIS transponders, which might take several years.

All factors involved in describing the vessel system are risk control options, except for the
size of the vessel.
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Human Factors

The human factors resulting in ship collisions are normally due to the officer on watch, but
also the communication on board the vessel is of great importance. Multi-cultural crew with
several languages makes it important to have one and only one language of communication.
The human factors, which can be seen in Figure 2.6, are explained in more detail in Section
2.1.3 regarding the causation probability. All factors are here risk control options.

Human factors

Duty officer Communication
Education Pilot - captain - officers - crew
Experience Language problems
Unfit for work - fatigue Misunderstandings
No attention to traffic Fear of reprimands
Stress level

Figure 2.6: Influence of human factors on the probability of a collision.

2.1.2 The Number of Possible Ship Collisions

.
7 /

/s . /
/ Risk Area
4 7’

Waterway 1 /

Figure 2.7: Left: waterway intersection. Right: definition of collision diameter (Pedersen,
1995).

The number of possible ship collisions, N,, is here defined as the number of collisions if no
aversive manoeuvres are made. A method for determining the number N, for the purpose
of comparing alternative routes or estimating the navigational difficulties of waterways has
been presented by Pedersen (1995). It is seen from this reference and also from Figure 2.7
that by summing all the class ”7” ships of waterway 2 on collision course with all relevant
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9
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class ships during the time At, the following expression can be obtained
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Here Q§2) is the traffic flow (i.e. the number of ships per unit of time) of class ”j” in waterway
2, Vj(2) is the associated speed. The lateral distribution of the ship traffic of class ”;” in

waterway 2 is denoted f]@), D;; is the geometrical collision diameter defined in Figure 2.7,
and finally the relative velocity is defined V;;.

2.1.3 The Causation Probability

The causation probability, P,., is the fraction of the collision candidates resulting in an
accident. This number can be estimated on the basis of statistical accident data, but another
approach is to analyse the cause leading to human inaction or external failures by e.g. fault
trees or Bayesian networks.

The causation probability is the conditional distribution of no action from own vessel, given
that the other vessel does no act. The reason for no action can be separated into: a) that
action is not possible or b) action is possible but the officer on watch does not act or makes a
wrong decision. These events are a mixture of mechanical failures, human errors or failures
due to environmental conditions. The input ’action not possible’ is a mixture of mechanical
failures and environmental conditions. The mechanical failures are engine, steering engine,
rudder or thruster problems. These failures might depend on the maintenance of the vessel
or the experience and the education of the crew. The environmental conditions are related
to the waterway or location, where the route might be restricted by sea depth, bridge pillars
etc. Also sudden wind squalls or current might surprise the captain or officer on watch.
Some failure states for 'wrong or no reaction’ are described in Table 2.1. Tt is seen that both
the waterway system, the vessel and the human factors are represented.

The waterway or the location can be presented as both visible and invisible, the traffic
intensity and the number of possible collision candidates are factors given directly from the
location, but also other causes leading to failure states are affected by the location. If the
vessel is passing a trafficked area, the officer on watch will probably be more attentive and
aware of the situation. The human factors such as experience and education are as well
related to many failure states, but also a factor as fear of reprimands, which is not directly
mentioned, may be of great importance. Examples are: the lookout is afraid of warning the
officer, or the officer is afraid of warning the captain or calling for an extra officer in case of
heavy traffic or illness. Many failures may arise from the lack of competence on board the
vessel. That is ships, operated with lack of control systems, e.g. bridge procedures, under a
pressure to maintain a schedule, fear of reprimands for pointing out faults or defects, or not
observing rules on time of rest etc. These failures can in many cases be traced back to the
management of the shipping company.
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Friis Hansen and Pedersen (1998) have by use of a Bayesian network estimated the causation
factor for meetings between conventional vessels to be P, = 9.0-107°.

Failure state Causes
Incompetence Experience
Education

Incorrect reading of instruments
Violation of rules of the sea
Incorrect evaluation of current and wind
Paralysed Experience

Education

No observation by lookout | Lookout does not respond
Language problems
Misunderstandings

Poor visibility Heavy rain

Smoke

Fog

Sea spray

Blind angles

No attention to traffic Paper work

Inexpedient bridge design
Alcohol or the like

Fallen asleep

Fire

Tuning of instruments
Radio communication
Changing of the watch

Chat
Tiredness

Unfit for work Sudden illness
Mlness

Stress Personal problems

Heavy traffic intensity
Alarms or noise

ARPA knowledge Misunderstandings
Refreshment rate of data
Radar status Sea clutter

Rain clutter

Heavy traffic (fishing area)
Radar failure Mechanical failure

Radar not started

Table 2.1: Failure states - causes leading to no action during a collision.
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2.2 Ship Collision Consequences

Minor
damages
Environmental
consequences
Oil Economic
outflow consequences
- I Severe Total loss
Collision T — T
— damage of vessel
L’ Capsizing > Reputation
L Human
safety

Figure 2.8: Consequences of a collision.

The consequences of a collision, see Figure 2.8, can be separated into consequences for the
vessel as minor damages, severe damage or total loss, consequences for human safety or for
the environment. From these may follow consequences for the shipping company in the form
of a bad reputation or economic consequences. The individual consequences are described
in more detail in the following.

e Human safety
Human safety is normally not directly affected by a collision, but in the case of severe
damage to the vessel, the vessel may capsize and lives may be lost. Especially, collisions
involving passenger ships may result in a high risk. Minor injuries may also arise during
the collision, mainly due to de-acceleration. Loss of lives or injuries may result in a
bad reputation for the vessel and the company and have consequences.

e Consequences for the vessel

The consequences for the vessel can be separated into four cases, minor and severe
damage, capsizing, and total loss of the vessel. Minor damage does not result in un-
acceptably large permanent deformations of the vessel. The damage will be repaired
during the next call to a shipyard and the vessel will not be delayed. No other con-
sequences will arise from a minor damage. Severe damage is damage to the vessel
resulting in fracture of the ship’s hull. The consequence is repair of the vessel, which
has economic consequences. The vessel will normally be delayed and cargo owners or
passengers might consider the use of another shipping company the next time. Frac-
ture of the hull may also result in oil outflow leading to environmental consequences
or stability problems, which may again result in capsizing of the vessel. Capsizing can
be a result of severe damage, but a vessel may also capsize due to reduced stability in
connection with water inflow from smaller damages. Capsizing might cause oil outflow
and have environmental consequences. A result of a total loss will normally be both
economic and problems of reputation.
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e Environmental consequences
Environmental consequences arising from oil outflow may be separated into three cat-
egories. First the consequences for the commercial industry as fish farms, fisheries,
tourist industry etc., second the restoration consequences as cleaning of beaches and
harbours, birds and animals, and third the consequences of non-commercial value as
loss of recreation areas, social losses and ecological losses.

e Consequences of reputation
A collision involving environmental pollution can result in bad publicity. Authorities,
cargo owners or passengers might be influenced by the press, especially nowadays
when the political consumer is in focus. Also a delay of the vessel may lead to a
bad reputation, and cargo owners or passengers might consider the use of another
shipping company the next time. A bad reputation is normally followed by economic
consequences.

e Economic consequences
The consequences of an oil outflow may not only be related to the amount and the
type of the outflow, also the impact or fate and effect of a spill may be included in
the analysis. A way to quantify the consequences of a collision could be to estimate
the involved costs. These costs may arise from commercial losses or restoration claims
from a third party, costs for the shipowner or noncommercial values.

Influences on consequences
Vessel Environmental
Type of cargo / dangerous cargo Sea state
Double hull Current
Compartmentation Tide
Crashworthiness Ice
Maintenance Wind
Management Water temperature
Location Publicity
Water depth Political considerations
Shoreline type and Reputation
complexity
Types of plants and
animals
Tourism
Recreation areas
Fishing areas etc.
Management

Figure 2.9: Factors influencing the consequences of a collision.

When a collision has taken place, the extent of the damage as well as the consequences of the
damage may be affected by human factors or actions, the cargo characteristics, the nature of
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the ocean and the coastline and other physical conditions, see Figure 2.9. The environmental
conditions such as the sea state, the wind, the current or the tide may influence the size of the
area which will be affected. The presence of ice or low water temperature will make it more
difficult to clean up the location. Also the type of coast, sand, rocks etc. or the complexity
of the coastline may affect the cleaning time. The consequences may be influenced by the
location, for instance the presence of protected animals or plants, recreation areas, tourism
or fishing industry. The amount of oil outflow or the consequences may be affected by human
actions. If the crew on board the vessel are well trained and are familiar with emergency
plans immediate actions can be taken on board the vessel, authorities can be warned and the
response time for start of cleaning might be reduced. But also the compartmentation and
the crashworthiness of the vessel can have a great influence on the amount of oil outflow.

More crashworthy vessels may reduce the amount of oil outflow, but normally more crash-
worthy vessels have an increased volume of steel in the structure, which increases the total
lightweight of the vessel. This might increase the fuel oil consumption and be followed by en-
vironmental consequences. Use of new materials or new design or use of a buoyancy medium
in the wing tanks may in the future decrease the consequences of a collision.



Chapter 3

The External Dynamics of Ship
Collisions

The external dynamics analysis deals with the movements of the two vessels and the in-
teraction with the surrounding water during collision. The aim of the external dynamics
is to estimate the fraction of the kinetic energy which is released for rupture and plastic
deformation in the vessels. An analytical method for determination of the energy loss in
ship-ship collision has been developed by Pedersen and Zhang (1998). Here the estimation
of the energy loss for dissipation in structural deformations is based on an analytical method
where the energy is expressed in closed-form solutions. The most important idealisations
are that only surge, sway and yaw motions are considered and that the influence of the hy-
drodynamic forces arising when the ship accelerates is approximated by simple added mass
coefficients.

The separation of the collision problem into two individual problems, the internal mechanics
and the external dynamics, is only possible when the structural systems and the surrounding
water can be handled as an undamped system, by use of the theory for absolutely inelas-
tic collision between two vessels. Previous comparison with complete time domain analysis
(Zhang, 1999) has shown good results using the simplified procedure for the external dy-
namics. The procedure is based on a rigid body mechanism, where it is assumed that there
is negligible strain energy for deformation outside the contact region, and that this region is
local and small. This implies that the collision can be considered as instantaneous and each
body is assumed to exert an impulsive force on the other at the point of contact. The model
includes friction between the impacting surfaces so that situations with glancing blows can
be identified. At the start of the calculation, the ships are supposed to have forward motion.
The subsequent sliding and rebounding in the water plane during the collision are analysed.

The characteristics of the external dynamics depend on various aspects for a given collision,
namely the main particulars of the struck and the striking vessels and a collision scenario
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Main particulars
of struck vessel

Main particulars
of striking vessel

External Energy released
dynamics for crushing

Collision
scenario

Figure 3.1: Determination of energy released for crushing.

describing the collision angle, the impact location and the velocity of both vessels, see Figure
3.1.

The theoretical analysis model for determining the external dynamics or the energy released
for crushing of the ship’s structure is described in detail in this chapter. The chapter ends
with a small example.

3.1 The External Dynamics Theory

To illustrate the assumptions behind the method a striking ship (B), which sails at a forward
speed of Vj; and a speed of Vj, in the sway direction, is considered. This vessel collides with
a struck ship (A), sailing at a forward speed of V,, and a sway speed of V,,, .

The theory makes use of three different coordinate systems. An zyz-coordinate system is
fixed to the sea bottom. The z-axis points in a direction out of the water surface, the z-axis
lies in the symmetry plane of the struck ship pointing towards the bow, and the origin of the
xyz-system is placed so that the section amidships is in the yz-plane at the moment ¢ = 0.
The origin of a én-system is located at the impact point C', the ¢-direction is normal to the
impact surface, the angle between the z-axis and the n-axis is «, and the angle between the
x-axis and the 1-axis is 3, see Figure 3.2.

The loss in kinetic energy is determined in six steps:

1. The equations of motion of the striking and the struck ships due to the impact force
components are set up

2. The acceleration and the relative acceleration of the impact point are determined
3. The relative velocities before and after the collision are determined for the two ships

4. The impact impulses are calculated
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Striking Vessel (B)

Struck Vessel (A) n

Figure 3.2: The coordinate system used for analysis of the collision.

5. From the ratio between the impact impulses it can be determined whether the two
ships stick together or they slide against each other

6. The loss in kinetic energy is determined

If the collision angle is very small or large, the ships may glance against each other. Therefore,
it is necessary to consider the friction between the two vessels. If the coefficient of friction is
denoted p and if |po| > |p], then the two vessels stick together, otherwise if || < |u| the
vessels slide against each other.

The parameter p is the ratio between the impact impulses, see Pedersen and Zhang (1998);

_ Ly _ Dei(0) — Ke[€(0) — £(T)]

Io  K[6(T) = £(0)] — Dyi(0)]

The relative velocities immediately after the collision in the &~ and the n-direction can be
expressed by the velocities V, and V}, which are the velocities before the collision for the
struck and the striking ship, respectively.

(3.1)

£(0) = Viesin(a) + Vg, cos(a) + Vi sin(8 — a) — Vig cos(8 — a)
n(0) = Vyzcos(a) — Vg sin(a) — Vi cos(f — a) — Vi sin(f — a)

At the end of the collision (¢ = T), it is assumed that the vessels may rebound from each
other in the &-direction.

(T) = —e£(0)
Here e is the coefficient of restitution.

The constants D¢, D,, K¢ and K, are determined by

D¢ n Dy Dyy, Dy,

De = : ]
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D
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here M, and M, are the mass of the struck and the striking ship, respectively. The radius
of the ship mass inertia around the centre of gravity is R, or R, and the coordinate of the
centre of gravity of the struck ship is (z,,0). The coordinate for the impact point is (x, y.),
the added mass coefficient for surge is mg, or my; and the added mass coefficient for sway
1S Mgy OT Mypo.

Sliding Case

In the case where the ratio between the two impact impulses, u, see Eq. (3.1), is greater
than the coefficient of friction, g, between the two vessels, the ships are assumed to slide
against each other. The energy released in this case can be expressed as

Ee = 3psep - EOF
Bi= oy 00 i)

where the glancing speed after the collision 7(7") can be expressed as

B K¢ + pok,

DDl — &)

n(T) = (0)

Sticking Case

In the case where the coefficient of friction, pg, is greater than the ratio between the two
impact impulses, the two vessels will stick together and the energy can be determined as

E: =

E, =

Added Mass Coefficients

The added mass coefficients mqz, May, jo and My, M, Js, taking into account the interaction
effects between the ships and the surrounding water, depend on the hull form of the ships
and the impact duration etc. For simplicity, Minorsky (1959) proposed the use of a constant
value of the added mass coefficients of ships for the sway motion: m,, = 0.4.

Motora (1971) conducted a series of model tests and a hydrodynamic analysis of the added
mass coefficient for the sway motion. He found that the added mass coefficient varies during
the collision in the range of m,, = 0.4 — 1.3. The longer the duration, the larger the value
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of the coefficient. However, if the collision duration is very short, the value assumed by
Minorsky (1959) may be correct. The added mass coefficient for the forward motion is small
compared to the mass of the ship. It is found to be m,, = 0.02 — 0.07. The added mass
coefficient for the yaw motion of the ship, j,, is found to be j, = 0.21 (Zhang, 1999).

For simplicity, the added mass coefficients are taken to be: mg, = my; = 0.05 (surge motion),
Mz = mp; = 0.85 (sway motion) and j, = j, = 0.21 (yaw motion) in the examples of the

present calculations. The radius of inertia is taken to be a quarter of the ship’s length:
R, = L,/4 and Ry, = L;/4.

3.2 Application Example

Collision between Two Similar Ro-Ro Vessels

Two similar Ro-Ro vessels sailing at the same forward speed of 5.0 m/s collide at different
impact angles and in different striking locations along the length of the struck vessel.

Dimensions of the Ro-Ro vessels :

Length [m] 150.0
Breadth [m] 27.0
Draught [m] 6.0

Displacement [mt] 15800

The angle o and the breadth of the ship forwards are determined from the assumption that
the shape of the bow can be approximated to a parabola y = C - 22, where C' equals 0.16.
The coefficient of friction between the two ships is assumed to be g = 0.6.
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Collision location [m] beta [deg.]

Figure 3.3: Left: Total energy loss as a function of striking location for various collision
angles. Right: 'Total energy loss for collision amidships as a function of the collision angle.
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In Figure 3.3 (left) the total loss in kinetic energy is shown as a function of striking location
for various collision angles. The figure show that the impact angle and location have a
significant influence on the loss in energy. It is seen that if the ships have courses towards each
other, the energy loss is significantly higher for a collision in the forward part of the struck
ship. The right diagram in Figure 3.3 shows the total energy loss for collision amidships as
a function of the collision angle. An energy peak is seen for a collision angle around 120°,
which is a result of both vessels having forward motion.



24

Chapter 3. The External Dynamics of Ship Collisions

This page is intentionally left blank.



Chapter 4

The Internal Mechanics of Ship
Collisions

The internal analysis or the internal mechanics deals with the deformation of the side of the
struck vessel and the bow of the striking vessel. It is very difficult to obtain a precise calcu-
lation of the internal mechanics as the collision strength of a ship is governed by a complex
mixture of buckling, yielding, tension, tearing, rupture and brittle failure of materials.

There are two classes of theoretical methods, which can be used to predict the damage
caused by a collision: the finite element method and simplified, analytical methods often
referred to as ’super-element methods’. Experiments are normally too costly to be used for
other purposes than validation of theory. Recent work has shown that the finite element
method can be used to perform both ship collision and grounding analyses, see for example
Kuroiwa (1996), Kitamura (2001) or Sano et al. (1996). Although problems of fracture have
not yet been fully resolved, the solutions of a finite element analysis can be detailed and
accurate. However, the finite element modelling requires a massive effort both as regards
modelling and computer power so for many practical problems it is prohibitively expensive,
especially if stochastic simulation of a large number of accidents is required. The other
group of methods covers a range of procedures, which are so sufficiently simple that they
can be used in hand calculations. The most famous of these methods was proposed by
Minorsky (1959). The basic idea is that the absorbed energy is a simple linear function
of the volume of deformed material. Several modifications have been proposed to widen
the applicability or the accuracy of the method. Most recently Pedersen and Zhang (2000)
introduced parameters for the structural layout in a formula similar to Minorsky’s formula.
At a more detailed level, many papers over the past have proposed fundamental, closed
form solutions to various impact problems involving structural crushing and deformation.
For example Wierzbicki and Abramowicz (1983), Abramowicz (1994) and Amdahl (1982)
have developed several fundamental solutions, which can be used to estimate the energy
absorption in axial crushing of plate intersections like X-forms, T-forms etc. Likewise other
solutions are known for indentation into shell plating, crushing of a deck or a deep web
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girder. These special solutions, often referred to as super-element solutions, are known to
predict the energy absorption quite accurately.

This chapter presents methods for determination of energy absorption due to crushing and
deformation of the ship’s structure during a collision and estimation of the resulting damage
to the vessels. The method used for analysis of collision events is based on the super-element
approach.

It is common practice to assume that the bow of the striking ship does not deform during
the impact. Obviously, this assumption is very convenient for the analysis but at the same
time it is known that the assumption does not always hold true, see for example Lehmann
and Yu (1995) and Liitzen et al. (2000). A part of the present chapter is used to investigate
the limits of validity for this assumption. Therefore, both the striking bow and the side of
the struck ship are modelled.

When both the energy to be absorbed, determined by the external dynamics analysis pre-
sented in Chapter 3, and the energy absorbed by structural deformation are known, the
damage to the struck and the striking vessels can be determined. As the theory for the
internal mechanics is based on an indentor incrementing into the ship’s structure, the geom-
etry of the striking bow will be an important factor. Therefore this chapter starts with a
presentation of the simplified bow geometry model. This section is followed by a description
of the area of contact between the two vessels and the method for estimation of the damage.

Section 4.3 deals with the super-element approach to the internal mechanics. The different
types of elements are described and crushing forces are estimated. The next two sections
deal with energy absorption of the side structure and the bow structure during the collision.
The sections start with modelling of the structure and end with some application examples.
In the last section the theory is combined in a model for prediction of damage to both vessels
involved in the collision.

4.1 The Geometry of the Bow of the Striking Ship

The bow of the striking vessel can be separated into two different types, a conventional bow
and a bulbous bow. The geometry of the two types of bows is idealised so that the geometry
can be described by few parameters, still covering with sufficient accuracy almost all existing
ship’s bows, see Figure 4.1.

The Conventional Striking Bow

The basic data for describing the assumed conventional bow consists of the stem angle, ¢,
the breadth of the ship, B, the uppermost deck height, Hg..x, and some deck and bottom
constants, By and By, describing the shape of the deck and the bottom. The forecastle deck
and the bottom are here assumed to have the form of parabolas.
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A typical bow shape for the conventional bow is given by Scharrer (1996). If the length, the
breadth and the height of the striking vessel are known, the bow shape can be approximated
from:

Deck coefficient By = 0.576#
Bottom coefficient B, = 1.645#
Stem angle tan(o) = 24.3761

The Bulbous Striking Bow

The bulbous bow can be divided into two parts, a conventional bow and a bulb. The bulb
is assumed to have the form of an elliptic parabola, see Figure 4.1. In the local coordinate
system with origin in the bulb tip, the bulb is described as

Ty Yi A1
k- 4.1
RL RH2 RV2 ( )

Parabola

Hdeck

Hgeck
Lquabolu d=By Yz*’tgﬁs‘é“

Figure 4.1: Bulbous bow.

The basic data for describing the assumed bulbous bow consists of the parameters describing
the conventional part of the bow plus some bulb parameters: The length of the bulb, Ry,
the vertical radius of the bulb, Ry, the horizontal radius of the bulb, Ry, and the distance
between the bulb tip and the foremost part of the bow, Rp, see also Figure 4.1.

If the bulb design is unknown the following parameters may be used, Zhang (1999):
Rr, = 0.3 Hyeer Ry =0.125 - Hyeepe Ry = 0.05- Hyeep

Scharrer (1996) has also proposed a typical bow shape for the bulbous bow. If the length,
the breadth and the height of the striking vessel are known the bow shape can be estimated
from:
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Deck coefficient By = 0.579#
Bottom coefficient B, = 15.946%
Stem angle tan(¢) = 14.64441
Bulb parameters  Rp = 826-103L
Ry, = 3.51-107%L
Ry = 0.243H
Ry = 0.143B

4.2 The Area of Contact and Damage Size Estimation

The striking vessel will penetrate the side of the struck vessel. At the moment of impact the
relative direction is determined by the velocities and the courses of the two vessels, where
the penetration angle, v, into the struck vessel can be determined as

Uycosp —U,
VU2 + UZ —2U,Uy cos B

cosy =

The parameters U, and U, are the surge velocity of the struck and the striking vessel,
respectively, and [ is the collision angle. The method is purely geometrical and allows no
rotation of the vessels.

The length of the hole is taken as the difference between the foremost and the aftermost
intersection between the bow or the bulb and the side of the struck vessel. The damage
height is taken as the distance of the uppermost point to the lowest point of the hole, and
the damage location is taken as the point with the deepest penetration into the struck vessel.

When the side of the struck vessel is modelled it is assumed that only elements in contact
with the striking bow need to be included in the analysis. This seems reasonable in studies of
pictures of past collision accidents, where the damage corresponds very well to the imprint
of the bow, see Figure 4.2. Therefore, it is here assumed that the area of contact only
depends on the bow geometry of the striking vessel, the draught of both of the vessels and
the penetration. Figure 4.3 shows the imprints from different conventional bows. If the
striking vessel is equipped with a bulbous bow, the imprint of the top of the bow will be as
that of a conventional bow. The bulb, which is here assumed to have the form of an elliptic
parabola, will have an imprint corresponding to that of an ellipse. In case of a bulbous bow
the damage may be separated into two holes, a lower hole created by the bulb and an upper
hole created by the top of the bow, in this case a normal approximation is to merge the two
holes into one.
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Figure 4.2: Imprints on side of struck vessel, left bulb, right bow.

Deck of Struck Vessel

\/\/

Bottom of Struck Vessel

Figure 4.3: Imprints on side of struck vessel caused by striking vessels with conventional
bow.
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4.3 Super Elements

The model for the internal mechanics is based on a set of so-called super elements. Each
element represents an assembly of structural components and contains solutions for the
structural behaviour of this assembly under deep collapse.

The super elements used in this model are:

1 Lateral loading of plates resulting in deflection and rupture
2 Crushing of intersecting structural elements (T- or X-elements)
3 In-plane crushing and tearing of plates

4 Lateral loading of beams resulting in deflection and rupture

An example of a super-element load case can be described as: The bow strikes between two
transverse frames. First the side plating will deflect and later fracture. After initiation of
fracture the solution for concertina tearing of the side shell can be used to determine the
resistance. After a certain penetration the bow hits some deep stiffeners, which will deflect as
beams. Later on the bow may come into contact with transverse bulkheads or frames. When
this happens, the main resistance comes from crushing of intersections between e.g. deck and
bulkheads. These intersections are modelled as T- or X-elements. This example illustrates
that use of the super-element solution calls for adaptive or successive discretisation. During
the collision the bow of the striking vessel is incremented into the side of the struck ship,
at each step the side structure of the struck vessel is discretised into super elements. By
summing up the crushing force of each super element, it is possible to determine the total
contact load between the two involved vessels and the total amount of absorbed energy.

The next sections will give a short description of the different super elements and where they
can be found in a ship structure.

1. Lateral Loading of Plates Resulting in Deflection and Rupture

Plates are structural elements at the ship’s side, the inner ship’s side, the longitudinal
bulkheads or the longitudinal floors. The horizontal boundary of a plate can be the weather
deck, mid-decks, inner bottom, bottom or stringer decks. The vertical boundary of a plate
can be transverse bulkheads, frames at the side, girders or transverse floors. If stiffeners are
attached to the plate they will form a boundary until they are in contact with the striking
ship. After contact smaller stiffeners will in this model be smeared out, and the plate will
be considered orthotropic. Larger stiffeners will be considered as beams.

The model for lateral loading of plates follows Wierzbicki and Simonsen (1996).

Consider a rectangular plate deformed by a point load, where the distances from the point
of loading to the four edges of the plate are denoted R;, R, R3 and R,, respectively, see
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Figure 4.4: Deformation pattern for a rectangular plate.

Figure 4.4. The plate is subjected to an increasing deflection w, at the point of loading.
Large deflections are assumed, which implies that the bending resistance can be neglected.
The purpose of the analysis is to determine the force, P, necessary to deform the plate.

The plate is divided into four triangular parts, which extend from the point of impact to
the corners of the plate. The deformation mode assumed for the left section of part 1 of the
plate, see Figure 4.4, which satisfies the clamped boundary condition, is as follows:

The Lagrangian strain tensor €,g is defined by

1 1
€ap = 5 (a8 + Upa) + SWat,g

where u is the component of the in-plane displacement, and w denotes the out-of-plane
displacement. The in-plane component is neglected and the strain component and its incre-
ments resulting from the displacement are

€ = 1 (12)” = why ¢ = Wowoy®
T — 9 T 2 (R1R2)2 Tz (Rle)z
2
€ —1fdw) _ 1 wiz’ ¢ — wowoz? (4.2)
vy 2 dy 2 (R1R2)2 yy (R1R2)2 :
€. — Ldwdw _ 1 wizy €. — Wowory
Y T 2dr dy 2 (R R2)? 2y = (R1R»)?

The rate of the external loading must be equal to the rate of energy dissipation in the plate.
Using the von Mises yield criterion this requirement is expressed by

2
Puygy = ﬁagt/ \/69;902 + €57 + €ra€yy + €32 dA (4.3)
A

where P is the external load and A is the area of the plate.
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Substituting the increments of Eqs. (4.2) into Eq. (4.3) gives the following expression:

Re R2 R1 RQ
P x + y°)dzdy = —a tw + 3=
bleft = R1R2 / / y V= 63 o {Rz R1]

The same procedure is used for the rest of the plate, and the forces are summed to give the
total force acting on the plate.

200t 1 1
P = woA +
3\/_ |:R1R3 R2R4:|

If the plate is orthotropic the force-deflection function can be expressed as

= ——w
63 | Ry R; RyR,

where Ny, and Ny, are the membrane yield forces in the x— and y—direction, respectively.
See Wierzbicki and Simonsen (1996).

p 1 A [3N0y + Now 3Ny, + Noy}

After rupture a special plate element is used, which takes into account that the plate may
be intact with membrane tension or be fractured in the longitudinal, in the transverse or in
both directions. See Scharrer (1996).

Rs = Ry

Ry Ry

Figure 4.5: Deformation pattern for two plates. The first plate of contact and the plate
below.

If the boundary of the plate is touched by the striking bow, the part of the plate belonging
to this boundary will be omitted. The rest of the plate will still be included until rupture. A
new plate, situated below or to the side, is now to be included. In Figure 4.5 the deformation
pattern for a plate below the first plate of contact is shown. The resistance of this plate can
now be calculated as

1 1
Pneu)ZO'P1+P2+§'P3+§'P4
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where P, P,, P; and P, are the resistance of each of the four plate parts. The new distances
for Ry, Ry, R3 and R, are defined in Figure 4.5.

If the striking ship has a bulbous bow, first a conventional ship without bulb is considered
and all the plates in contact with the bow are found. Then the plates in contact with the
bulb are found. If both the bow and the bulb touch the same plate, only the largest deflection
is considered.

2. Crushing of Intersecting Structural Elements (T- or X-elements)

Figure 4.6: Deformation of T- and X-elements.

Crushing elements can be found in the following places :

Intersections between
weather deck, bottom  / transv. bulkhead (T)
/ girder (T)
/ frames at side (T)
mid deck, inner bottom / transv. bulkhead (X)
/ girder (X)
/ frames at side (X)

bottom / transv. floors (T)
/ transv. frames (T)

inner bottom / transv. floors (T)

stringer deck / girders (X)

/ transv. bulkhead (X)

Furthermore, all transverse stiffeners at weather deck, mid-decks, inner bottom, bottom and
bulkheads are crushed as either T- or X-elements.

When the crushing resistance of the elements shall be determined it is assumed that the
material is perfectly plastic, characterised by the flow stress oy,. The model used for the
crushing forces follows Amdahl (1982) and Kirkegaard (1993).

The T- or the X-element is included from the moment the point of intersection is touched
for the first time. The starting length of the crushing element flanges is half the distance



34 Chapter 4. The Internal Mechanics of Ship Collisions

between the individual crushing elements. The flange length is reduced if part of the flange
is outside the area of consideration. If the same element is in contact with both the bow
and the bulb the element with the largest deformation is included in the model. There are
a number of possible deformation modes of a T- or an X-element. Both the T- and the
X-elements are here assumed to collapse in the straight edge mechanism mode, where the
flanges remain straight in the intersection line. Thus, there will be no interaction between
the flanges. The mean crushing force for a T-element, Pr, and for an X-element, Py, can
be determined from

PT—256(C)%+646 PX—342(C)%+861
it =256 . i =325 .

where c is the average flange length and ¢ the average flange thickness. The plastic bending

moment per unit flange length, My, is calculated as M, = “OTH.

3. In-Plane Crushing and Tearing of Plates

Figure 4.7: In-plane deformation of plate.

This section is concerned with deep plastic collapse of plates subjected to local in-plane
loads. Crushing of plates can be idealised by simple geometrical modes of deformation. A
model suggested by Simonsen and Ocakli (1999) is used. When a deck is loaded by a point
load it will first collapse plastically with folds extending to the nearest boundaries. After a
certain penetration, the plate will fracture and it will continue to fold up in front of the bow
like a concertina.

Plates which can be crushed during a collision can be found in the following places:

Horizontal plates Part of weather deck, mid decks, inner bottom, bottom and
stringer decks
Vertical plates Part of transverse bulkheads, frames at side, girders and

transverse floors

The length of the crushed plate between two crushing elements is defined in the previous
section. If the boundary of the plate element is touched, the crushing plate is omitted and
the intersection element will take over.
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Transverse stiffeners, stiffeners parallel to the direction of penetration, are crushed axially.
The theory for crushing elements of this type, is dealt with in the previous section. Longi-
tudinal stiffeners are included in the model by smearing out the volume of the stiffener in
the longitudinal direction, resulting in an orthotropic plate.

According to Simonsen and Ocakli (1999) the load-deformation relation can be expressed by

by + by
(b1b2)1/3

/3 b1—|—b2 w

P =156 og t°/* 1 ——
7 " ba)2B | 151 bt) 13

+0.518 o t? f(w)

where w is the deflection. The thickness of the plate is ¢. This thickness is corrected for every
new involved longitudinal, which volume is smeared out to give the equivalent thickness Z.,.
The distances from the load point to the boundaries are denoted b; and by. The involved

function, f, depends on the depth of the plate and is defined as

w(l—i——;]l}{) for w<D
f(w): w D
D1+ ——— f D
<+2H 4H> o w=>

where D is the depth of the plate, and H is the folding length, which can be determined as

H - 0.377\3/ blbgt

After rupture the folding mode changes to concertina tearing. Wierzbicki (1995) found that
concertina tearing can be expressed as

by + by \ 2
P,, = 4.330,t%/3 (%) + cht

where R, is the fracture toughness. The fracture toughness for mild steel is in the range
R, =300 — 1000 N/mm.

4. Lateral Loading of Beams Resulting in Deflection and Rupture

.

N w

Figure 4.8: Deep collapse of beam.

Only deep stringers attached to the ship’s side are considered as beams. The boundary can
be transverse bulkheads, girders or frames.



36 Chapter 4. The Internal Mechanics of Ship Collisions

The beam first fails by forming a mechanism of plastic hinges. In order to obtain the yield
condition for a beam, it is necessary to find the combinations of the bending moment and
the membrane force, which cause the cross-section of a perfectly plastic beam to become
fully plastic, see for example Jones (1989). Here a simple model is used to estimate the
switch between the two modes. The ultimate load P of a fully clamped beam with a plastic
moment M, can be expressed as

1 1
P=2M,—+ — 4.5
p (bl + b2> ( )
where b; and b, are the distances from the point of loading to the boundaries.

In pure tension the resistance of a beam can be expressed as

1

1

where NV, is the fully plastic axial force.

By use of Eqgs. (4.5) and (4.6) and requiring continuity for the function P, the resistance
can be expressed as

1 1 2M,

p_ 2M, (H + E) for wy < Npp
- 2M,
Nywy (i + é) for wq > N:

Fracture of the beam will occur when the critical strain is reached. After fracture the
resistance of the beam will be reduced to zero.

4.4 Modelling of the Internal Mechanics in the Side
Structure

Modelling of the internal mechanics in the side structure is based on the principle that the
area of the struck ship which is affected by the collision is restricted to the area touched by
the bow of the striking vessel, see Section 4.2. For the simplified analysis the structure in
contact with the bow is divided into its structural components or super elements, e.g. plates,
crushing elements or beams. By summing up the crushing force of each super element, it is
possible to determine the total contact load between the two involved vessels.

In order to allow fast input, or description of the structure, it is assumed that all elements can
be located only longitudinally, transversely or vertically, and that the material is described
by Young’s modulus, the flow stress, the fracture toughness and the critical strain to fracture.
The critical strain to fracture can for most ship structure be set to 5-10
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When the side structure of the struck vessel is defined, it is separated into two types, principal

and secondary structure. The principal structure can be stiffened by secondary structure;
the secondary structure cannot be stiffened further.
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Figure 4.9: Definition of ship’s structure.

a4

=

luaanyingg
\

Principal Structure

1 The ship’s bottom

2 The inner bottom

3 The weather deck

4 The ship’s side

5 The inner side

6 Mid-deck

7 Transverse bulkhead
8 Longitudinal bulkhead

Longitudinal Secondary Structure
9 Floor

10 Stringer

11 Stiffener

Transverse Secondary Structure

12 Floor
13 Girder
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14 Frame
15 Stiffener

Calculation Elements
For simplification of the analysis, the pre-defined ship’s structure is divided into four cate-
gories, namely longitudinal elements, which extend all the way between fore and aft of the
ship, transverse elements extending from top to bottom, single elements and elements for
further penetration. The calculation elements can easily be transformed into super elements
during bow penetration.

Long. elements Transv. elements Single elements

Bottom Transv. bulkhead Transv. stiffeners at bottom

Mid-deck Frames at side Transv. stiffeners at mid-deck

Weather deck Transv. stiffeners at side | Transv. stiffeners at weather deck

Inner bottom Girders Transv. stiffeners at transverse bulkheads
Stringers Transv. stiffeners at inner bottom

Long. stiffeners Transv. floors

Elements for further penetration

Long. bulkhead stiffened vertically or horizontally

Longitudinals at weather deck, mid deck, inner bottom and bottom
Vertical stiffeners at transv. bulkhead

Longitudinal floors

Inner side stiffened vertically or horizontally

4.4.1 Validation Examples based on Structural Elements
Double Hull Test by Nagasawa and Tani (1977)

Nagasawa and Tani (1977) carried out experiments simulating an indentation of a bridge
pillar into the side of a vessel. The vessels were both transversely and longitudinally stiffened.
Five tests were performed.

The indentor or the bridge pillar was a cylinder with a radius of 300 or 450 mm. A parabola
approximates the form of the indentor or the pillar. By use of the Taylor expansion the
circular indentation can be described by

1
y = Ar? where A = ¥ and R is the radius of the indentor.

Transversely Stiffened Vessels
Three tests were performed with a transversely stiffened side construction.

Principal dimensions / parameters not changed during the tests:
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Depth of frames is 45 mm

Height of ship’s side is 800 mm

Material yield stress is 250 M Pa

Spacing between transverse frames is 55 mm

The thickness of the structural components and the radius of the indentor were varied in the
three tests according to Table 4.1.

Figures 4.10 to 4.12 show the comparison between measured and calculated values for the

load and the absorbed energy as a function of the penetration.

agreement between measured and calculated values.

Table 4.1: Variable parameters for transversely stiffened side.
Side plate | Deck / bottom | Transv. frames | Indentor
thickness thickness thickness radius
[mm] [mm] [mm] [mm]
T1 1.2 1.2 1.6 450
T2 1.6 1.6 2.3 450
T3 1.2 1.2 1.6 300

The figures show good

Longitudinally Stiffened Vessels

Two tests were performed with a longitudinally stiffened side construction. The structure
was not changed during the test, only the radius of the indentor was varied. In test no. 4
the radius was 450 mm and in test no. 5 it was 300 mm.

Principal dimensions / parameters not changed during the tests:

Height of ship’s side is 800 mm

Depth of frames is 80 mm

Spacing between transverse frames is 319 mm

Material yield stress is 250 M Pa

e Thickness of bottom, side and deck plating is 1.6 mm

The longitudinals are flat bars 35 x 1.2 mm with a spacing of 67 mm

Figures 4.13 to 4.14 show the comparison between measured and calculated values for the
load and the absorbed energy as a function of the penetration. A good agreement between
measured and calculated values is seen.
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Double-Hull Test by Amdahl and Kavlie (1992)

Amdahl and Kavlie (1992) performed model tests simulating a double hull indented by a
rigid hexagonal body. The tests originally simulated grounding, but the tests are also useful
in side collision analysis.

Two different structures were examined.

Model 1

The geometry is shown in Figure 4.15.
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Figure 4.15: Model 1 (Amdahl and Kavlie (1992)).

Side Shell t =4mm oo = 390M N/m?
Inner side shell ¢ = 4mm oo = 390M N/m?
Frames t =3mm  Spacing = 548mm oy = 380 M N/m?
Stringer decks ¢ =4mm  Spacing = 540mm oy = 380 M N/m?

2

Longitudinals 75 x 3mm  Spacing = 180mm oy = 405M N/m
The fracture strain is not given but is set to 7%.

The geometry of the indentor was not specified in detail (”hexagonal truncated cone”), but
it was stated that the indentor came into contact with the nearest girders and floors after
a penetration of 207 mm. The distance from the striking point to these members was 540
mm. A bulb with a length of 0.6m here approximates the indentor. The vertical radius of
the bulb can then be calculated as

(7)? (0.540)2

Ry = Rp == = 0.6750-
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The horizontal radius must be § times smaller to obtain the best agreement with a hexag-
onal cone.

The bulb or the indentor can then be described by the following parameters:
Ry =06m Ry =0846m Ry=0.732m

The results from the experiment and the calculation are shown in Figure 4.16. It is seen
that there is a good agreement between measured and calculated values. Small differences
may arise from the geometry approximation of the indentor.
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Figure 4.16: Calculated and measured load and energy absorption versus penetration, ex-
periment with model 1.

Model 2

The geometry is shown in Figure 4.17.

Side Shell t =4mm o9 = 380M N/m?
Inner side shell ¢ = 4mm o9 = 380M N/m?
Frames t =3mm Spacing = 540mm oo = 400M N/m?
Stringer decks ¢ =4mm Spacing = 1530mm oy = 400M N/m?

2

Longitudinals ~ 75z3mm Spacing = 180mm oy = 350M N/m

The three middle frames are equipped with stiffeners. The centre frame is equipped with a
stiffener for every longitudinal, the other frames for every second longitudinal, the stiffeners
are flat bars 40 X 3 mm. Se also figure 4.17. The fracture strain is not given but is set to

%.
The indentor has the same dimensions as the indentor in the model 1 experiment.

The results from the experiment and the calculation are given in Figure 4.18. It is seen that
there is a good agreement between measured and calculated values.
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Figure 4.17: Model 2 (Amdahl and Kavlie (1992)).
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Figure 4.18: Calculated and measured load and energy absorption versus penetration, ex-
periment with model 2.
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4.5 Modelling of the Mechanics of Bow Crushing

The analysis of bow crushing will here be separated into two parts. One dealing with
longitudinal stiffened bows, the other with transversely stiffened bows.

Figure 4.19: Bulb deformation of M/S Tadeusz Koseiuszko (Lehmann and Yu (1995)).

Deformation of Longitudinally Stiffened Bow

A method for determination of impact loads as a function of deformation for bow collisions
against rigid walls has been developed by Pedersen et al. (1993). The method is based on a
modification of Amdahl’s method (Amdahl, 1982), which has been established on the basis
of theoretical considerations of energy dissipated during plastic deformation of basic super
elements. The formula for the average crushing strength is given by

0.67
n, + 0.31ng A 0.25
0.87 4+ 1.27 ( I (4.7)

nAT ne + 0.31ny

0.67
TLATt2:|

o. = 2.4209 [ I

The total crushing load is found by multiplying by the associated cross-sectional area of the
deformed steel material F, = o.,A. Other symbols:

Oc average crushing strength of bow

00 flow stress

t average plate thickness of cross-section under consideration
A cross-sectional area of deformed steel material

Ne number of cruciforms or X-sections

ny  number of T-sections

nar number of angle- and T-sections
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Deformation of Transversely Stiffened Bow

The method developed by Pedersen et al. (1993), Eq. (4.7), is by Lehmann and Yu (1995)
said not to be suitable for transversely stiffened bows. They developed a method based on
a study of crushing of conical shell structures. The shell plating of the bulb is idealised as a
series of short conical shells with different cone angles. The average crushing load for each
shell is given by

27TRZ'
L

L
F, = 2.090,t” ot (7 +2¢) tan g + 1 (4.8)

List of symbols:

op ultimate strength of steel
t  plate thickness

L frame spacing

R; effective radius

¢  conic angle

Internal elements such as decks and longitudinal bulkheads are treated as super elements,
where the crushing strength is calculated by use of Eq. (4.7).

Comparison of Formulas for Bow Crushing

Forecastle deck 20.0m abl

Upper deck 17.610 m abl

Peak deck 14.250 m abl

Deck 11.500 m abl

Deck 9625 m abl

Deck 5.875 m abl

2
2

Figure 4.20: Bow geometry of a 51,800 DW'T bulk carrier.

The two equations, Eq. (4.7) and Eq. (4.8) are compared for a transversely stiffened bow.
The crushing load is calculated for a 51,800 DW'T bulk carrier. Main data and bow geometry
are found in Appendix A, Table A.1, and the scantlings of the transversely stiffened bulb are
found in Appendix A, Table A.2 and Figure 4.20. The forces calculated by the two equations
are quite similar, as seen by a comparison of the force-deformation curves in Figure 4.21.
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Figure 4.21: Comparison of Eqs. (4.7) and (4.8). Crushing of the bulb of a 51,800 DW'T

bulk carrier (transversely stiffened).

Comparison of Longitudinally and Transversely Stiffened Bows
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Figure 4.22: Calculated load deflection curve for the 40,000 DWT container vessel (longitu-

dinally stiffened) and the 51,800 DWT bulk carrier (transversely stiffened).

Before a presentation of the effect of the crushing deformation of the bow of the striking
vessel, the variation in bow strength for two differently stiffened vessels is considered. The
two vessels to be compared are a container vessel of 40,000 DWT with high ice class and a
bulk carrier of 51,800 DWT. The geometrical data for the two vessels is shown in Appendix
A, Table A.1, the scantling data for the container vessel is given in Pedersen et al. (1993)
and the structural data for the bulk carrier is found in Appendix A, Table A.2 and Figure

4.20.

The two vessels are comparable in size and geometry, but the structural layout of the two
bows is different. The method of calculation is the model developed by Pedersen et al. (1993),
see Eq. (4.7). The result is that the bow of the bulk carrier, which is transversely stiffened,
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shows a significantly lower resistance, as seen by comparison of the force-penetration curves
in Figure 4.22.

4.6 Deformation of both Striking and Struck Vessel

Deformation of the Striking Vessel

Striking Vessel

Struck Vessel
& %

Figure 4.23: Deformation of vessels during collision. The A’s relate to areas not lengths.

The analysis of collision scenarios, where both the striking and the struck vessel can be dam-
aged, is carried out in penetration steps. Only one of the involved vessels can be deformed
in each step. By a comparison of the crushing forces for respectively the bow and the side,
it can be determined which vessel deforms during the considered step. Before calculation of
the deformation of the two vessels the following calculations are carried out:

1. Force-penetration curve Fi.,.x(04) for the struck vessel, where the striking vessel is
rigid

2. Force-penetration curve Fjiking(0p) for the striking vessel, where the struck vessel is
rigid

If the striking vessel is equipped with a bulbous bow, the analysis of the crushing forces
is separated into a bulb analysis and an analysis of the top of the bow above the bulb. A
commonly used procedure for taking into account the deformation of the bow is to compare
the two above mentioned force-penetration curves, Fyuex(94) and Fyyiking(05), at each step.
This approach, however, only includes a very limited level of interaction. In reality, the force-
penetration curve for the side of the struck vessel is a function of the deformation of the
bow, and vice versa. This stronger interaction is taken into account by comparing the forces
F4 and Fg, which are determined as
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Struck vessel  F4 = Fstmck((SA)Ai,,,

Striking vessel Fp = Fyriking(04 + 0B)

where
Fy force to crush the struck vessel
Fp force to crush the striking vessel

Fyiruer  force from the force-penetration curve for struck vessel,
where the striking vessel is rigid

Ftriking force from the force-penetration curve for striking vessel,
where the struck vessel is rigid

0a penetration into the struck vessel

0B deformation of the striking vessel

A cross-sectional area of the striking vessel taken at a distance of
04 + 0p from bow or bulb tip

A" cross-sectional area of the striking vessel taken at a distance of

04 from bow or bulb tip
See also Figure 4.23.

The forces on the struck and the striking vessel 'y and F are compared

o If Fy > Fp

deformation of striking vessel, dp, is increased
o If Fg > F,

deformation of struck vessel, §4, is increased

The reason for correcting the resistance of the struck vessel is that if the bow is deformed,
the resistance is approximately equal to the force on the side times the ratio between the
areas. For a single-hull vessel the correction will have nearly no influence, but for a double-
hull vessel, there will be some corrections when the bow penetrates the inner side, see
Figure 4.23. When the deformation patterns of the struck and the striking vessel are known,
the total absorbed energy can be calculated by integration and compared with the energy
calculated by the external dynamics, see Chapter 3.
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Chapter 5

Deterministic Analysis of Collisions

This chapter presents a method for prediction of damage to vessels in a collision event. The
analyses are purely deterministic, as both the struck and the striking vessel are known. The
method is based on the external dynamics and the internal mechanics described in detail in
Chapters 3 and 4.

The chapter starts with a description of the program modelling. Three programs have
been developed for the deterministic analysis. The program structure is described in detail,
including the necessary input and the program output.

The results from the developed program have been compared to results from other programs
for analysis of collisions. Two series of comparisons are made. First results for force and
energy absorption as function of the penetration are presented for a collision between two
Ro-Ro vessels. The comparison is made between calculation models developed by Hysing
(1995) (Det Norske Veritas), Scharrer (1996) (Germanischer Lloyd) and the present model.
Then the results from the present model are compared to results obtained by use of three
other collision models: DAMAGE developed by Wierzbicki and Simonsen in connection with
the Joint MIT-Industry Program on Tanker Safety, ALPS/SCOL developed by Prof. Paik
in Korea and SIMCOL, Simplified Collision Model, developed by Prof. Brown from Virginia
Tech.

In order to investigate the sensitivity of the collision analysis, the effect of changing the
striking location and the design of the side of the struck vessel have been analysed.

The last section in this chapter deals with minor damages to vessels. Minor damages may
arise at sea during collision with floating objects or by contact with obstacles during manoeu-
vring in harbour areas. The question of how large permanent deformation can be accepted
without repair of the vessel is raised in this section. See also Liitzen (2001).
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5.1 The Tools - Damages in Collision Events
Three programs for deterministic analysis of collisions are developed.

1. Deformation of the struck vessel, see Section 5.1.1
2. Deformation of the bow of the striking vessel, see Section 5.1.2

3. Deformation of both vessels, see Section 5.1.3

In the first program, deformation of the struck vessel, the bow of the striking vessel is
assumed to be rigid, whereas the side of the struck vessel is assumed to be rigid in the
second program regarding deformation of the bow of the striking vessel.

All the programs make use of a subroutine for calculation of the energy released for crushing,
see Chapter 3 on external dynamics.

The programs are all written in the Microsoft Visual C++ language.

5.1.1 Program 1: Deformation of the Struck Vessel

The overall goal of the first program is to determine the resistance of the side structure, the
energy released for crushing and the damage to the struck vessel. Subroutines calculating
the external dynamics and the internal mechanics are used for the program. The input
parameters for the program are information on the main particulars and the structural
design of the struck vessel, the main particulars and the bow geometry of the striking vessel
and finally a collision scenario describing the striking location, the collision angle and the
velocity of both the struck and the striking vessel, see Figure 5.1.

Main particulars
and design

of struck vessel

Main particulars
of striking vessel
Collision
scenario

Figure 5.1: Determination of energy released for crushing.

Resistance

Collision program Energy

External - Internal

Damage

A flow chart for the developed program is shown in Figure 5.2.
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Data Input

External Dynamics

Element Finder

Find Elements Touched If Bulb: Find Elements
by a Conventional Bow Touched by the Bulb

Find Active Elements

Calculate Total Resistance

and Energy Absorption

Compare Energy

Calculate Damage
to Struck Vessel

Increase Penetration End

L ]

Figure 5.2: Collision program - damage to side of struck vessel.

Data Input Three data files must be provided for the program

e Structural layout of the struck vessel
e Main particulars of both vessels, including bow geometry of the striking vessel

e Description of the collision scenario
The files are described in detail in Appendix B.
External Dynamics Calculates the energy to be absorbed using rigid body dynamics

Element Finder Finds all super elements at the side of the struck vessel such as membrane
plates, in-plane deformation of plates, X- or T-elements and beams

Find Elements Touched by a Conventional Bow Finds all involved elements touched
by the striking bow

If Bulb: Find Elements Touched by the Bulb If the bow of the striking vessel is equipped
with a bulb, all elements in contact with the bulb are found

Find Active Elements For elements in contact with both the bow and the bulb, it is here
determined which to neglect and which to include in the analysis
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Calculate Total Resistance and Energy Absorption By summing up the crushing forces
of each super element, the total contact load between the two involved vessels is de-
termined. The absorbed energy is found by integration of the force-deformation curve

Compare Energy The energy calculated by the external dynamics and the internal me-
chanics is compared

Calculate Damage to Struck Vessel The damage to the struck vessel is determined

Increase Penetration If the energy calculated by the external dynamics is greater than
the absorbed energy, the penetration is increased and the calculation loop is continued

End The penetration into the struck vessel stops when the energy absorbed by structural
deformation reaches the loss in kinetic energy calculated by the external dynamics

Output from the program is the damage length, the damage height and the penetration.
The damage is calculated for a penetration corresponding to a situation where all energy
determined by the external dynamics is absorbed in the structure of the struck vessel. The
total resistance and the absorbed energy are given as a function of the penetration into the
struck vessel. The resistance for respectively the bulb and the top of the bow areas is also
given as a function of the penetration.

5.1.2 Program 2: Deformation of the Bow of the Striking Vessel

The overall goal of the second program is to determine the total resistance of the striking bow
and from this estimate the energy absorbed during deformation. The method of calculation
is a model developed by Pedersen et al. (1993), see Section 4.5.

Data Input Two files must be provided for the program:

e Structure in the bow of the striking vessel

e Bow geometry of striking vessel
The files are described in detail in Appendix B.
Structural Component Finder Finds all structural elements in the striking bow

Find Elements and Area at Conventional Bow All involved elements in the striking
bow are found. The number of X-, T- and L-elements is determined and the resistance
for a given indentation is calculated

Find Elements and Area at Bulb If the bow of the striking vessel is equipped with a
bulb, all construction parts in the bulb are found and the resistance is calculated
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Data Input

Structural Component
Finder

Find Elements and Area Find Elements and Area

of Conventional Bow at Bulb

Find Active Elements

Calculate Total Resistance

and Energy Absorption

Increase Deformation End

L ]

Figure 5.3: Collision program - damage to bow of striking vessel.

Find Active Elements Elements used in both the bow and the bulb analysis are found.
It is here determined which to neglect and which to include in the analysis

Calculate Total Resistance and Energy Absorption By summing up the crushing forces
of the bulb and the top of the bow, the total contact load is determined. The force-
deformation curve is integrated to give the absorbed energy

Increase Deformation If the deformation is below a pre-defined level the deformation is
increased

End The penetration into the struck vessel stops when the pre-defined level for deformation
is reached

The output from the program is the total resistance and the absorbed energy given as a
function of the deformation of the bow of the striking vessel. The resistance and the areas
for respectively the bulb and the top of the bow are also given as functions of the deformation.

5.1.3 Program 3: Deformation of Both Vessels

Collision events where both the striking and the struck vessel can be damaged are analysed
in the third program. By a comparison of the crushing forces for respectively the bow and
the side of the struck vessel, it can be determined which vessel deforms. For further details
of the theory and symbols, see Section 4.6.
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Data Input

Determine the Areas
A" and A"

Determine the forces F for
Struck : Fy, Striking Fpg

|
| |
Fq > Fp Fp > Fa
Def. of Striking Vessel Further Penetration
| |
|

Calculate the Total
Absorbed Energy

Further Penetration End

L ]

Figure 5.4: Collision program - damage to both the struck and the striking vessel.

Data Input Two files must be provided for the program:

e Struck Vessela Fbulb; Fbow; Ftotal

e Striking vessel, Fyuip, Fyow, Frotar, Areas

Furthermore, the energy from the external dynamics must be given. The files are
outputs from the programs described in Sections 5.1.1 and 5.1.2.

Determine the Areas A’ and A” Calculation of the cross-sectional area of the striking
vessel for given penetrations

Determine the Forces F4 and Fz Determination of the force to crush the struck vessel,
F 4, and the force to crush the striking vessel, Fg

Fy, > Fg and Fg > F, Determination of which vessel will deform in this particular pen-
etration step

Calculate the Total Absorbed Energy Calculation of the energy absorbed in both the
struck and the striking vessel

Further Penetration Increase of increment

End The deformation of the vessels stops when all the energy determined by the external
dynamics is absorbed in the structure of the two vessels

Output from the program is the deformation of the bulb and the bow of the striking vessel
and the penetration into the struck vessel.
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5.2 Comparison of Different Collision Programs

Two series of comparisons are made in this section. First a comparison of force and energy
absorption as a function of the penetration for a collision between two Ro-Ro vessels is
presented, the comparison is made between calculation models developed by Hysing (1995),
Scharrer (1996) and the present model. Then the results from the present model have been
compared to results obtained using three other collision models.

It is in all examples assumed that the bow of the striking vessel is rigid, which means that
only the side of the struck vessel will deform.

5.2.1 Comparison of Force and Energy Curves for a Ro-Ro Vessel

150 m RoRo Vessel
PL5.0
z —— Z=194m
540%7
450 10
PL7.5
PLSO "\130x65x8
4 — z=16Tm
5407
5010
PL 100
PLSO "N 130x65x8
4 — z=140m
600x7
STR3
150x10 -
N2 MNeLs —— Z=Him
,PL10O "\45027
——Z®85m
480x7
STR2
Nioxi12 4 —Zellm
PLYS 750 | “PL 162
4 2 T=60m  — Zes7m
2 150x75x8
STR1
4 — Z=35m
PLYS |
s 2 [NPL120 Z-12m
PL10S
—_—Z=0
N\ PL120

‘Web frame spacing =2.4 m STR1: 700x 12/100 x 20
STR2: 600 x 12/100 x 20
STR3: 200x 9/90x 13

Figure 5.5: Midship section of the Ro-Ro vessel (Hysing (1995)).

Scharrer (1996) and Hysing (1995) made a series of calculations where striking vessels with
conventional and bulbous bows strike Ro-Ro vessels in oblique collisions. The results from
some of their examples are here compared with the results from the present method.

Struck Vessel

The main particulars of the Ro-Ro vessel are shown in the table below.

L,y m] | B [m] | T [m] | A [tonnes]
150.00 | 27.0 | 6.0 15800
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The critical rupture strain of the structure is taken to be 5% and the yield strain of the
steel to be 235N/mm?. Scharrer and Hysing also used these parameters. The impact point
is located between two frames. The detailed structure of the midship section is shown in
Figure 5.5.

Striking Vessel

Four situations are analysed, a ballast and a fully loaded condition with both a conventional
and a bulbous bow. The displacements of the vessels are not given but are estimated by
a block coefficient of 0.65. The main particulars of the striking vessel for the two loading
conditions are shown in Table 5.1.

Table 5.1: Main particulars of striking vessel.

Lpp m] [ Bm] [T [m] | Aft] [ Haeck[m] | B¢ m~"] | By [m~"] | ¢ [*]
Ballast, conv. bow 160.00 24.6 6.41 | 16800 16.3 0.15 0.43 68
Loaded, conv. bow 160.00 24.6 9.11 | 24000 16.3 0.15 0.43 68
Ballast, bulbous bow 160.00 24.6 6.41 | 16800 16.3 0.15 4.22 56
Loaded, bulbous bow | 160.00 24.6 9.11 | 24000 16.3 0.15 4.22 56

If the striking vessel is equipped with a bulbous bow, the bulb parameters are taken to be
R; = 5.6m Ry =4.0m Ry = 3.5m Rp=13m

See Section 4.1 for a description of the bulb parameters.

Calculation Results

The force and energy absorption as a function of the penetration calculated by Hysing,
Scharrer and by the present method are shown in Figures 5.6-5.8. Considering the complexity
of the problem, the comparisons indicate that good agreement has been achieved.
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Figure 5.6: Energy absorption of struck vessel, striking vessel with bulb : Left loaded, right
ballast.
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Figure 5.7: Forces, ballast condition: Left striking vessel with bulb, right striking vessel
without bulb.
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Figure 5.8: Energy absorption of struck vessel, striking vessel without bulb: Left loaded,
right ballast.
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5.2.2 Comparison of Calculation Models Using a Tanker

The results from the present model are compared to results obtained by three other quite
recent, collision models: DAMAGE developed in connection with the Joint MIT-Industry
Program on Tanker Safety, ALPS/SCOL developed by Prof. Paik in Korea and SIMCOL
(Simplified Collision Model) developed by Prof. Brown from Virginia Tech. A short descrip-
tion of the models, except the present model, is given in the following sections. See also
Brown et al. (2000).

DAMAGE Ver. 4.0 (Abramowicz and Sinmao (1999),Simonsen (1999))

The DAMAGE 4.0 collision model solves the external problem uncoupled from the internal
problem and applies the calculated absorbed energy to plastic deformation of the struck
vessel. Forward motion of the struck vessel is assumed to be zero and only right angle
collisions are considered. Determination of the external dynamics is based on the rigid body
mechanism. The model for the internal mechanics is based on the super element method.

ALPS/SCOL (Paik et al. (2000), Paik and Pedersen (1996))

ALPS/SCOL is a coarse-mesh 3-D non-linear finite element code using super elements based
on the Idealised Structural Unit Method (ISUM). The analysis of the external dynamics and
the internal mechanics is performed separately. The velocity of the struck vessel is assumed
to be zero. The added masses for the struck and the striking vessels used in the external
analysis are directly calculated based on ships of similar type and size by use of a computer
program based on linear strip theory.

SIMCOL (Chen (2000))

SIMCOL (Simplified Collision Model) uses a time-domain simultaneous solution of the ex-
ternal dynamics and the internal mechanics similar to a method originally proposed by
Hutchison (1986). The external model uses a three-degree-of-freedom system for ship dy-
namics. The internal model determines forces from side and bulkhead structures using
mechanisms adapted from a Rosenblatt study (McDermott et al. (1974)). Crake, Rawson
and Brown (Rawson et al. (1998), Crake (1995)) developed the first version of SIMCOL as
a part of the work of SNAME Ad Hoc Panel #3. Based on further research, improvements
were made by Chen and Brown at Virginia Tech (Chen (2000)). The program determines
the energy absorbed by the crushing and tearing of decks, bottom and stringers using a
Minorsky correlation.

Comparison

The four programs have been used for modelling the same collision scenarios involving a
double-hull tanker as the struck vessel and a bulk carrier as the striking vessel.

The Struck and the Striking Vessels

The baseline struck vessel used for comparison is a 150,000 DWT double-hull tanker. The
tanker is modelled to be consistent with the dimensions of the 150,000 DWT reference
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tanker in the IMO Interim Guidelines (IMO, 1995). HECSALV and Safehull have been
used to develop the details of the design to ensure that the arrangement satisfies the IMO
regulations and that the structural design satisfies classification requirements.
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Figure 5.9: Baseline tanker, 150,000 DW'T double-hull tanker, (IMO, 1995).

Main particulars of the 150,000 DWT double-hull tanker:
Dead weight 150,000 tonnes
Displacement 178,867 tonnes

Length 264.00 m
Breadth 48.00 m
Depth 24.00 m
Draught 16.80 m

A description of the scantlings and the material parameters is found in Appendix A, Table
A3.

The striking vessel is a 150,000 DW'T bulk carrier. The geometry of the bow of the vessel
is found in Appendix A, Table A.1. The scantlings are described in detail in Pedersen et al.
(1993). The bow of the striking vessel is in all the calculations assumed to be rigid.

Model Test Matrices

Three scenario test matrices are used in the comparison study. Since the focus of the test is
on the penetration, zero speed of the struck vessel is used in all the cases. Scenarios for the
test matrices are described in Table 5.2.

Results

Representative results from the matrices 1-3 are shown in Figures 5.10 -5.12. The figures
show the transverse penetration into struck vessel as a function of the particular variables
in each matrix. The results reveal a difference between the models. DAMAGE generally
predicts the lowest penetration and ALPS/SCOL generally the highest. The difference may
reflect the different bow model geometry resulting in more or less crushing elements, but
unfortunately this has not been examined further.
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Table 5.2: Test matrices.
Struck vessel | Striking vessel Collision Striking
speed speed angle location
[knt] [knt) [deg] [m from ®]
Matrix 1 0 34567 90 625,295, 3.5,
36.5, 69.5, 102.5
Matrix 2 0 3.4,5,6,7 90 1.85, 2.675, 3.5,
4.325,5.15
Matrix 3 0 34567 45, 60, 75, 90, 35
105, 120, 135

Results from matrix 1, Figure 5.10, show to a great extent the effect of the external dynamics,
i.e. most energy has to be absorbed around midships. SIMCOL shows a large variation in the
penetration as a function of the global striking location, particularly at low energy collisions.
ALPS/SCOL has a similar, but lesser tendency.

Results from matrix 2, Figure 5.11, show the reduction in the penetration when the striking
location is on the web (3.5 m). The reduction is most significant for the SIMCOL, the other
programs reveal a similar tendency, but less pronounced decrease. The results are remarkably
consistent, maybe because of the relatively wide bow of the striking vessel compared to the
web frame spacing.

In matrix 3, Figure 5.12, the penetration is shown as a function of the collision angle. The
striking location is on the web nearest midships (3.5 m). The current version of DAMAGE
is only able to consider right angle collisions, so DAMAGE is not used in this matrix. The
figures show the effect of the external dynamics. In the considered cases, the velocity of the
struck vessel is zero, which results in the deepest penetration for a right angle collision.

5.3 Sensitivity Analysis for a Crude Oil Carrier

In order to investigate the sensitivity of the collision analysis results, this section presents
numerical analyses of the effect of changing the striking location and the design of the side
of the struck vessel.

It is in all the examples assumed that the bow of the striking vessel is rigid, which means
that only the side of the struck vessel will deform.

The first part deals with the striking location. The following changes have been investigated:
a) the local collision location relative to the web framing, b) the global longitudinal striking
location along the hull girder, and finally ¢) the vertical striking location, i.e. the influence
of the loading condition of the involved vessels.

The second part of the analysis deals with the design of the struck vessel. The influence of
the following parameters on the energy absorption is investigated: the thickness of the side
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Figure 5.11: Matrix 2 : Left V, = 3.0 knots, right V, = 7.0 knots. Web frame at 3.5m.
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Figure 5.12: Matrix 3 : Left V,, = 3.0 knots, right Vj, = 7.0 knots.
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shell, the thickness and spacing of the frames, and the thickness and spacing of the stringer
decks.

Two specific vessels have been treated in all the sensitivity analyses. The struck vessel is a
105,400 DW'T double hull crude oil carrier. The main data for this vessel is:

Length 234.0 m
Breadth 42.0 m
Depth 21.0 m
Draught 14.9 m
Displacement 122,870 t

A description of the scantlings is found in Appendix A, Tables A.4 and A.5, see also Figure
5.13.

The striking vessel is a 40,000 DWT container vessel with high Baltic ice class (DNV ice
class 1B). Main data and bow geometry are found in Appendix A, Table A.1. The scantlings
are found in Pedersen et al. (1993).
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Figure 5.13: Scantlings of 105,400 DW'T crude oil carrier. Left: cargo hold section. Right:
engine section.
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5.3.1 Sensitivity to the Striking Location

Sensitivity to Longitudinal Striking Location (Local)

To determine the effect of either striking a transverse web frame or having the collision
point between two web frames, a right angle collision is considered. The struck vessel has
zero speed. The striking vessel has a velocity of 3, 5 or 7 knots. Both vessels are fully
loaded. The collision locations are all placed in the tank amidships. Figure 5.14 (left) shows
the penetration into the struck vessel as a function of the striking location. The plan view
of the side structure of the double-hull side of the tanker is also depicted in Figure 5.14.
The penetration patterns for the 5- and 7-knot collision speeds are similar. A decrease in
penetration occurs, when the striking location is between two frames. The main reason for
this decrease in penetration is that when the bow is between two frames, it will early come
into contact with both frames. The case where the velocity of the striking vessel is 3 knots is
different. The deepest penetration occurs if the striking location is between two frames. The
main absorption of energy will in this case be from plates in tension as crushing elements
are touched late in the process. A decrease in frame spacing or a striking vessel with a more
slender form will cause the curves to be more flat.
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Figure 5.14: Penetration into a 105,400 DW'T crude oil carrier as a function of striking
location (left local, right global).

Sensitivity to Longitudinally Striking Location (Global)

It will now be investigated whether it is important to model in detail the variation of the
contact point along the length of the hull. Figure 5.14 (right) shows the results of such
an analysis. The penetration into the struck double-hull crude oil tanker is plotted as a
function of the striking location. The striking positions are in the centre of each cargo tank
at a frame and in the centre of the engine room aft. The collision is again a right angle
collision, where the struck vessel has zero speed. The striking vessel has a velocity of 3, 5 or
7 knots. Both vessels are fully loaded. The figure shows the effect of the external dynamics,
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i.e. most energy has to be absorbed around the midships. In the aft part of the struck
vessel, which is a single-hull section in the engine region, there is a slight modification in
the penetration pattern. For the 3-knots case, there will be a decrease in the penetration,
which is due to the relatively thick mid -decks in the engine section and only few crushing
elements being touched in the hold region. In the 5-knots case the penetration will increase
in the engine region. In this case many elements will be crushed in the hold section, whereas
only mid-decks are touched in the engine section. The penetration curve is flattening in the
7-knots case, where the bow will penetrate a longitudinal bulkhead in the engine section.

Sensitivity to the Vertical Striking Location
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Figure 5.15: Penetration into struck vessel, varying draught of striking vessel. Left: struck
vessel fully loaded. Right: struck vessel in ballast.

In order to analyse the importance of the vertical striking location in a collision, the same
two vessels are considered, i.e. the striking 40,000 DWT container vessel and the 105,400
DWT crude oil carrier described earlier. Again the collision is a right angle collision with
zero speed of the struck double hull tanker. The striking container vessel has a velocity of
7 knots. The crude oil carrier is either fully loaded or in ballast, as these conditions are
normal for tankers. The crude oil carrier has a displacement of 17,000 tons and a draught of
2.1 m in ballast. The calculations show that the largest penetration occurs, when the crude
oil carrier is fully loaded and the container vessel is in ballast. This is partly a result of the
external dynamics and partly because the striking vessel only touches the upper part of the
struck vessel. Figure 5.15 shows the envelopes of maximum penetration at varying draught
of striking vessel, the positions of bulb tip and bow tip are marked in the cross-section of
the struck vessel. It is remarkable that the only situation, where the striking vessel does
not penetrate the inner side of the struck ship is when both the crude oil carrier and the
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container vessel are in ballast, which is not a normal situation for a container vessel. The
large penetration is also remarkable, considering that the velocity, 7 knots, is close to the
lowest manoeuvrable speed for the container vessel.

5.3.2 Sensitivity to the Design

Five studies on changing the design of the struck ship’s side have been carried out. In all
the analyses the absorbed energy is calculated from the start of the impact until the striking
bow reaches the inner hull plating. This case corresponds to a penetration of 2.5 m. The
absorbed energy is compared to the energy as if the design was unchanged.

new

Figures 5.16 and 5.17 show the energy ratio E,.i, = % versus the increase in plate

thickness for side plating, stringer decks and frames. As it would be expected, the resistance
of the side structure is improved by increasing thickness. From the figures it is seen that the
energy absorption may be increased by 10-12 % by increasing the thickness of the structural
parts by 30 % (ex. 15 mm to 19.5 mm).

The number of stringer decks is increased in steps from three to six. The three-deck-case
is calculated twice, first where the decks are in their original location and then where the
stringer deck locations are equally distributed between the inner bottom and the weather
deck. The frame spacing is reduced in steps until 20 % of the original spacing. In Tables 5.3
and 5.4 it is seen that a decreasing spacing of frames or stringer decks is not always followed
by an increase in energy absorption. When the spacing is reduced, the lengths of the plates
at the side shell are also reduced, which may result in fracture for a smaller penetration.
If the spacing is strongly decreased, which is followed by an increasing number of crushing
elements (X or T) touched by the striking bow, the energy ratio is again increased.

Table 5.3: Stringer deck spacing.
4

Number of decks | 3 (orig.) 3 5 6
Spacing 4.05 / 4.86 | 4.675 | 3.74 | 3.12 | 2.67
Energy ratio 1 1.04 | 1.29 | 0.76 | 1.01

Table 5.4: Frame spacing.
Spacing 3.70 | 3.33 | 296 | 2.59 2.22 | 1.85 | 1.48 | 1.11 | 10.74
Energy ratio | 1 09710951092 089 | 0.84 | 0.77 | 0.98 | 1.13
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Figure 5.16: Changing thickness of side shell.
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Figure 5.17: Changing thickness of plates. Left: stringer decks. Right: frames.

5.4 Reduction in Penetration Due to Bow Deformation

In this section a sensitivity analysis is carried out using a series of computer simulations
of collisions involving 11 different ships in order to determine when the energy released for
crushing is absorbed by the bow of the striking vessel or absorbed by the side structure of
the struck vessel. Five different striking vessels are considered:

150,000 DWT bulk carrier (L = 274 m)
40,000 DWT container vessel (L = 212 m)
3,000 DWT general cargo vessel (L = 78 m)
2,000 DWT tanker (L = 69 m)

500 DWT coaster (L = 41 m)

DA
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The main particulars and geometry parameters of these five vessels are given in Appendix
A, Table A.1. The bow scantlings are found in Pedersen et al. (1993).

The present analysis is based on striking vessels with relatively strong bow structures. Since
most ships have bulbous bows and since bulbous bows are known to exert high collision
resistance, all the ships are analysed with bulbous bows. In order to obtain upper bounds
for the local bow collision loads the scantlings given in Pedersen et al. (1993) were taken
so that the vessels could obtain a Baltic ice class (DNV ice class 1B). To get sufficient ice
strength the bulbous bows on all five vessels are designed with longitudinal stiffeners at
decks, longitudinal bulkheads and outer shells. Ships without ice strengthening normally
have a transverse stiffening system such as the bulk carrier bow described in Section 4.5.

Six different struck vessels are considered. The struck vessels are separated into two groups,
tankers and Ro-Ro vessels. The tanker group consists of three vessels with lengths of 103
m, 198 m and 317 m, respectively. The vessel of 103 m is transversely stiffened, whereas the
two other vessels are longitudinally stiffened. The main particulars and the most important
structure are seen in Appendix A, Table A.6. The three Ro-Ro vessels are ships examined
by Hysing (1995) and Scharrer (1996) in the Joint North-West European Research Project.

Main particulars for three Ro-Ro vessels:

Ro-Ro1l Ro-Ro2 Ro-Ro3

Length [m] 58.0 150.0 180.0
Breadth [m] 13.0 27.0 31.5
Depth [m] 0.7 19.4 21.1
Draught [m] 3.5 6.0 7.0
Displacement  [t] 1,600 15,800 27,000

The scantlings are found in reports by Scharrer (1996) and Hysing (1995). Also for this
analysis the collision is a right angle collision, where the struck vessel has zero speed. The
striking vessel has a velocity of 4.0 m/s. In all cases the striking position is the frame nearest
midships of the struck vessel.

Main particulars for the three single hull tankers :

Tanker 1 Tanker 2 Tanker 3

Length [m] 103.0 198.0 317.0
Breadth [m] 15.5 29.9 56.6
Depth [m] 6.9 14.9 31.5
Draught m] 5.8 11.1 22.5
Displacement  [t] 7,400 52,400 330,300

The scantlings for the three tankers are found in Appendix A, Table A.6.

Table 5.5 (left numbers) shows the penetration into the struck vessel, when the striking
vessel is assumed to be rigid. The table proves to a great extent the effect of the external
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dynamics, i.e. the penetration is increased when the struck vessel has a larger displacement,
but there are exceptions. The penetration of the container vessel into the large tanker of 317
m is smaller than the penetration into the tanker of 198 m, which is due to the difference
in height of the two tankers. The top of the large tanker will be crushed earlier than that
of the medium tanker, which means that the struck vessel will absorb more energy. For
the smaller vessels, i.e. the general cargo vessel, the tanker and the coaster impacting the
smallest tanker, and the coaster impacting the smallest Ro-Ro vessel, the effect of a weak
shell plate penetrated by slender vessels with only a few frames touched is seen. Table 5.5
(right numbers) shows the calculated penetration into the struck vessel, when the actual
strength of the bow is considered. A large reduction in the penetration for the three smaller
striking vessels is seen, whereas the bow of the ice-strengthened bulk carrier and the container
vessel does not deform. The big reduction in penetration for the tanker striking the smallest
Ro-Ro vessel is partly due to a relatively weak bow, where the forepart deforms before it
penetrates rigidly into the side of the struck vessel, and partly due to the external dynamics.
The same situation is seen for the coaster impacting the small Ro-Ro vessel.
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Table 5.5: Penetration into struck vessel. Left numbers: striking vessel rigid. Right numbers:
actual penetration. *The bulk carrier penetrates the whole breadth of the vessel. Lower
numbers: Non-dimensional penetration (%).
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Struck vessels

Tanker 1, L = 103 m
A=7400t, B=155m 4.56/4.56 7.87/7.87 | 4.30/4.30 | 3.03/2.83 | 1.63/0.10
29.4/29.4 50.8/50.8 | 27.7/27.7 | 19.5/18.3 10.5/0.6

Tanker 2, L = 198 m
A =52400t, B=299m 16.10/16.10 | 19.31/19.31 | 2.30/1.30 | 1.50/0.30 | 0.70/0.20
53.8/53.8 64.6/64.6 7.7/4.3 5.0/1.0 2.3/0.7

Tanker 3, L = 317 m
A =330,300t, B =56.6m */*110.98/10.98 | 3.50/1.70 | 2.10/0.10 | 0.80/0.10
100.0/100.0 19.4/19.4 6.2/3.0 3.7/0.2 1.4/0.2

Ro-Ro 1, L =58 m
A=1600t, B=13.0m 3.32/3.32 3.00/3.00 | 2.40/2.40 | 2.00/0.10 | 1.50/0.20
25.5/25.5 23.1/23.1 | 18.5/18.5 | 15.4/0.8 | 11.5/1.5

Ro-Ro 2, L = 150 m
A =15800t, B=27.0m 8.60/8.60 7.40/7.40 | 3.60/2.80 | 2.10/1.80 | 1.00/0.50
31.9/31.9 27.4/27.4 | 13.3/10.4 7.8/6.7 3.7/1.9

Ro-Ro 3, L =180 m
A =27,000t, B=31.5m 9.00/9.00 8.20/8.20 | 3.70/3.60 | 2.30/1.90 | 1.20/0.40
28.6/28.6 26.0/26.0 | 11.7/11.4 7.3/6.0 3.8/1.3
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5.5 Minor Damages

Insurance company statistics shows that large sums are paid every year for repair of minor
contact damages. Minor ship impacts may arise at sea during collision with floating objects
or by contact with obstacles during manoeuvring in harbour areas.

When a ship collides with a floating object energy is released for structural deformation of
the vessel. Floating objects can be cargo lost from other ships such as containers and barrels
or nature-made objects as logs or floating ice bits. Loss of deck cargo may happen in bad
weather due to insufficient lashing combined with large motion or green water on deck. The
risk of colliding with a floating object depends on factors as the size and the geometrical
form of the object. Weather conditions and traffic density will influence the possibility of
detection of the object.

Most minor impacts occur during berthing manoeuvres in the harbour, or when the vessel
is alongside or passing narrow canals or locks. During harbour manoeuvres the vessel is
exposed to many forces, which may arise from own propulsion, mooring lines, wind, current,
swell, etc. To avoid unintended contact, the control options available for the navigator
during berthing of the vessel are e.g. rudder, thrusters, winches, anchors, and occasionally
tug assistance. In such a complex situation it is not surprising that the frequency of severe
impacts to a large extent depends on the experience and the education of the crew. Since
impacts cannot be avoided, it is necessary to design ships so that a certain robustness of the
hull structure is ensured.

The calculation of the external dynamics is based on a method developed by Pedersen
and Zhang (1998), see Chapter 3. The method is developed for ship-ship collisions, but
may as well be used for ship-object collisions and for vessels impacting a quay. When the
energy released for structural deformation during the impact is known, the next step is to
apply the internal mechanics analysis to prediction of the resulting structural deformation.
Structural elements such as plates or beams may withstand a pressure above the limit for
elastic deformation without unacceptably large permanent deformation after unloading. The
permanent deformation, which may be accepted, depends on the design and the type of the
vessel. Hughes (1981) has as a design criterion suggested that a permanent deformation of
the plate thickness is acceptable for merchant ships. If the vessel has been exposed to larger
deformation, ship repair may be required. As the velocity of a vessel is relatively small,
dynamic effects can be neglected.

Two application examples will be presented. The first example deals with a fender system
impact during a harbour manoeuvre. Contact forces and energy absorbed by the system
during the manoeuvre are calculated, and the maximum safe berthing velocity for the vessel
is estimated. Secondly a collision with a floating object will be illustrated by an example
where an ice-strengthened bulk carrier impacts a small iceberg. The plastic deformation of
the bow is given as a function of the mass of the iceberg and the velocity of the striking
vessel. For both examples the energy absorbed by elastic deformation of the ship structure
is negligible as in the rest of the study.
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5.5.1 Application Example: Harbour Manoeuvre

The manoeuvre of berthing a vessel is so difficult that the frequency of accidents is very
high. The increase in the size of vessels has made berthing manoeuvres even more difficult.
Special problems are related to large vessels, which are not able to enter some harbours and
therefore must berth in locations exposed to waves, swell and currents.

Berthing Velocities
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Figure 5.18: Berthing velocity as a function of navigational conditions for tankers of various
displacements, data from Pianc (1984).

In the berthing procedure the vessel is moved slowly towards the quay by tugs, thrusters
or mooring winches. During this procedure, the wind may push the vessel towards the
quay with a speed above what is desirable, or a strong current may cause the vessel to
drift in an undesirable direction. Berthing forces are a function of the vessel momentum
and the berthing velocity, where the impact velocity depends on the navigational condition,
the difficulties of berthing and the location of the quay. Figure 5.18 shows an empirical
relation between navigational conditions and velocity for tankers of various displacements.
The diagram is based on field data analysed by Pianc (1984).

The Fender System

The type and the size of a fender system in a specific harbour are mainly determined with
respect to the following considerations:

e The fender system must be capable of absorbing the loss in kinetic energy during the
procedure of berthing the vessel. If berthing the quay is difficult, the requirements of
energy absorption are stricter, as the velocity of the vessel may be increased

e If only small movements of the vessel are allowed during the loading/discharging pro-
cedure, a fender with small deformation for large energy absorption is required

e The size of the reaction force and the contact area of the fender must be considered
together with the design strength of the weakest part of the side shell
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From these considerations it can be concluded that the design of a fender system is highly
dependent on the vessels expected to berth at a particular quay.

Berthing a Tanker of 150 m in Length

Main particulars of the vessel: Scantlings:
Length (L) 150.0 m Frame spacing 3000 mm
Breadth (B) 234 m Plate thickness 18 mm
Draught (7) 9.7 m Spacing between longitudinals 600 mm
Displacement (A) 27721 ¢ Longitudinals 180 x 80 x 12/12
Yield strength 235 MPa
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Figure 5.19: Left: Deformation diagram for fender. Right: Energy to be absorbed by the
fender as a function of the collision location forward of midship for various velocities.

The added mass coefficients are assumed to be 0.05 for surge, 0.85 for sway and 0.21 for yaw
motion. The coefficient of friction between the fender and the side of the vessel is taken to
be 0.6. It is assumed that the vessel is berthed as parallel to the quay as possible, but that
only one fender is in contact with the side of the vessel. The design berthing velocity for
a tanker of approx. 30,000 t is of the size 0.1 to 0.2 m/s. (See Figure 5.18). The smallest
velocity is for berthing at sheltered quays and good berthing, the largest velocity for difficult
berthing at exposed quays.

The loss in kinetic energy or the energy to be absorbed by the fender as a function of the
collision location forward of midship is shown in Figure 5.19. The velocity is taken to be
0.05 m/s to 0.15 m/s. It is assumed that the quay is equipped with a fender system of the
buckling type (Derucher, 1983), the deformation diagram for this fender type is shown in
Figure 5.19 (left).

According to Agerschou and Lundgren (1983), the design height and length of a fender are
based on the size and the type of vessels, which will berth at a particular quay. For tankers
of 10,000 to 100,000 DWT the ratio between the fender height and the longitudinal spacing
should not be less than about two. For this example the smallest height is chosen. According
to Agerschou and Lundgren (1983), this will give a length equal to the frame spacing. The
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limit strength for the side shell is calculated and compared to the fender reaction force. The
energy absorbed by the fender, before the force reaches the limit strength of the side shell,
may now be calculated by integration.

The limit strength is calculated to be 1117 kN, which for the chosen fender system gives an
energy absorption of 441 kJ for a travelled distance of 0.68 m. From Figure 5.19, where both
the energy to be absorbed and the maximum allowable energy absorbed by the fender are
shown, it is seen that at a berthing velocity of 0.13 m/s the fender can absorb all energy
regardless of the striking location. A velocity of 0.13 m/s relates to a berthing condition
referred to as easy berthing at exposed quays.

5.5.2 Application Example: Collision with a Floating Object

A collision between a vessel and a floating object will be illustrated by an example where a
bulk carrier impacts a small iceberg.

The struck vessel is a 150,000 DWT bulk carrier of the high ice class (DNV ice class 1B).
The scantlings are found in Pedersen et al. (1993).

The main particulars of the vessel are:

Length (L) 274.0 m
Breadth (B) 470 m
Draught (7') 15.96 m
Displacement (A) 174,850 t
Service speed (V) 15 knots

The floating object is in this example a cylindrical iceberg. The added mass coefficients for
the cylinder are assumed to be one for both the surge and the sway motions, whereas the
coefficient for yaw is zero. The radius of inertia may be taken to be R = —=, where r is
the cylinder radius. The object is assumed to be rigid, which means that the loss in kinetic
energy during the collision must be transformed into deformation of the bow of the vessel.
The density of ice and water is 920 kg/m? and 1025 kg/m? respectively, and the height
above the water level of the iceberg or the cylinder is in all cases assumed to be 0.3 m, which
means that the object can hardly be seen visually or by radar. The coefficient of friction

between ice and steel can according to Bruun (1989) be taken to be 0.2.

The highest local loads will occur in a head-on collision. But it is not necessarily this
situation, which will induce the highest stresses or cause damage, as the bow is the strongest
part of the vessel. Higher stresses or larger damages may occur by glancing impacts on the
side of the bow. Therefore, a situation like this is analysed for the side. The striking location
is assumed to be 7 m aft of the forward perpendicular where the breadth of the vessel is 6
m. The form of the bow is such that the angle between the centre line and the side of the
vessel is 15°. The bow region is longitudinally stiffened. The frame spacing is 3200 mm, the
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Figure 5.20: Left: Energy to be absorbed as a function of the velocity of the bulk carrier
for various masses of the iceberg. Right: Absorbed energy in the side shell versus the ratio
between permanent deformation and plate thickness.

plate thickness 33 mm and the longitudinal stiffeners are T-stiffeners (400 x 100 x 19/19)
with a spacing of 600 mm. The yield strength of the steel is 315 MPa.

The energy absorbed due to crushing of the side shell as a function of the ratio between
the permanent deformation and the plate thickness w/h is shown in Figure 5.20, which
also shows the loss in kinetic energy during the collision calculated by use of the external
dynamics. It is assumed that the vessel has a velocity up to its service speed of 15 knots,
and a permanent deformation of the size of the plate thickness is accepted. Figure 5.20
shows that a collision with an object of 10 t is acceptable without reducing the velocity of
the vessel. If the velocity is reduced to 13 knots a collision with a 20 t object is acceptable.
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Probabilistic Analysis of Collision
Damages, Monte Carlo Simulation

The probability of a damage can be found as
P[damage] = P|collision] - Pldamage|collision)]

where P[collision] is the probability of a collision and P[damage|collision] the consequence
prediction in the form of structural failure in case of a collision. The expression damage or
structural failure can be defined in several ways. It may refer to the fracture of the side shell
or the inner side shell, or a hole in the vessel of predefined dimensions.

The consequence of the collision P[damage|collision] can be written as

P[damage|collision] = Z Z Z Z Z Z Z Z

Va type Lp loading bow VB .
P[damage|struck vessel, striking vessel, V, Vg, x., 5] - P[struck vessel]-
P[V4l|struck vessel] - Ptype|striking vessel, route| - P|Lg|striking vessel, route]-

Plloading|striking vessel|- Plbow shape|striking vessel]- P[Vg|striking vessel]-P[x.]|- P[f]

The individual parameters in the expression can be described as

Pldamage|struck vessel, striking vessel, V,, V}, ., 5] The probability of damage given struck
vessel, striking vessel and a collision scenario, where the collision scenario involves the
striking location, the collision angle and the velocity of both vessels

P[struck vessel] The probability that the struck vessel is present (equal one)
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P[V4|struck vessel] The probability of a specific velocity of the struck vessel, given the
struck vessel

Pltype|striking vessel, route] The probability of a ship type of the striking vessel given a
specific route or a predefined distribution of vessel

P[Lg|striking vessel, route] The probability of a length of the striking vessel given a specific
route or a predefined distribution of vessel

Plloading|striking vessel] The probability of a specific loading condition given the striking
vessel

Plbow shapel|striking vessel] The probability that the striking vessel is equipped with a
conventional bow or a bulbous bow, given striking vessel

P[Vg|striking vessel] The probability of a specific velocity of the striking vessel, given the
striking vessel

P[z.] The probability of a specific striking location at the struck vessel
P[] The probability of a specific collision angle

The numerical simulation or the calculation method is built around the deterministic pro-
gram calculating damage to struck vessel, see 5.1.1.

Main particulars
and design

of struck vesse Damage
distributions
Collision
of striking vessels program
Energy

Collision
scenarios

Figure 6.1: Determination of energy released for crushing.

When input is to be prepared for the above probabilistic calculation, it will ease the clearness,
if the input parameters are arranged into three groups: a) the struck vessel, b) information
about the striking vessels and c) a group dealing with the collision scenarios, see Figure 6.1.

The simulation program is the same as described in Section 5.1.1 regarding the external
dynamics and the internal mechanics, but the calculation is now made for a series of collisions.
In practice, these calculations are carried out by use of a Monte Carlo simulation, where
many different choices of striking vessels and collision scenarios are considered to establish
probability distributions for the damage to the struck vessel and for the energy released for
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crushing. The simulation is stopped when 99.9 percent of the total energy is absorbed or the
penetration into the struck vessel reaches the centre line of the struck vessel. For very few
of the collisions, the side plating will deform but not fracture. These collisions can easily
be separated from the analysis, but it is decided not to do so as the onset fracture depends
much on the local collision point. If the point is e.g. near a frame the fracture may start
in the initial collision phase, whereas the deformation before fracture may be larger if the
point of contact is at the middle of two frames.

The analysis is for one particular struck vessel. The input parameters will here be the main
particulars and the structural design. Input for this group will not be described further in
this chapter, as it is described in Section 5.1.1.

The input for the striking vessels and for the collision scenarios differs from the deterministic
analysis. Therefore, the input parameters for these groups will be described in more detail.

Type
distribution

Length
distribution

Route / World
or Assumption

Vessel
database

Functions for
main particulars

Information abouf
striking vessels

Bow height
assumption

Assumptions abou
loading condition

Figure 6.2: Information flow for determination of striking vessels.

Five different ship traffic patterns have been investigated, namely vessels in worldwide trade,
the Straits of Dover and Gibraltar and the eastern and western routes through the Great Belt.
The parameters describing the traffic are the distribution of ship types and the distribution
of lengths within each type. A detailed description and analysis of the world fleet and the
four different European shipping routes are given in Section 6.1.

Data from a database containing ship characteristics for the world fleet has been analysed
to find relations for length versus breadth, draught, depth, displacement and service speed
for each type of vessel, see Section 6.2.

In Section 6.3 proposals for distributions of striking vessel are given. If the type and the
length of a vessel are known from the analyses in Sections 6.1 and 6.2 or from other assump-
tions, the rest of the main particulars can easily be determined by use of the information
from Section 6.2, where functions for main particulars are estimated for given ship type and
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length. The remaining input parameters such as bow heights and loading conditions are also
discussed in this section. The information flow for determination of the striking vessels can
be seen in Figure 6.2.

The results from the probabilistic analyses are shown in the last two sections in this chapter.
First the damage distribution is given for 15 struck vessels of different types, sizes and
structural designs. See also Liitzen (2001). Then the distribution of energy to be absorbed
in the struck vessel or the energy dissipation value calculated for vessels sailing in worldwide
trade or on specific European traffic routes. See also Liitzen and Rusaas (2001), Liitzen and
Pedersen (2000) and Liitzen and Clausen (2000).

An overall view of the flow in the probabilistic approach to calculation of damages and
energy released for crushing is given in Figure 6.3.

6.1 Shipping Routes

Vessels in Worldwide Trade

A database containing ship characteristics for the world fleet has been purchased from LMIS
(2000). The database consists of approx. 87,000 ships in service all over the world and is the
complete database of all ships in service with an IMO number. The ships are divided into
two main categories: a group of conventional merchant ships and a group of fishing vessels
and specialised ships. The database has been analysed to derive distributions of ship types
in the world fleet and to describe the distribution of lengths within each ship type.

It is decided to leave out of the study some types of vessels because their number is either very
small or their movement patterns are atypical. The ship types left out are e.g. sailing vessels,
twin-hull /hydrofoil ships, drilling vessels, tugs, ice-breakers, supply vessels and dredgers.
Thus, the remaining vessels can be divided into ten fairly homogeneous groups:

Bulk carriers
Cargo vessels
Chemical tankers
Container vessels
Gas tankers

Passenger vessels
Reefer vessels
Ro-Ro vessels
Tankers

0 Fishing vessels

Ol W o=
=R

The distribution of ship types in the world fleet is shown in Figure 6.4.
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Shipping Routes
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Figure 6.5: Distribution of lengths for vessels in worldwide trade.

The distribution of lengths for each ship type has been approximated by a beta probability
function. The beta distribution is described by two parameters o and [ in a restricted

interval [Lyin; Lias|:
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where
1
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0
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Based on data fitting, numerical results for the parameters «, 3, L, and L,,,, are given
in Table 6.1 for each ship type in the world fleet. Furthermore, values for the mean value
and the standard deviation are given. Diagrams for the resulting distributions for all types
of vessels are shown in Figure 6.5.

Table 6.1: Parameters defining the beta function for each type of vessel in worldwide trade.

Ship type « B | Lmin [m] | Limaz [m] | p [m] | o [m]
Bulk carrier 6.0 | 6.3 20 343 178 44
Cargo Vessel 1.6 | 4.5 18 239 75 37
Chemical Carrier | 1.2 2.8 24 254 95 47
Container Vessel | 2.2 3.2 50 347 172 58
Gas Carrier 1.8 | 64 30 298 88 36
Passenger Vessel | 1.4 | 15.8 17 316 41 19
Reefer Vessel 1.8 1.9 20 187 102 39
Ro-Ro Vessel 1.2 29 11 292 95 57
Tanker 1.3 | 5.1 20 458 109 65
Fishing Vessel 1.5 | 14.1 10 206 29 14
Total Fleet 1.4 | 10.0 10 458 65 42

Specific European Shipping Routes

pdf — Great Belt West
0.025 - Grez.n Belt East
----- Strait of Dover
---- Strait of Gibraltar
0.02 1 ---~World
0.015
0.01
0.005
0 ‘ ; ‘ = R
0 50 100 150 200 250 300 350

Length of vessel [m]

Figure 6.6: Probability distribution function of ship’s lengths for different routes, all types
taken together.

Vessels in four different routes, the Straits of Dover (LMIS (2000)) and Gibraltar (Dovre
Safetec Ltd. (1996)) and the eastern and western routes through the Great Belt (MSR
Consultants (1990)), have been investigated. The data for the Great Belt and the Strait of
Gibraltar includes a large group of vessels specified as other vessels, they will in this report
be handled as cargo vessels.

The distribution of ship types is shown in Table 6.2 and the probability distribution for
lengths of all vessels taken together is shown in Figure 6.6.
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Table 6.2: Distribution of ship types (in percent) for vessels in worldwide trade and four
different European shipping routes.

Ship type Great Belt | Great Belt | Strait of | Strait of | World
West East Dover Gibraltar
Bulk carrier 0.0 11.8 10.6 17.4 9.5
Cargo Vessel 84.4 55.2 41.8 47.0 25.2
Chemical Carrier 14 3.4 10.2 6.0 3.6
Container Vessel 2.1 6.3 12.9 7.6 3.7
Gas Carrier 0.6 1.5 3.9 3.1 1.6
Passenger Vessel 0.0 0.0 0.4 0.6 2.9
Reefer Vessel 0.0 0.0 5.2 0.0 2.1
Ro-Ro Vessel 0.0 0.0 7.0 5.8 6.4
Tanker 11.5 21.8 7.8 12.4 10.6
Fishing Vessel 0.0 0.0 0.2 0.0 34.3

6.2 Ship Database - Finding Main Particulars

Data from the ship characteristics database described in Section 6.1 has been analysed to
find simple linear relations for length versus other main particulars of each type of vessel.

Also a neural network is established. The network can be used as a design tool for preliminary
estimation of main particulars of a ship. The main particulars for all types of vessels can be
estimated if the loading capacity is known. The power of using a neural network as design
tool is illustrated by two design examples.

A description of the distributions of ship types of striking vessels and lengths within each
type for both vessels in worldwide trade and for vessels in specific European routes is given
in Section 6.1.

6.2.1 Empirical Relations Defining the Main Particulars of Vessels

Data from the ship characteristics database (LMIS) has been analysed to find empirical
relations for length versus breadth, draught, depth, displacement and service speed for each
type of vessel.

Estimation of Breadth, Draught, Depth and Speed

The breadth, draught, depth and speed parameters are estimated as piecewise linear func-
tions of the ship’s length, L.

For Lyin < L <a Parameter =b-L+c
For a < L < Ly Parameter =d-L+e

The parameter may be the breadth, B, the draught, 7', the depth, H and the speed, V. The
constants Lin, Limaz, @, b, ¢, d, and e are defined in the Tables 6.3 to 6.5. The functions
are optimised by use of a least squared error method.
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Table 6.3: L,,;, and L,,.. for all vessel types.

Bulk Cargo | Chemical | Container Gas Passenger | Reefer | Ro-Ro | Tanker | Fishing

carrier | vessel carrier vessel carrier vessel vessel vessel vessel
Lin 50.0 30.0 40.0 50.0 40.0 20.0 20.0 20.0 20.0 10.0
Lmasx 350.0 250.0 250.0 350.0 300.0 325.0 175.0 300.0 450.0 200.0

Table 6.4: Regression coefficients for breadth, draught, depth and speed functions.

Table 6.5: Regression coefficients for breadth, draught, depth and speed functions.

Bulk Cargo Chemical Container Gas
carrier vessel carrier vessel carrier
Breadth | a 2.500E+4-02 2.0000E+02
b 1.2980E-01 1.2624E-01 1.5875E-01 1.3500E-01 1.4890E-01
c 3.5000E+400 | 2.5205E4-00 3.3090E+00 1.1285E4-00
d 2.4780E-01 6.0000E-02
e | -2.6000E+01 1.8309E4-01
Draught | a 1.7500E+4-02 1.9000E+-02
b 5.6802E-02 5.4447E-02 6.0488E-02 5.7749E-02 5.9776E-02
c 3.7748E-01 4.1417E-01 3.7832E-01 1.2035E-01
d 2.5484E-02
e 5.6465E+00 1.1478E4-01
Depth | a
b 8.2350E-02 7.5784E-02 9.2575E-02 7.5074E-02 9.6915E-02
¢ 4.3451E-01 | -1.1233E4-00 8.7679E-01 | -1.2610E+00
d
e
Speed | a 1.7500E02 1.2500E+40.2 | 1.7500E+402 1.2500E+402
b 3.5714E-02 5.1366E-02 5.0000E-02 6.5000E-02 5.5512E-02
¢ 8.7500E+00 | 7.5553E400 8.0000E+00 | 8.0000E400 8.2239E+00
d 1.0000E-02 4.0000E-02 2.3530E-02
e 1.5000E4-01 1.3000E+4+01 | 1.2375E401 1.2222E+401

Passenger Reefer Ro-Ro Tanker Fishing
vessel vessel vessel vessel
Breadth | a
b 1.1061E-01 1.2678E-01 1.2366E-01 1.6200E-01 1.1272E-01
¢ | 4.0980E+00 | 2.4045E+00 | 4.7894E+00 | -3.4600E-01 | 3.7327E+00
d
e
Draught | a
b 3.1369E-02 5.3084E-02 4.1820E-02 5.8702E-02 4.2759E-02
[¢ 9-1779E-01 7.0971E-01 4.5817E-01 2.0258E-01 | 1.6595E4-00
d
e
Depth | a
b 6.6372E-02 8.4033E-02 8.8445E-02 8.7197E-02 5.7808E-02
[¢ 6.1000E-01 -6.0103E-01 | -9.1950E-01 | 1.6138E+400
d
e
Speed | a | 1.5000E+402 1.2500E4+02 | 1.7000E+02 | 7.5000E+01
b 7.0000E-02 9.0369E-02 1.0000E-01 4.1176E-02 8.2885E-02
¢ | 9.0000E+00 | 6.1217E+00 | 6.2000E+00 | 8.0000E+400 | 8.0000E400
d 1.6667E-02 2.3630E-02
e | 1.7000E+01 1.8700E4+01 | 1.5000E+01 | 1.2444E+01
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6.2.2 Using a Neural Network to Define the Main Particulars of
Vessels

Neural networks are designed to learn the relations between inputs and outputs. Once
the network has been trained, it can be used to predict the output parameters related to
chosen input parameter(s), and thus a properly trained neural network can be used for
generalisation /interpolation.

A feedforward neural network consists of a number of layers each transferring the weighted
sum of its inputs to the next layer through transfer functions. Along with the weighted
sum, a constant, also called bias, enters into the transfer function, see Figure 6.7. Each
layer may have several inputs and outputs, and all but the first layer use the output from
another layer as input. The weights and biases are found in the learning phase, where an
optimisation procedure using the program MATLAB (Demuth and Beale (1998)) minimises
the output error, given known inputs and outputs.

Neural Network Topology

Input Hidden layer Output layer Output

Figure 6.7: Structure of a neural network.

Normally, networks with biases, sigmoid layers and a linear output layer can approximate
any continuous function to an arbitrary accuracy. A network of this type is therefore chosen
for this work. More specifically, the network used is a two-layer feedforward net with an
input vector, one hidden layer, an output layer and an output vector. See Figure 6.7. The
input vector is P and has the dimension R. Each of the two layers consist of S* neurons or
outputs, where x refers to the layer number. The input vector for each layer is connected to
the neurons through a weight matrix, W*. This weighted input is summed by the biases,
b®, to yield the input, n®, for the transfer functions, F'*.

Thus, the outputs from the hidden layer are

a' =F'(W!.-P+0b") (6.1)
where the transfer function is chosen to be the sigmoid function:

Fi(n) = 5 +1en (6.2)
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The output al is a vector of the length S'.

The output layer can in a similar way be expressed as
T =F?(W? a'+b?
=F?>(W?.-F' (W' .p+b') +b?) (6.3)

using the linear transfer function

F%*(n)=n

The data is normalised to assume values in the range [-1,1] to improve the learning conver-
gence. Each of the parameters are normalised by use of
2 - (Real Value - Min. Value)

Normalised value = Max. Value - Min. Value

The outputs from the network are returned through an equivalent postprocess to obtain real
output values.

The network is trained by use of Bayesian regularisation (Foresee and Hagen (1997), MacKay
(1992)). This is a backpropagation method, which updates the weight and bias values
according to the Levenberg-Marquardt optimisation. It minimises a combination of squared
errors and weights and determines the correct combination to produce a network which
generalises well.

Single-Input Example

In the following, a neural network is used to predict the main particulars of container vessels.
When the prediction is made on the basis of just one input parameter, this must in some
sense be the governing one, in this case the TEU capacity. Relations are found for length,
L, breadth, B, velocity, V', draught, D, depth, H, and displacement, A.

A network structure as shown in Figure 6.7 is used. It is found that the output of the
network agrees well with the given data, i.e. no over-fitting when the number of nodes or
neurons in the hidden layer is three (S* = 3). As only one input is given (R=1), the number
of neurons in the output layer must be six (S? = 6), one for each output. With one hidden
layer and one output layer, the weights, biases and normalisation can be described by two
(bias) vectors and four (normalisation and weight) matrices.

The loading capacity (TEU) is assigned to the input, P, and the output vector, T, is

Length (L)
Breadth (B)
T — Speed (V)

h Draught (D)
Depth (H)
(a)

Displacement,
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Figure 6.8: Design parameters for container vessels, neural network.
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Figure 6.10: Design parameters for container vessels, neural network.
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The normalisation matrices for the input P and the output T are

Input P[min mazx] | Output T[min mazx]
69.2  347.0
13.3 42.8
10.0  26.3
[95 6673] 3.0 14.5
5.0 24.4
295.5 142800

The weight matrices and bias vectors are

Hidden layer Output layer
Weight, W1 Bias, b! Weight, W2 Bias, b2
[—0.08923 0.79895 3.03311] —-3.13720
2.87692 —1.09129 1.68256 —2.26198
Fggg;?‘ (gggggg) —0.01008 0.54992 3.15126 —2.91564
493392 5.86936 1.18918 —0.23417 3.38025 —3.25505
1.42872 —0.08277 3.01379 —3.20148
1.94908 —0.27382 0.59050 —1.57929

The values predicted by the neural network are shown in Figures 6.8 - 6.10 where also the
data from the database is shown. The vectors and matrices for other types of ships are
presented in Appendix C.

The neural network described in this section is compared to different other methods for
prediction of main particulars for preliminary ship design, see Clausen et al. (2001a) and
Clausen et al. (2001b).

Multiple Input

For multiple inputs, a designated neural network has to be learned for given inputs and
outputs. The ability of the networks to use multiple inputs is demonstrated by the examples
below.

The main particulars of a 4100 TEU container vessel shall be estimated. The neural network
predicts the following main particulars: (L, B, V, D, H, A) = (283.0 m, 33.0 m, 23.9 knt,
12.7 m, 21.2 m, 75,729 t). It is further specified that the ship must not exceed the maxi-
mum dimensions of the Panama Canal (L < 294.2, B < 32.2,D < 13.4) m. The Panmax
requirements are not fulfilled by the estimates produced by the single-input neural network
as the breadth is too wide, so a network with TEU and breadth as input is trained. In this
network, a fixed breadth of 32.2 m and a TEU capacity of 4100 are pre-defined and the
following main particulars are estimated: (L, V', D, H, A) = (281.1 m, 24.0 knt, 12.8 m,
20.8 m, 78,347 t).

As another example, a smaller container vessel having a capacity of 1000 TEU is considered.
The neural network predicts the following main particulars: (L, B, V', D, H, A) = (154.0 m,
23.4 m, 17.7 knt, 8.7 m, 12.2 m, 19,993 t). By further requiring that the draught is limited
to 8.5 m, a neural network with capacity and draught as input is trained where the draught
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input is set to 8.5 m. The predicted parameters are: (L, V, D, H, A) = (152.7 m, 23.3 m,
17.6 knt, 12.1 m, 19,684 t). Additionally, it is required that the ship in question should have
a service speed of minimum 18 knots. By training a neural network with known capacity,
draught and velocity the remaining parameters will be (L, B, H, A) = (151.6 m, 23.3 m,
12.1 m, 19,722 t).

6.3 Proposals for Distribution of Striking Vessels

For the final description of the striking vessels, the distribution of ship types and lengths
must be known for the considered shipping area. When the length and the type of a vessel
are given the remaining main particulars are easily estimated by the linear regression or the
neural network described in Section 6.2. Not only must the length and type distribution be
known, also the bow height and the loading condition must be considered. Analyses of these
parameters are given in this section.

In the length and ship type analysis in this section reference will be made to a damage
database handled in Section 7.1.

Length and Type Distribution

The database from LMIS (2000), see Section 6.1, has been used as a basis for description of
the distribution of lengths and ship types of striking vessels. Two different proposals will be
given here. For both studies all fishing vessels are left out. Even though these vessels are
normally sailing in restricted and trafficked waters their velocities are slow and manoeuvres
atypical, which in most cases will make them the struck vessel. The differences between the
two proposals can be summarised as:

Analysis 1,. Striking vessels with a length greater than 50 m

In analysis 1 all vessels of a length below 50 m are left out, which gives the final number
of vessels of approx. 41,000. The percentage distributions of types of striking vessels and
lengths of all the included vessels are shown in Figure 6.11.

Analysis 2. Relation between struck and striking vessels

Vessels of all lengths are included in the analysis. The relation between the lengths of the
struck and the striking vessels is examined using the damage database described in detail in
Section 7.1. The length of the struck vessel versus the length of the striking vessel is shown
in Figure 6.12 (left). The figure shows a wide scatter, but also a tendency towards that small
vessels are struck by other small vessels and larger vessels by larger vessels is observed. If
the lengths of the struck vessels are separated into three intervals, L < 100,100 < L < 160
and L > 160, the tendency is clearer, see Figure 6.12 right. In Figure 6.13 the distribution
of the length of the striking vessel is shown for a given length interval of the struck vessel.
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Figure 6.11: Left: Percentage distribution of ship types. Right: Percentage distribution of
lengths of all vessels.
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vessel.

45% 0.14 1
40% - Intervals of struck vessels Intervals of struck vessels
i M OL<100 012 1 OL<100
35% 1 O 100<L<160 E100<L<160
30% - WL>160 0.1 1 mL>160
2% 0.08 -
20% A .
15% 0.06 1
%1 0.04
5% A :
0% = — 0.02
& 2 & > & 2 o > & |
& & F F & & F &S 0
S oF > & 0"’% & <* é‘s 10 30 50 70 90 110 130 150 170 190 210 230
RGP & & & .
o o Qq,% Length of striking vessel [m]

Figure 6.13: Left: Percentage distribution of ship types for the three intervals of struck ship
lengths. Right: Distribution of lengths of all types of vessels for the three intervals of struck
ship’s lengths.



92 Chapter 6. Probabilistic Analysis of Collision Damages, Monte Carlo Simulation

Bow heights

Unfortunately, the database (LMIS) contains no information about bow heights, but it is
here assumed that half of the world fleet of large ships has a raised forecastles deck with
an average height of 3m, see Herbert Engineering (2001). This is modelled by adding an
equivalent height of 1.5m to the depth of all vessels.

Another proposal for the bow heights could be to add 3m to all vessels commonly designed
with forecastle, but disregard it for all vessels commonly not built with forecastle.

Loading Condition

Information about the loading condition of the striking vessel is not available in the database.
Therefore some assumptions have been made. Three different loading conditions have been
defined, fully loaded, partially loaded and a ballast condition. The draughts for these loading
conditions are:

e Full load:
Maximum load line draught 7},

e Ballast:
The ballast draught for all vessels is taken to be the minimum operational draught
specified by MARPOL T,,;, = 2.0m + 0.025 - L, where L is the length of the striking
vessel

e Partial draught:
Tpart - Tmm + 06(Tmam - Tmm)

The assumptions for the distribution between the different draughts for specific ship types
are:

Full Partly | Ballast
Tankers, bulk carriers 50% | 0% 50%
Cargo vessels, reefer vessels 40% | 40% 20%
Ro-Ro vessels, container vessels | 75% | 25% 0%
Passenger vessels 100% | 0% 0%

Furthermore, the vessel is assumed to have no trim.

6.4 Probability Distributions Describing the Collision
Scenarios

Four distributions must be established for description of the collision scenarios. The striking
location on the struck vessel, the velocity of both the struck and the striking vessel and
finally the collision angle between the two vessels.
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In this section reference will be made to a damage database handled in Section 7.1.

Striking Location

As the non-dimensional longitudinal damage location cannot be determined by simulation,
the damage database or another assumption must be used to establish the probability density
function.
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Figure 6.14: Probability density functions for velocity of struck and striking vessel, struck
vessel to the left, striking vessel to the right.

Velocity of Struck and Striking Vessel

Figure 6.14 shows the probability density function (pdf) for the velocity of the struck and the
striking vessel. All the data is taken from the damage database described in more detail in
Section 7.1. It has been found that the velocity of the struck vessel can be approximated by a
triangular distribution with a most likely value equal to zero speed. The probability density
function for the velocity of the striking vessel is also given for various lengths of vessels. The
pdf for the velocity is here modelled by a uniform distribution for velocities between zero
and 75% of the service speed, then triangularly decreasing to zero for the service speed of
the vessel.

Collision Angle

The collision angle is assumed to be uniformly distributed between 10° and 170°. For a given
route the collision angle may be taken to be triangular with a most likely value equal to a
crossing angle between the two routes.

6.5 Probabilistic Simulation Analysis

The numerical Monte Carlo based simulation described earlier in this chapter will be used to
analyse the damage to the struck vessels. Fifteen different struck vessels have been analysed,
the main particulars of these vessels are given in Section 6.5.1. The distribution of striking
vessels and collision scenarios has been described in Sections 6.3 and 6.4.
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The analysis is separated into two different cases. The first case includes striking vessels
of a length greater than 50 m (analysis 1), whereas the second case concerns all lengths of
striking vessels but includes a relation between the struck and the striking vessel (analysis
2), see Section 6.3.

The outcome of the analysis is here the non-dimensional damage length, the non-dimensional
penetration and the relation between these two parameters. A comparison of damages to
dry cargo vessels and tankers is also included in analysis 1.

The damage calculations are performed in three positions along the length of the vessel; these
non-dimensional striking positions are 0.25, 0.50 and 0.75. All damage results are given in
output files as functions of these positions. For the analyses in this section it is assumed
that the striking location is uniformly distributed along the length of the struck vessel and
that the structure is the same in all three positions.

6.5.1 Struck Vessels

The numerical simulation will be carried out for the struck vessels defined in this section.
The vessels are of different types and sizes.

CcC Car carrier GC General cargo

CcocC Crude oil carrier PCLS Passenger cruse liner

DCBC Dry cargo, bulk carrier PRR  Passenger Ro-Ro

DCCS Dry cargo, container ship | PC Product carrier, chemical carrier

DCRR Dry cargo, Ro-Ro CT Chemical carrier

Type No. | Displacement | Length | Depth | Breadth | Draught | Velocity | Double hull
CC 01 | 32,775 190 32.6 32.3 9.0 20.0

COocC 01 111,000 234 21.0 42.0 13.6 14.5 X
DCBC | 01 | 72,700 216 19.1 32.2 12.2 15.0

DCCS | 02 | 73,700 285 21.5 32.2 12.2 25.0 X
DCCS | 03 | 28,430 180 15.2 27.8 8.3 19.0 X
DSRR | 01 11,000 111 14.5 21.0 6.7 14.5

GC 01 | 5,270 85 7.2 13.6 5.7 12.2 X
PCLS | 01 | 39,300 237 21.8 32.2 7.6 22.0

PRR 01 17,300 170 23.6 27.8 6.3 21.0

PRR 02 | 17,300 176 20.0 25.0 6.4 26.6

PRR 03 | 2,012 65 12.4 14.8 3.2 14.5

PC 01 | 32,775 175 17.6 274 9.8 15.0 X
PC 02 | 30,000 158 15.6 274 10.5 15.0

CT 01 | 3,145 78 6.6 13.5 5.5 11.5 X
cocC 02 | 301,580 328 30.4 56.4 21.8 15.0 X
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6.5.2 Results from Simulation, Analysis 1, Striking Vessels Longer
than 50 m

The non-dimensional damage length, y = ¢
For all analysed vessels the probability density distribution and the cumulative density dis-
tribution for the non-dimensional damage length are shown in Figure 6.15. All analyses show
the same tendency of many small damage lengths but the figures also show a large variation

in the mean value and a large deviation for the different struck vessels.

Figure 6.16 displays the 25-, 50- and 75-percentile values for the non-dimensional damage
length versus the length of the struck vessel. Regression lines for the three percentile values
are also seen. The figure shows that the non-dimensional damage length is not independent
of the length of the struck vessel. A decrease is observed for increasing length of the struck
vessel, the decrease is most distinct for the 75-percentile value, less for the 25-percentile
value.

O -+ T T T T 1
0.5 0 0.1 0.2 0.3 0.4 0.5

Non-dimensional damage length

Figure 6.15: Left: The probability density distribution for the non-dimensional damage
length, 3. Right: The cumulative density distribution for the non-dimensional damage
length. All analysed vessels are shown in the diagrams.

The non-dimensional damage lengths for the three striking locations are depicted in Figure
6.17. The diagram shows the 50-percentile value for the non-dimensional damage length. The
vessels in the diagrams are sorted by increasing length. For larger vessels the non-dimensional
damage length seems nearly independent of the striking location, but for smaller vessels a
difference in the damage length for the three positions is seen, which is due to the external
dynamics.

The Non-Dimensional Penetration, z = %

For all analysed vessels the probability density distribution and the cumulative density dis-
tribution for the non-dimensional penetration are seen in Figure 6.18. All analyses show the
same tendency of many small penetrations but the figures also show that there is a large
variation in the mean value for the different struck vessels.

Figure 6.19 presents the 25-, 50- and 75-percentile values for the non-dimensional penetration
versus the length (left) and versus the breadth (right) of the struck vessel. Regression lines
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Figure 6.16: The 25-, 50- and 75-percentile values for the non-dimensional damage length,
7y, versus the length, L, of the struck vessel. Regression lines for the three percentile values
are shown.
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Figure 6.17: The 50- percentile value for the non-dimensional damage length, 7, for the three
striking locations 0.25, 0.50 and 0.75. The vessels are sorted by increasing length.
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for the three percentile values are also seen. The figures prove that the non-dimensional
penetration is not independent either of the length or the breadth of the struck vessel. A
decrease is seen for increasing length and breadth of the struck vessel.

The non-dimensional penetration for the three striking locations is shown in Figure 6.20. The
diagram shows the 50-percentile value for the non-dimensional penetration. The vessels are
placed in the diagrams after increasing length. The analyses reveal the same tendency which
is due to the external dynamics; a small increase in the penetration for striking locations
amidships, which is more significant for smaller vessels.
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Figure 6.18: Left: The probability density distribution for the non-dimensional penetration,
Z. Right: The cumulative density distribution for the non-dimensional penetration. All
analysed vessels are shown in the diagrams.
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Figure 6.19: Left: The 25-, 50- and 75 percentile value for the non-dimensional penetration,
Z, versus the length, L, of the struck vessel. Right: The 25-, 50- and 75-percentile values for
the non-dimensional penetration, Z, versus the breadth, B, of the struck vessel. Regression
lines for the three percentile values are shown in both diagrams.
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Figure 6.20: The 50-percentile value for the non-dimensional penetration for the three strik-
ing locations 0.25, 0.50 and 0.75. The vessels are sorted by increasing length.

The Relation between the Non-Dimensional Damage Length and the
Non-Dimensional Penetration

For examination of the correlation between the non-dimensional damage length, 7, and the
non-dimensional penetration, Z, the parameters P[Z;|y;| and P[Z;] are determined during the
simulation. The non-dimensional damage length and the non-dimensional penetration are
each separated into five intervals of the length 0.1. This gives a 5x5 matrix. During the
simulation the number of observations in each cell is counted and from this the probabilities
Ply], P[z] and the conditional probability P[Z|j] can be determined. Figure 6.21 shows the
probabilities P[Z;|7;] and P[Z] for vessels of different types and lengths, figures for all other
analysed vessels are placed in Appendix D. A tendency towards P[Z;|y;] = P[Z;] is seen
for all vessels, from which it can be concluded that there is no dependency between the
non-dimensional damage length and the non-dimensional penetration.

Dry Cargo Vessels versus Tankers
As the current regulations separate vessels into dry cargo vessels and tankers, a comparison
of the damages to these two types of vessels is made.

The non-dimensional damage length

The probability density distribution and the cumulative density distribution for all analysed
vessels are presented in Figure 6.22 where tankers are indicated by thicker lines. All analyses
show the same tendency of many small penetrations but the figures also show a large variation
in the mean value and considerable deviation for the different struck vessels. The tankers do
not differ from this tendency, but there seems to be shorter damage lengths for tankers. The
same can be seen in Figure 6.23 where the 25- and 75-percentile value of the non-dimensional
damage length is shown.

The non-dimensional penetration

The probability density distribution and the cumulative density distribution for all analysed
vessels are presented in Figure 6.24, where tankers are indicated by thicker lines. All analyses
show the same tendency of many small penetrations but the figures also show a large variation
in the mean value and the deviation for the different struck vessels. The tankers do not differ
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Figure 6.22: Left: The probability density distribution for the non-dimensional damage
length, 7. Right: The cumulative density distribution for the non-dimensional damage
length. All analysed vessels are shown in the diagrams, tankers are indicated by thicker full

lines.
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Figure 6.23: Left: The 25-percentile value for the non-dimensional damage length, Y, versus
the length of the struck vessel. Right: The-75 percentile value for the non-dimensional
damage length versus the length of the struck vessel. Regression lines for the percentile
values are shown in both diagrams and tankers are indicated by a cross.

from this tendency. The same tendency can be observed in Figure 6.25 where the 25- and
75-percentile values of the non-dimensional penetration are displayed.

Conclusions

This analysis shows that the penetration into the tankers is of the same size as the penetration
into dry cargo vessels, whereas the damage lengths for tankers are generally shorter. These
results indicate that there is no difference in the structure, but the velocity of the tankers is
lower.
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Figure 6.24: Left: The probability density distribution for the non-dimensional penetration,
Z. Right: The cumulative density distribution for the non-dimensional penetration. All
analysed vessels are shown in the diagrams, tankers are indicated by thicker lines.
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Figure 6.25: Left: The 25-percentile value for the non-dimensional penetration, Z, versus
the length of the struck vessel. Right: The 75-percentile value for the non-dimensional
penetration versus the length of the struck vessel. Regression lines for the percentile values
are shown in both diagrams and tankers are indicated by a cross.

6.5.3 Results from Simulation, Analysis 2, Relation between struck
and Striking Vessels

The struck vessels are here separated into three groups depending on size:
Group size L <100 , 100 < L <160 and L > 160

The Non-Dimensional Damage Length

The probability density distribution and the cumulative density distribution for all analysed
vessels are presented in Figure 6.26. All analyses show the same tendency of many small
damages but the figures also show a large variation in the mean value and a large variation
for the different struck vessels.

Figure 6.27 (left) presents the 25-, 50- and 75-percentile values for the non-dimensional
damage length versus the length of the struck vessel. Regression lines for the three percentile
values are also shown. In the left figure all analysed vessels are included, this figure proves
that the non-dimensional damage length depends slightly on the length of the struck vessel.
A decrease is seen for increasing length of the struck vessel, the decrease is most distinct for
the 75-percentile value, less for the 25-percentile value. Two vessels are then omitted from
the analysis as their deformation pattern differs from that of the other vessels. The first
is a passenger cruse liner, PCLS01, which is very long compared to the displacement. The
second omitted ship is a general cargo vessel, GC01, with a very low freeboard. Figure 6.27
(right) shows the 25-, 50- and 75-percentile values for the non-dimensional damage length
versus the length of the struck vessel, after omitting PCLS01 and GCO1. It is seen from the
figure that now the non-dimensional damage length is nearly independent of the length of
the struck vessel.
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Figure 6.26: Left: The probability density distribution for the non-dimensional damage
length, y. Right: The cumulative density distribution for the non-dimensional damage

length. All analysed vessels are shown in the diagrams.
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Figure 6.27: The 25-, 50- and 75-percentile values for the non-dimensional penetration, Z,
versus the length of the struck vessel, including tendency lines. Left: All struck vessels.

Right: PCLS01 and GCO1 omitted.
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The Non-Dimensional Penetration

The probability density distribution and the cumulative density distribution for the non-
dimensional penetration for all analysed vessels are shown in Figure 6.28. All analyses
reveal the same tendency of many small penetrations.

Figure 6.29 shows the 25-, 50- and 75-percentile values for the non-dimensional penetration
versus the length (left) and versus the breadth (right) of the struck vessel. Regression lines
for the three percentile values are also seen. The figures show no systematic dependency on
the non-dimensional penetration and the length or the breadth of the struck vessel.
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Figure 6.28: Left: The probability density distribution for the non-dimensional penetration,
Z. Right: The cumulative density distribution for the non-dimensional penetration. All
analysed vessels are shown in the diagrams.
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Figure 6.29: Left: The 25-, 50- and 75-percentile values for the non-dimensional penetration,
Z, versus the breadth of the struck vessel. Right: The 25-, 50- and 75-percentile values for
the non-dimensional penetration versus the length of the struck vessel. Regression lines for
the three percentile values are shown in both diagrams.

The Relation between the Non-Dimensional Damage Length and the
Non-Dimensional Penetration

For examination of the correlation between the non-dimensional damage length ¥ and the
non-dimensional penetration Z, the parameters P[Z;|7;] and P[Z;] are determined during the
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simulation. Figure 6.30 shows the probabilities P[Z;|7;] and P[Z] for vessels of different types
and lengths, figures for all other analysed vessels are placed in Appendix D. A tendency
towards P[Z;|y;] = P[Z;] is seen for all vessels. From this it can be concluded that there
is no dependency between the non-dimensional damage length and the non-dimensional
penetration.
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Figure 6.30: P[Z;|y;] and P[z;| for vessels of different types and sizes.

6.6 Distribution of Energy to Be Absorbed in Struck
Vessel - Energy Dissipation Values

Instead of describing a particular area or route by the distribution of vessels, the area may
be related to collision energy. With a knowledge of the distribution of vessels and collision
scenarios in a particular area, the present Monte Carlo simulation will here be used to deter-
mine probability distributions of energy levels released for crushing of the ship’s structures,
see Figure 6.31. The energy distribution will be given as a function of the displacement
of the struck vessel and the striking location and as percentile value of the energy to be
absorbed in the ship’s structure.

Five cases have been investigated, namely vessels in worldwide trade, the Straits of Dover
and Gibraltar and the eastern and western routes through the Great Belt (Denmark).
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Figure 6.31: Determination of energy released for crushing.
6.6.1 Worldwide Trade

The 25-, 50-, 75- and 90-percentile values of the energy to be absorbed by vessels in worldwide
trade are shown in Figure 6.32 for various types of struck vessels. The energy values are all
calculated for a striking location in the middle of the struck vessel.

It has been found that the energy levels or the energy to be absorbed can be approximated
by an exponential function:

B, =b (1 - e\/§> (6.4)

where A is the displacement of the struck vessel and the parameters a and b can be described
by the values in Table 6.6.

Table 6.6: Parameters a and b for the energy exponential function, Eq. (6.4), for vessels in
worldwide trade.

25-percentile | 50-percentile | 75-percentile | 90-percentile
value value value value
a 2000 4000 10000 30000
b 0.65 4.05 32.5 237

6.6.2 Specific European Shipping Routes

Energy reference values for vessels in worldwide trade and vessels on four different routes,
the Straits of Dover and Gibraltar and the eastern and western routes through the Great
Belt, have been compared. The 25- and 90-percentile values for the energy to be absorbed
for the different areas are shown in Figure 6.33 as functions of the displacement of the struck
vessel. The energy reference values have been estimated by means of Eq. (6.4) and values
from Table 6.7. A comparison of the results with the probability density function for length
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Figure 6.32: Vessels in the worldwide trade. Left: The 25- and 50-percentile values for
energy to be absorbed amidships versus displacement of the struck vessel. Right: The 75-
and the 90 percentile value for energy to be absorbed amidships versus displacement of the
struck vessel.

1200

Great Belt West Great Belt West
10 ' Great Belt East ~—-- Great Belt East -~
Strait of Dover = 1000 +  Strait of Dover - 1
Strait of Gibraltar Strait of Gibraltar
81 World ------- World -~
800 - 1
S X oo =)
= | e 2600 ]
m =
4 400 ]
2| 200 | [ ———————.
- i‘/,,.”
0 1 L L 0 . . .
0 50000 100000 150000 200000 0 50000 100000 150000 200000

Displacement of struck vessel [t]

Displacement of struck vessel [t]

Figure 6.33: Left: The 25-percentile value for energy to be absorbed amidships versus dis-
placement of the struck vessel for various European routes. Right: The 90-percentile value
for energy to be absorbed amidships versus displacement of the struck vessel for various
European routes.
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in Figure 6.5 shows good agreement between the lengths of the vessels passing the area and
the energy to be absorbed.

Table 6.7: Parameters a and b for the energy exponential function, Eq. (6.4), for various
European shipping routes.

25-percentile | 50-percentile | 75-percentile | 90-percentile
value value value value
Great Belt W a 8000 200 2000 2500
b 0.35 1.35 5.25 16.65
Great Belt E a 3000 7000 9000 19000
b 1.95 12.05 55.90 208.90
Strait of Dover a 6000 10000 20000 40000
b 5.85 30.35 148.00 660.00
Strait of Gibraltar | a 10000 16000 28000 105000
b 10.10 57.30 285.00 1300.00
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Chapter 7

Probabilistic Analysis of Collision
Damages, Damage Statistics

Damage stability regulations are either based on traditional deterministic methods or on
the more modern probabilistic approach. The first international probabilistic concept for
damage stability regulation, Resolution A.265, IMO (1971), was adopted by IMO in 1971.
The probabilistic rules were an optional alternative to the deterministic passenger regulation
in the SOLAS Convention and were developed for passenger vessels only. The passenger
vessel regulation was in 1990 followed by the adoption of subdivision and damage stability
rules for dry cargo vessels, SOLAS (1990), also based on the probabilistic concept. While
the probabilistic rules for cargo vessels are generally based on the same overall principles
and damage statistics as the passenger vessel rules, there are some differences, specially the
treatment of the vertical extent of damage.

The damage statistics for the passenger regulation A.265 is based on data collected for ca-
sualties occurring in the 1950’s and 1960’s. Even though the shortcomings of the statistics
were well known, the same statistics was used for the dry cargo regulation in 1990. The
shortcomings mainly arise from lack of updating the statistics, but it is also important that
the statistics is based on 296 ship collisions only. In order to overcome these problems, and
in parallel with the activity within IMO, a European research programme entitled HARDER
”Harmonization of Rules and Design Rationale” was initiated. The project, which began
in 2000, is currently working to investigate systematically the validity, robustness, consis-
tency, and impact of all aspects of the harmonised probabilistic damage stability regulations.
Through this project a new updated damage database has been established.

This chapter starts with a short description of the new updated damage database. In the
following sections the database is analysed with regard to collision type, the relation between
the struck and the striking vessel and the relation between damage parameters and the main
particulars of the struck vessel.
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7.1 Damage Database

The new updated damage database from the European project HARDER, consists of damage
data files from:

e The old IMO damage database
e Updated IMO damage statistics

e Data from the classification societies

— Det Norske Veritas

— Germanischer Lloyd

— Lloyd’s Register of Ship Repair Statistics
— Hellenic Register of Shipping

e Data collected by the former East German authorities (DSRK)

Presently, the updated damage database contains 2946 reports of eight different casualty
types.

Capsizing 3 Heavy weather | 9
Collision 1851 | Loss )
Fire/explosion | 6 Other 139
Grounding 930 | Struck 3

For use in the damage analysis the following is required when the data from the database is
applied:

e The casualty must be a collision

e The collision must be between two ships, see Section 7.2.1

e The damage location must be aft of the collision bulkhead, see Section 7.2.2
The present damage stability regulations separate vessels into passenger vessels, dry cargo
vessels and tankers. In Section 7.2.3 a comparison between tankers and dry cargo vessels is

presented. Both data from the database and the functions representing the present regulation
have been compared.
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7.2 Analysis of Damage Database

7.2.1 Ship-Ship Collisions versus Other Collisions

In this section a comparison is made between ship-ship collisions with a damage location
behind the collision bulkhead and other collisions than ship-ship collisions with no restriction
in damage position. Other collisions might be collisions with floating objects or key contacts
during berthing manoeuvres.

15 : M Ship-ship collisions B
'3 _ O Other collisions
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Figure 7.1: Distribution density for the non-dimensional damage location, @, for ship-ship
collisions and other collisions.
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Figure 7.2: Distribution density functions for the non-dimensional damage length, v, (left)
and the non-dimensional penetration, Z, (right).

From Figure 7.1 illustrating the distribution density for the non-dimensional damage loca-
tion, T, for both ship-ship collisions and other collisions, it is seen that the damage location
for other collisions than ship-ship collisions is situated more fore and aft than that of damage
from ship-ship collisions. This may be a result of berthing damages resulting from harbour
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manoeuvres. Collisions in the forward part of the vessel may come from impacts with floating
objects.

Figure 7.2 shows that both the non-dimensional damage length, 7/, and the non-dimensional
penetration, z, are smaller for other collisions than ship-ship collisions.

7.2.2 Collisions Aft of the Collision Bulkhead

If all damages are included, both forward and aft of the collision bulkhead, the dataset
consists of 831 data points. When all collisions forward of the collision bulkhead are neglected
the number is 610 data points. The difference between the two datasets and the reason for
neglecting data will be explained in this section.

The distance from the forward perpendicular to the collision bulkhead is between 5% and
8% of the length of the vessel. For vessels of a length exceeding 200 m the distance between
the forward perpendicular and the collision bulkhead need not be greater than 10m. In this
analysis a distance of 5% of the length is used for all vessels of a length below 200m and
10m is used for all vessels of a length exceeding 200m.
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Figure 7.3: The distribution density for the non-dimensional damage location, T. Left: All
collisions. Right: Collision aft of collision bulkhead.

In Figure 7.3 the distribution density for the non-dimensional damage location is shown.
To the left is the diagram for all collisions presented. The large peak in the fore part of
the vessel is considered to arise from lack of information whether the considered vessel is a
struck or a striking vessel. In order to eliminate striking vessels from the dataset all cases
with collisions forward of the collision bulkhead are neglected. The result is a distribution
density of considered collisions as shown in Figure 7.3 (right).
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7.2.3 Tankers versus All Vessels

The data for tankers is separated from the damage database. To analyse the difference
between collision damages to tankers and damages to dry cargo vessels, the non-dimensional
damage length, the non-dimensional penetration and the longitudinal damage location have
been compared.

Data from the database and the damage functions representing the present regulations SO-
LAS (1990) and IMO (1995) have been compared. The datasets show no significant difference
between the damage dimensions for the different types of vessels, whereas the case of the
regulations of MARPOL and SOLAS is different. See Figures 7.4 - 7.6. A function for the
non-dimensional penetration is not present in the SOLAS regulation as the penetration is
presented by a probability factor denoted r in the regulation.

The Damage Location, Figure 7.4
Data from database: All vessels 610 data points, tankers 107 data points

The Damage Length, Figure 7.5
Data from database: All vessels 508 data points, tankers 107 data points

The Damage Penetration, Figure 7.6
Data from database: All vessels 398 data points, tankers 79 data points
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Figure 7.4: The distribution density for the non-dimensional damage location, . Both the
data and the regulations are compared for tankers and all vessels.



114 Chapter 7. Probabilistic Analysis of Collision Damages, Damage Statistics

16 1 16
14 D All Vessels ul —MARPOL
12 @ Tankers 12 A SOLAS
— All Vessels
107 10 7 — Tankers
8 8 1 -
61 6 —
4 A 4
2 n 2 .
—— -
O e e B R an R i e e 0 I e — =_
P D @ O 0 D O DD AN W . .1 .21 . 4 .
ST I MNP TR YK 0.00 0.10 0.20 0.30 0.40 0.50
Distribution density of the non-di ional d ge length

Distribution density of the non-dimensional damage length

Figure 7.5: The distribution density for the non-dimensional damage length, 3. Both the
data and the regulations are compared for tankers and all vessels.
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Figure 7.6: The distribution density for the non-dimensional penetration, Z. Both the data
and the regulations are compared for tankers and all vessels.

7.2.4 Relation between the Struck and the Striking Vessel

Correlation of Types of the Struck and the Striking Vessel
As the type of the striking vessel is not given in the damage database, it is assumed that
there is no correlation between the type of the struck and the striking vessel.

Correlation of Lengths of the Struck and the Striking Vessel

The relation between the length of the struck and the striking vessel is examined by use of
the updated damage database. Data is shown in Figure 7.7 left. The correlation is calculated
to be 0.427, which is high but not high enough to conclude that there is a correlation between
the lengths. The figure shows a wide scatter, but the tendency is that small vessels are struck
by other small vessels and larger vessels by larger vessels. If the lengths of the struck vessels
are separated into three intervals, (L < 100,100 < L < 160 and L > 160), the tendency
is becomes clearer, see Figure 7.7 right. Here the probability of the lengths of the striking
vessel given an interval of length of the struck vessel P[Lgtyiking| Lstruck] i shown.
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Figure 7.7: Left: Length of struck vessel versus length of striking vessel. Right: The proba-
bility of length of the striking vessel given the length of the struck vessel.
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Figure 7.8: Velocity of struck vessel versus velocity of striking vessel.

The data from the damage database is used to determine a correlation between the velocities
of the struck and the striking vessel in a collision event. The correlation is calculated to be
0.399, which is high but not high enough to conclude that there is a correlation between the
velocities. This is also seen in Figure 7.8.
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7.2.5 Relation between Damage Parameters and the Main Partic-
ulars of the Struck Vessel

The examined relations are:

— The length of the struck vessel, L, versus the non-dimensional damage length, 7 = ¥

— The length of the struck vessel, L, versus the non-dimensional damage location, T =

Il

— The non-dimensional damage location, &, versus the non-dimensional damage length, 7
— The length of the struck vessel, L, versus the non-dimensional penetration, z = %
— The breadth of the struck vessel, B, versus the non-dimensional penetration, z

— The non-dimensional damage location, T, versus the non-dimensional penetration, z

— The non-dimensional damage length, 7, versus the non-dimensional penetration, z
The Length of Struck vessel, L, versus the Non-Dimensional Damage Length, 7

Data points: 508
Correlation: 0.0058
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Figure 7.9: Left: Length of struck vessel versus non-dimensional damage length, 3. Right:
Ply;|L;] and P[y;] as functions of length intervals.

Figure 7.9 (left) shows the length of struck vessel versus the non-dimensional damage length,
7. As the correlation is very weak, it may be concluded that the non-dimensional damage
length is independent of the length of the struck vessel. To prove that this is also the
case for all intervals of lengths, the struck vessels are separated into three groups with an
equal number of data points. The three intervals are (L, Lo, L3)=(L < 90m,90m < L <
134m, L > 134m). The non-dimensional damage length is separated into five equal-sized
intervals each of the length 0.1. Table 7.1 and Figure 7.9 (right) prove that P[y;|L;] = P[y;].
For higher values of the non-dimensional damage length, 7, the number of observations is
sparse, which results in uncertainties, but for the lower values it can be concluded that L
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and y are independent. The same is seen in Figure 7.10 where the CDF and the pdf for the
three intervals of lengths are shown.

Table 7.1: Table with numbers for examining the dependency/independency of L and 7.

Number of Ply;|L;] Ply;)
observations
75 (0.4 —0.5) 0 0 1| 0.00000 | 0.00000 | 0.00592 | 0.00197
7z (0.3—-0.4) 7 1 1] 0.04142 | 0.00588 | 0.00592 | 0.01772
73 (0.2-0.3) 9 6 8 | 0.05325 | 0.03529 | 0.04734 | 0.04528
7z (0.1—-0.2) | 23| 31| 28 | 0.13609 | 0.18235 | 0.16568 | 0.16142
71 (0.0—0.1) | 130 | 132 | 131 | 0.76923 | 0.77647 | 0.77515 | 0.77362
Ly | Ly | L3 Ly L, Ls
1 — ‘ 12 |
— Al vessels \ /\ — All vessels
0.8 1< —_— 10 TRy — L<90 I
———;031(3<134 s /\\ Too0<Lel3d
0.6 L1344 T 7 N :
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0.4 7
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Figure 7.10: Distribution of non-dimensional damage length, 3, for various lengths of struck
vessel. Left: CDF. Right: pdf.

The Length of the Struck Vessel, L, Versus the Non-dimensional Damage Loca-
tion, T

Data points: 508

Correlation: -0.0179

The length of the struck vessel versus the non-dimensional damage location, T, is shown
in Figure 7.11(left). The correlation is weak, and the sign of the correlation changes from
-0.0179 to 4+0.0276 if the sparse data for vessels of a length larger than 200m is neglected
(27 data points, approx. 5%), which also indicates independency of L and T.

To prove that this is also the case for all intervals of lengths, the struck vessels are separated
into three groups with an equal number of data points, (L, Ly, L3)=(L < 90m,90m <
L < 134m, L > 134m). The non-dimensional damage location is separated into five equal-
sized intervals each of the length 0.2. Table 7.2 and Figure 7.11 (right) show P[z;|L;] and
P[zj]. The agreement is not perfect, but a tendency towards P[Z;|L;] = P[] is seen, which
indicates that 7 and L are independent.
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Figure 7.11: Left: Length of struck vessel versus non-dimensional damage location, T. Right:
P[z;|L;] and P[7;] as functions of length intervals.

Table 7.2: Table with numbers for examining the dependency/independency of T and L.

Number of P(z;|L;] P[z;)
observations
75 (0.8 —-1.0 26 | 36 | 39 | 0.15476 | 0.21557 | 0.23926 | 0.20281
zs (0.6 —0.8 36 | 34 | 20 | 0.21429 | 0.20359 | 0.12270 | 0.18072

Ty 30 | 40 | 32 | 0.17857 | 0.23952 | 0.19632 | 0.20482
Tr 30 | 10 | 28 | 0.17857 | 0.05988 | 0.17178 | 0.13655
Ly | L | Ls L, L, Ls

( )
( )
73 (0.4—0.6) | 46 | 47 | 44 [ 0.27381 | 0.28144 | 0.26994 | 0.27510
( )
( )

The Non-Dimensional Damage Location, 7, versus the Non-Dimensional Damage
Length, ¥

Data points: 508

Correlation: 0.0688

Figure 7.12 (left) shows the non-dimensional damage location, T, versus the non-dimensional

damage length, 77. As the correlation is weak, it may be concluded that the non-dimensional
damage location is independent of the non-dimensional damage length.

Table 7.3: Table with numbers for examining the dependency/independency of T and 7.

Number of Ply;|zi] Ply;]
observations
s (0.4 —0.5) 0 1 0 | 0.00000 | 0.00588 | 0.00000 | 0.00197
7z (0.3—-04) 3 5 1| 0.01775 | 0.02941 | 0.00592 | 0.01772
73 (0.2-0.3) 9 8 6 | 0.05325 | 0.04706 | 0.03550 | 0.04528
7z (0.1 -0.2) 21 28 | 33| 0.12426 | 0.16471 | 0.19527 | 0.16142
y1 (0.0—-0.1) | 136 | 128 | 129 | 0.80473 | 0.75294 | 0.76331 | 0.77362
Ty | Ty | T3 Ty Ty T3

To prove that this is also the case for all intervals of the non-dimensional damage location, the
data points are separated into three groups with an equal number of data: (77, T3, T3)=(T <
0.37,0.37 < T < 0.66, T > 0.66). The non-dimensional damage length is separated into five
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Figure 7.12: Left: Non-dimensional damage location, T, versus non-dimensional damage
length, 5. Right: P[y;|T;] and P[y;] as functions of intervals of T.

equal sized intervals each of the length 0.1. Table 7.3 and Figure 7.12 (right) prove that
Ply;|7;] = Ply;]. For higher values of 7 the number of observations is sparse, which results
in uncertainties, but for the lower values it can be concluded that 7 and 7 are independent.

The Length of the Struck Vessel, L, versus the Non-Dimensional Penetration, =
Data points: 397
Correlation: -0.088
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Figure 7.13: Left: Length of struck vessel versus non-dimensional penetration, Z. Right:
P[Zj|L;] and P[Z;| as functions of length intervals.

The length of the struck vessel versus the non-dimensional penetration, z, is shown in Figure
7.13 (left). As the correlation is weak, it may be concluded that the non-dimensional pene-
tration is independent of the length of the struck vessel. To prove that this is also the case for
all intervals of the non-dimensional penetration, the struck vessels are separated into three
groups with an equal number of data points: (Li, Lo, L3)=(L < 89m,89m < L < 133m, L >
133m). The non-dimensional penetration is separated into five equal-sized intervals each of
the length 0.2. Table 7.4 and Figure 7.13 (right) prove that P[z;|L;] = P[Zz;]. For higher
values of Z the number of observations is sparse, which results in uncertainties, but for the



120 Chapter 7. Probabilistic Analysis of Collision Damages, Damage Statistics

lower values it can be concluded, also with the knowledge of the size of the correlation, that
L and Z are independent parameters.

Table 7.4: Table with numbers for examining the dependency/independency of Z and L.
Number of P[Z;|Li] Pz
observations
( ) ) 0 4 | 0.03788 | 0.00000 | 0.03030 | 0.02267
( ) 2 1 0 | 0.01515 | 0.00752 | 0.00000 | 0.00756
(04—-0.6) | 17| 20 | 10 | 0.12879 | 0.15038 | 0.07576 | 0.01184
( )

( )

32 | 47 | 47 | 0.24242 | 0.35338 | 0.35606 | 0.31738
76 | 65 | 71| 0.57576 | 0.48872 | 0.53788 | 0.53401
Ll L2 L3 L1 L2 L3

The Breadth of the Struck Vessel, B, versus the Non-Dimensional Penetration,
z

Data points: 397

Correlation: -0.102
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Figure 7.14: Left: Breadth of struck vessel versus the non-dimensional penetration, Z. Right:
P[Z;|B;] and P|z;] as functions of breadth intervals.

Table 7.5: Table with numbers for examining the dependency/independency of Z and B.

Number of P[Zz;|Bi] P[zj]
observations
zs (0.8 —1.0) 4 3 | 0.02030 | 0.01515 | 0.01772
zz (0.6 —0.8) 3 0 | 0.01523 | 0.00000 | 0.00759
zz (0.4 —0.6) 31 16 | 0.15736 | 0.08081 | 0.11899
Zz (0.2—-0.4) 53 73 | 0.26904 | 0.36869 | 0.31899
z1 (0.0-0.2) | 106 106 | 0.53807 | 0.53535 | 0.53671
B, B> B B

The breadth of the struck vessel versus the non-dimensional penetration, Zz, is shown in
Figure 7.14 (left). As the correlation is weak, it may be concluded that the non-dimensional
penetration is independent of the breadth of the struck vessel. To prove that this is also the
case for all intervals of the breadth, the struck vessels are separated into two groups with
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an equal number of data points. The intervals are (By, By)=(B < 17.3m, B > 17.3m). The
non-dimensional penetration is separated into five equal-sized intervals each of the length
0.2. Table 7.5 and Figure 7.14 (right) prove that P[z;|B;] = P[z;]. For higher values of Z
the number of observations is sparse, which results in uncertainties, but for the lower values
it can be concluded that B and Zz are independent. The same can be seen in Figure 7.15
where the CDF and the pdf for the two intervals of breadth are shown.
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Figure 7.15: Distribution of non-dimensional penetration for various breadths of struck
vessel. Left: CDF. Right: pdf.

The Non-Dimensional Damage Location, 7, versus the Non-Dimensional Pene-
tration, Z

Data points: 397

Correlation: 0.117
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Figure 7.16: Left: The non-dimensional damage location, T, versus the non-dimensional
penetration, z. Right: P[z;|T;] and P[Z;| as functions of non-dimensional damage location
intervals.

The non-dimensional damage location, =, versus the non-dimensional penetration, z, is
shown in Figure 7.16 (left). As the correlation is weak, it may be concluded that the two
parameters are independent. To prove that this is also the case for all intervals of the non-
dimensional damage location, the data points are separated into two groups with an equal
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Table 7.6: Table with numbers for examining the dependency/independency of T and Z.

Number of PZ;|T;)] P[zj]
observations
z5s (0.8 —1.0) 2 51 0.01010 | 0.02538 | 0.01772
zz (0.6 —0.8) 1 2 | 0.00505 | 0.01015 | 0.00759
zz (0.4 —0.6) 19 28 | 0.09596 | 0.14213 | 0.11899
Zz (0.2—-0.4) 65 61 | 0.32828 | 0.30964 | 0.31899
z1 (0.0-0.2) | 111 101 | 0.56061 | 0.51269 | 0.53671
T Tz T Ty

number of data: (71,72)=(F < 0.5,7 > 0.5). The non-dimensional penetration is separated
into five equal sized intervals each of length 0.2. Table 7.6 and Figure 7.16 (right) prove that
P[Zj|z;] = P[%zj]. For higher values of Z the number of observations is sparse, which results
in uncertainties, but for the lower values it can be concluded that Z and T are independent.

The Non-Dimensional Damage Length, 7, versus the Non-Dimensional Penetra-
tion, 7

Data points: 378

Correlation: 0.214

0.8 1

Oy <0.06
‘ 0.7 Oy >0.06
0.8 . 0.6 4 HP[z]

=g 0.5
E 2 0.6

g 0.4 -

g
. g 0.3
b 0.2
r4 0.1 1

T 1 O
0.3 0.4 0.5 0-0.2 0.2-0.4
d ge length Z %

Figure 7.17: Left: The non-dimensional damage length, 7j, versus the non-dimensional pene-
tration, Z. Right: P[Z;|y;] and P[Z;] as functions of non-dimensional damage length intervals.

The non-dimensional damage length, ¥, versus the non-dimensional penetration, z, is shown
in Figure 7.17 (left). The relatively strong correlation indicates that the relation between
y and Z must be examined in more detail. Figure 7.17 (right) where the relation between
P[Z;|y;] and P[Z;] is examined shows only a small relation between the two parameters.

As the data is sparse for deep penetrations and long damages the considered area is reduced
as follows:

e Data with a non-dimensional damage length, 7, larger than 0.25 is excluded (less than
3% of the data)
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e Data with a non-dimensional penetration, Z, larger than 0.5 is excluded (less than 5%
of the data)

The non-dimensional damage length, 7, is divided into two intervals (7 < 0.033,7 > 0.033),
which are examined separately.

Non-dimensional damage length larger than 0.033
Data points: 266
Correlation: 0.148
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Figure 7.18: Left: The non-dimensional damage length, 3, versus the non-dimensional pene-
tration, Z. Right: P[Z;|y;| and P[Z;] as functions of non-dimensional damage length intervals.

The non-dimensional damage length versus the non-dimensional penetration is shown in
Figure 7.18 (left). As the correlation is weak, it may be concluded that the non-dimensional
damage location is independent of the non-dimensional penetration. To prove that this
is also the case for all intervals of the non-dimensional damage length the struck vessels
are separated into two groups with an equal number of data points. The intervals are
(71,72)=(0.033 < 7 < 0.076,0.076 < y < 0.25). The non-dimensional penetration is sep-
arated into five equal-sized intervals each of the length 0.1. Table 7.7 and Figure 7.18
(right) show P[Z;|y;] and P[Z;]. The agreement is not perfect, but a tendency towards
PIZ[7] = P[] s seen.

Table 7.7: Table with numbers for examining the dependency/independency of § and Z.

Number of Pz |yl P[zj]
observations
Zs (0.4—-0.5) | 10 19 | 0.09774 | 0.15038 | 0.12406
zz (0.3-04) | 15 21 | 0.11278 | 0.17293 | 0.14286
zZz3 (0.2-0.3) | 38 30 | 0.24812 | 0.27068 | 0.25940
7z (0.1-0.2) | 27 18 | 0.27820 | 0.18797 | 0.23308
zZ1 (0.0-0.1) | 26 28 | 0.26316 | 0.21805 | 0.24060
Y1 2 N Y2
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Non-dimensional damage length less than 0.033
Data points: 89
Correlation: 0.374
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Figure 7.19: Left: The non-dimensional damage length, 7j, versus the non-dimensional pen-
etration, Z. Right: The cumulative distribution for the relation Z /.

The non-dimensional damage length versus the non-dimensional penetration is shown in
Figure 7.19 (left) for non-dimensional damage lengths, 7, less than 0.033. A line: Z = 153y
is also shown in the figure. Figure 7.19 (right) presents the cumulative distribution for the
relation Z/7. The two figures show that for a given non-dimensional damage length, 7, the
non-dimensional penetration is less than Z = 157 in more than 90% of all cases.

Non-dimensional penetrations greater than z = 157 are now neglected. The correlation be-
tween the non-dimensional damage length and the non-dimensional penetration then changes
to 0.572, a relatively high correlation. A diagram for the data and the corresponding linear
regression line is shown in Figure 7.20 (left). The figure shows that although there is an up-
ward linear tendency, the spread of the responses appears to increase as the non-dimensional
damage length increases. The residual between observed data and the linear regression is
shown in Figure 7.20 (right). The residual plot shows a random scatter about zero with the
spread of the points increasing for increasing 7.

7.2.6 Summary of the Analyses
The analyses of the database for ship-ship collisions can be summarised as:
i. The non-dimensional penetration, z, is uncorrelated with the non-dimensional damage

location, &

ii. The non-dimensional damage length, 7, is uncorrelated with the non-dimensional dam-
age location, T

iii. Only 5% of the penetrations are greater than 0.5 - B
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Figure 7.20: Left: The non-dimensional damage length, 7, versus the non-dimensional pen-
etration, Z, and the linear regression line. Right: The residual between observed data and
the linear regression.

iv.

V.

vi.

The largest damage length is observed to be 0.48 - L

The relation between the non-dimensional penetration, Z, and the non-dimensional
damage length, 7, when the non-dimensional damage length is less than 0.033:

For a given non-dimensional damage length, 7, the non-dimensional penetration, z, is
less than Z = 157 in more than 90% of all cases. The analysis shows that although
there is an increasing linear tendency between Z and 7, the spread of the responses
appears to increase as the non-dimensional damage length increases. As the scatter
is spreading, it is not possible to determine a function, but just to indicate that the
probability that the penetration is less than a given breadth b becomes an increasing
function of the relation between b and the breadth of the vessel, B

The relation between the non-dimensional penetration, Z, and the non-dimensional
damage length, 7, when the non-dimensional damage length is greater than 0.033:
The non-dimensional damage length ¥ is uncorrelated with the non-dimensional pen-
etration z
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Chapter 8

Comparison of Results from
Simulation and Observations

In this chapter the results from the numerical simulations in Chapter 6, regarding distribution
of damage sizes, are compared to distributions obtained from the damage statistics analysed
in Chapter 7. The damage sizes are treated separately as both the database analysis and
the simulation show that these parameters are independent.

Only the results from the numerical analysis number 2 are compared with results from the
observations. Analysis 2 includes all vessels in the world distribution of vessels except fishing
vessels. A relation between struck and striking vessels is included, see Section 6.3.

The Non-Dimensional Damage Location

The ship collision probability model described in Sections 2.1.2 and 2.1.3 predicts a uniform
distribution of the damage location. This is in agreement with the observed findings in
Chapter 7.

The Non-Dimensional Penetration, z

The probability density distribution and the cumulative density distribution for all analysed
vessels are shown in Figure 8.1, database results are indicated by thicker lines. The 25-,
50- and 75-percentile values for the non-dimensional penetration versus the breadth of the
struck vessel are shown in Figure 8.2. The figure shows results from both the simulation
and the damage database. The agreement between the simulated results and the observed
data is poor. The observed penetrations are significantly larger than the simulated results.
A reason for this difference might be that the analysed vessels of a more recent date are
based on a structural layout which absorbs the energy better, so that the result is smaller
penetration. However, the main reason for the difference is probably that minor damages
are not reported to either the authorities or the classification societies and are therefore not
present in the damage database.

The frequency for the non-dimensional penetration of observed data is shown in Figure 8.3,
here the total number of observed data from the database is 397. To test the hypothesis that
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Figure 8.1: Comparison of non-dimensional penetrations determined from simulation and ob-
served data. Left: The probability density distribution. Right: The cumulative distribution.
Simulation results are indicated by thin dotted lines.
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Figure 8.2: The 25-, 50- and 75-percentile values for the non-dimensional penetration versus
the breadth of the struck vessel. Regression lines for the three percentile values are shown.
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some smaller damages are not reported, the observed data can be augmented by inclusion of
more minor damages to see if a fit to the simulated results can be achieved. It is here assumed
that only non-dimensional penetrations smaller than 0.1 are not reported. The frequency
for the penetrations smaller than 0.1B is now fitted to the average of the simulated data
by a least-squared error method based on the cumulative distribution function. Figure 8.4
(left) shows the CDF for the non-dimensional penetration, simulated data represented by
thin dotted lines, observed data by the thick dotted line and ’corrected’ observed data by
the full thick line. Figure 8.4 (right) shows the 25-, 50- and 75-percentile value for the
non-dimensional penetration versus the breadth of the struck vessel. Regression lines for
the three percentile values are shown by dotted lines, while the ’corrected’ data from the
database is shown by full lines. It is found from this analysis that, if the simulated results
are right, only approx. 1/3 of the smaller penetration below 0.1B is reported and present in
the database. This does not seem to be an unrealistic assumption.
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Figure 8.3: The frequency of observed data for the non-dimensional penetration.
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Figure 8.4: Left: The CDF for the non-dimensional penetration, simulated data represented
by thin dotted lines, observed data represented by the thick dotted line and ’corrected’
observed data by the full thick line. Right: The 25-, 50- and 75-percentile values for the
non-dimensional penetration versus the breadth of the struck vessel. Regression lines for the
three percentile values are shown by dotted lines, the ’corrected’ data from the database by
full lines.
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Non-Dimensional Damage Length, ¥

The probability density distribution and the cumulative density distribution for all analysed
vessels are given in Figure 8.5, the Monte Carlo simulation results are represented by thin
dotted lines. The 25-, 50- and 75-percentile values for the non-dimensional damage length
versus the length of the struck vessel are shown in Figure 8.6,which gives results from both
the simulation and the damage database. Figures 8.5 - 8.6 show good agreement between
simulated results and observed data, but it should be noted that the simulated damage
lengths are a little longer than the damage lengths obtained from the database analysis.
The main reason for this difference is probably that the analysed vessels of more recent date
have a higher velocity, which results in longer damages. The same difference can be seen in
comparisons of damage lengths of tankers and other vessels. As the tankers are normally
low velocity vessels the damage lengths are also smaller, see Section 7.2.3.

18 9, pdf
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Figure 8.5: Comparison of non-dimensional damage lengths determined from simulation
and observed data. Left: The probability density distribution. Right: The cumulative
distribution. Simulation results are indicated by thin dotted lines.
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Figure 8.6: The 25-, 50- and 75-percentile values for the non-dimensional damage length
versus the length of the struck vessel. Results from both simulation and damage database.
Regression lines for the three percentile values determined by simulation are shown.



Chapter 9

Probabilistic Damage Stability
Regulations

The International Maritime Organisation (IMO) is currently seeking to harmonise the dam-
age stability regulation for all types of vessels using the probabilistic damage stability con-
cept. Following the introduction of the probabilistic damage stability requirements of dry
cargo ships, SOLAS Part B-1, IMO put on their work programme for harmonisation of
all damage stability requirements in SOLAS using a probabilistic concept of survival. The
main framework of these new harmonised regulations should follow the concept of SOLAS
Part B-1, but include the main features of IMO Res. A.265 and the current deterministic
regulations of SOLAS Chapter 8, also referred to as SOLAS 90.

The main concept of the current probabilistic damage stability regulations is the determi-
nation of a subdivision index, denoted A. The expression for A consists of two parts, one
describing the probability of damaging a particular section of the vessel, the other accounting
for the probability of survival after flooding of the section. In general, the overall methodol-
ogy and theory in the concept for Resolution A.264, is primarily based on the work performed
by Wendel (1960) and Denis (1962).

This chapter will focus on the probability of damaging a particular section of the vessel.
This can be separated into three individual factors p, v and r. The factor p accounts for the
probability that only one compartment or a group of compartments is flooded, disregarding
the horizontal and the longitudinal subdivision, v concerns the horizontal subdivision and r
the longitudinal subdivision.

The chapter starts with a short introduction to the probabilistic damage stability calculation,
including a list of the commonest terms and symbols.

In Section 9.2 a proposal for the p—factor is given. The current method for determination
of p is validated on the basis of the damage statistics analysed in Chapter 7. The damage
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statistics, and not the simulation, is chosen for validation as the Monte Carlo based simula-
tion presented in Chapter 6 shows a large variation in the results for different struck vessels.
It is also decided to use the database with the reported data as it is, and not to include
more minor damages. If these minor damages are not reported, they are assumed to be of
less importance.

New functions to describe the non-dimensional damage location and the non-dimensional
damage length are introduced and compared with functions used for current regulation and
earlier international proposals. The section ends with a final proposal for the p—factor. Then
a section on the r—factor follows. The theory for the r—factor approach is described in detail.
In the following section the new proposals for the p— and r—factors will be compared with
current regulation by use of a small number of application examples. Determination of the
factors p and r is based on methods described by Pawlowski (1996) and Jensen (2000).
Section 9.5 deals with determination of the v—factor. Two proposals are presented. The
first is based on analysis of the damage statistics, the second on the bow-height statistics.

In the last section a wide range of application examples is presented. The first example
deals with the IMO-boxes, 11 different boxes with six different subdivisions are examined
in detail regarding the p-, r-, and v-factors and the total attained subdivision index. Then
three examples follow illustrating the attained index for two different vessels, a Ro-Ro ferry
of a length of 64 m and a container vessel of a length of 190 m.

9.1 Introduction to Probabilistic Damage Stability

The philosophy behind the probabilistic damage stability concept is that two different ships
with the same index of subdivision are of equally safe.

In order to develop the probabilistic concept of subdivision, it is assumed that the ship is
damaged. Since the location and the size of the damage is random, it is not possible to
state which part of the ship is flooded. However, the probability of flooding a space can be
determined if the probability of occurrence of certain damages is known. The probability
of flooding a space is equal to the probability of occurrence of all such damages, which just
open the considered space. A space is a part of the volume of the ship which is bounded by
undamaged watertight structural divisions.

Next, it is assumed that a particular space is flooded. In addition to some inherent ge-
ometrical characteristics of the ship, various other factors influence whether the ship can
survive such flooding. They include the initial draught and GM, the permeability of the
space and the weather conditions, all of which are random at the time the ship is damaged.
Provided that the limiting combinations of the aforementioned variables and the probability
of their occurrence are known, the probability that the ship will not capsize or sink, with
the considered space flooded, can be determined.
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The main concept of the current probabilistic damage stability regulations is the determi-
nation of a subdivision index A expressed by the formula

A:Zpi'si'vi

where

¢ represents each compartment or group of compartments under consideration

p; accounts for the probability that only one compartment or a group of compartments is
flooded, disregarding the horizontal subdivision

s; accounts for the probability of survival after flooding the compartment or group of com-
partments under consideration

v; is the probability that the space above a horizontal subdivision will not be flooded

If wing compartments are fitted, the p-factor shall be obtained by multiplying by a factor
r for a wing compartment and multiplying by (1 — r) for simultaneous flooding of the wing
tank and adjacent inboard compartment.

The attained index A shall not be taken less than a required index R. For dry cargo vessels
the required index is today only a function of the length of the struck vessel, whereas the
index for passenger vessels is a function of the length of the vessel, the number of persons
whom the vessel is permitted to carry and the number of persons for whom lifeboats are
provided.

A:Zpi'si'vi>R

In order to prepare the calculation of the index A the length of the ship is divided into a
fixed discrete number of damage zones. The triangle in Figure 9.1 illustrates the possible
single- and multiple zone damages in a ship with watertight arrangement suitable for a
seven zone division. The triangles at the bottom line indicate single zone damages and the
parallelograms indicate combinations of adjacent damages.

List of Symbols Used in This Chapter

T The non-dimensional damage location, T = ¥, where x is the longitudinal position and L

the length of the vessel

z
.’

7 The non-dimensional damage length, 7 = ¥, where y is the damage length and L the
length of the vessel

The non-dimensional penetration, z = where z is the penetration and B the breadth

of the vessel

|

2
B
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Figure 9.1: Figure illustrating the possible single and multiple zone damages.

71 The non-dimensional distance from the aft terminal of L to the aftermost position of the
compartment being considered

Ty The non-dimensional distance from the aft terminal of L to the foremost position of the
compartment being considered

J The non-dimensional length of the considered compartment or compartments (J = T5—77)

9.2 Determination of the p-Factor

The factor p, which accounts for the probability that only the compartment or group of
compartments under consideration is flooded, can be determined as

p= / £(z,7)dzdy

where f(T,7) is the joint probability density function of the non-dimensional damage location
and the non-dimensional damage length. In the analyses in Sections 6 and 7 it was found
that the non-dimensional damage location, 7, and the non-dimensional damage length, 7/, can
be considered as independent parameters. Therefore, the joint probability density function
f(7,7) can be written

f(@,9) = a(T)b(y)

In the following, the non-dimensional damage location and the non-dimensional damage
length are analysed. Functions from existing regulations and earlier proposals are shown
together with the analysed data.
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Proposals for the damage distributions are based on data from the updated database de-
scribed in Section 7. When functions are fitted to the discrete distributions for the non-
dimensional damage location and the non-dimensional damage length, some considerations
must be made. In general, the distribution functions can be separated into two main cate-
gories: a) general statistical distributions, e.g. a log-normal distribution or b) very simple
linear or piecewise linear distributions. The advantage of the general statistical distributions
is that the functions are normally easy to fit to the discrete distributions, but truncation
problems make the calculation more difficult. The linear distribution is the simple solution
used in the present damage stability regulation. This distribution is easy to use in cal-
culations and due to the statistical uncertainty of the data from the damage database, it
seems reasonable to choose the simple functions even though the accuracy may be smaller.
Examples and comparison of both methods will be presented in this section.

The Non-Dimensional Damage Location a(7)
Collisions forward of the collision bulkhead are neglected, see Section 7.1.
Data points 610

Data from the old database and the updated database is shown in Figure 9.2 (left). The
distribution from SOLAS part B-1 and a proposal from SLF 43/3/2 are also shown.

SOLAS B1:

_ 04+16-7 for <0.5
a(T) = _
1.2 for

SLF 43/3/2: a(T) = 0.6+ 087
The distribution for damage location used for tankers, described in MARPOL IMO (1995),

is a uniform distribution along the length of the struck vessel: a(Z) = 1. This function is
not shown in the diagram.
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Figure 9.2: Distribution density of the non-dimensional damage location, T. Only data from
the new damage database is shown in the right diagram.

In Figure 9.2 (right) the distribution density of the non-dimensional damage location is
shown for data from the new database only. The tendency from both the regulations and
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the proposal from SLF 43/3/2 where the likelihood of damage seems to be greater towards
the forward half of the vessel is not seen for the updated database. Many collisions seem to
occur in the middle of the struck vessel but also stern and bow collisions are seen.

Different functions have been used to describe the non-dimensional damage location. In
Figure 9.3 the observed results from the database are shown together with two proposals, a
piecewise-linear function and a Weibull distribution. Figure 9.3 also shows the distributions
for a uniform distribution and the current SOLAS regulations. The proposals are fitted to
the data by a least squared error method based on the cumulative distribution function.

The different functions may be compared by summation of the relative errors:

F(z)—-D(x
error:Z| (;?(E)( )

where F'is the current function and D results observed from the database.

Bi-linear | Linear | Weibull | SOLAS | Uniform
| error 111] 1.51 2.80 4.08 1.59

The table shows that the best fit is the bi-linear function, but as the difference in the relative
error for the bi-linear function and the linear function is small, it is decided to make two
proposals, one using the bi-linear and the other the linear function. The linear function
is by optimisation found to be: a(Z) = 0.065 - T + 0.968, which is very close to a uniform
distribution. A uniform distribution is therefore chosen for the linear proposal as this makes
the rules easier to implement later on.
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Figure 9.3: Cumulative and density distributions of the non-dimensional damage location,
T, for various functions.

The Non-Dimensional Damage Length b(7)
Data points: 508

Data from the old database and the updated database is presented in Figure 9.4 where also
the distribution from SOLAS part B-1 is included. The diagram shows that neither the old
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dataset nor the new dataset is described well by the regulation in SOLAS.

5 _
SOLAS part B-1:  b(y) = 7 (1 - %) where .J;,, is the maximum non-dimensional

damage length: J,,, = 4—L8, but not greater than 0.24

This means that the distribution described in SOLAS depends on the length of the struck
vessel, which is in contrast to the findings in Section 7.
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Figure 9.4: Distribution density for the non-dimensional damage length, 3. Right diagram
shows new data only.

Different functions have been used to describe the non-dimensional damage length. In Figure
9.5 the observed results from the database are shown together with two proposals, one using
a bi-linear function and one the Weibull distribution. The distributions from the current
SOLAS regulations are also shown in Figure 9.5. The proposals are fitted to the data by a
least squared error method based on the cumulative distribution function.

The different functions are compared by summation of the relative errors:

Bi-linear | Weibull | SOLAS | Bi-linear*
| error 0.62 0.51 1.05 0.67

Two bi-linear functions are included in the table. The bi-linear* function is, as the other
functions, optimised by a least-squared error method, but with the constraints that the pa-
rameters must be described by fractions and that the integrated function must be exactly
equal to one. The table shows that the best fit is the Weibull distribution, but it is not sig-
nificantly better than the bi-linear functions. It is here decided to use the bi-linear function,
as this will be easy to implement in a proposal for new regulations. The bi-linear and not
a one-piece linear function is chosen as it is assumed to be important to keep track of the
larger damages.
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Figure 9.5: Cumulative and density distributions of the non-dimensional damage length, 7,
for various functions.

9.2.1 New Proposals for Parameters Describing the p—Factor

Two proposals for determination of the factor p, which accounts for the probability that only
the compartment or group of compartments under consideration may be flooded, will in the
following be presented.

1. The non-dimensional damage length and the non-dimensional damage location are
both given as bi-linear functions

2. The non-dimensional damage length is given as a bi-linear function, whereas the non-
dimensional damage location is assumed to be uniformly distributed along the length
of the struck vessel

The function for the non-dimensional damage location a(7) is taken to be

a9 (E) = Q91 - T + Q92 for

al(f) =ay1 T+ a2 for T S _k:
T > Tk

where T}, is the knuckle point between a;(T) and as(7). The parameters a1, ais, az; and ag
must satisfy the conditions that the function is continuous over Tj and that the integration
along the length of the vessel equals one.

/01 a(T)dr =1

In analogy to the definition of a(7) the function for the distribution of the non-dimensional
damage length b(7) is taken to be

b(F) = bi(Yy) =bi-y+be for y<.J
bo(Y) = b1 - Y+ by for 7> Jy
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where Jj is the knuckle point between b;(7) and by(7). The parameters by, bia, be; and
bao must satisfy the condition that the function is continuous over .J. Furthermore, the
integration from zero to the maximum non-dimensional damage length to be expected, J,,,
must be equal to one.

/OJm b(m)dy =1

The parameters for the non-dimensional damage location, a(T), are by optimisation deter-
mined as

Ty a1 Q12 a1 (29
Proposal 1 | 0.455 | 1.154 | 0.708 | -0.768 | 1.583
Proposal 2 1 0 1 0 0

The parameters for the non-dimensional damage length, b(7), are by optimisation determined
as

Ik Im bus b1z ba1 baz
Bi-linear | 0.170 | 0.48 | -57.894 | 10.350 | -1.602 | 0.769
Bi-linear* | ¢ z s 2 —3 3

Integration of b(y) using the bi-linear function from zero to .J,, will result in a small error
of the size +1.3% due to rounding numbers during the optimisation, whereas integration of
the bi-linear* function exactly equals one.

9.2.2 Integrations for Determination of the p-factor

From the joint probability function f(Z,7) = a(Z)b(y), the probability p that only the
compartment or the compartments bounded by 77 and 73 (77 < T3) are damaged can be
taken to be

p= [ o) [ ale)dzdy

For calculation of the p-factor it is chosen to treat forward, aft and inside compartments by
separate procedures. The probability of only damaging the forward or the aft compartment
will be calculated by use of Figures 9.7 and 9.8, whereas all inside compartments are treated
according to Figure 9.6. The advantage of this model is that the probability of damaging the
compartment in a single-compartment vessel becomes one. But using this model or using
the same methods for all compartments is of less importance as the compartments fore and
aft are normally very small.
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Inside Compartments

Im
Ji Im
J J
Ji
T o T T2

Figure 9.6: Area of integration to obtain the probability p that only one inside compartment
is damaged.

The area of integration to obtain the probability p for the inside compartments is illustrated
in Figure 9.6. The left diagram illustrates the situation where the considered length, J =
Ty — X7, is smaller than both the knuckle point, J;, and the maximum non-dimensional
damage length to be expected, .J,,. The middle diagram illustrates a length between Jj
and J,, and the right diagram a situation of a length greater than both .J, and .J,,. The
boundaries for the integration are between 77 and 73 and the minimum value of J and .J,,.

Proposal 1 (Two bi-linear functions)

Three different cases for the location of damage and the placement of the knuckle points, Ty
and .J,, must be considered. The cases can be described by the matrix in Table 9.1. The
midpoint of the compartment is denoted z,,.

Table 9.1: Integration overview for inside compartments.

Aft part of vessel Damage over mid-length of vessel Forward part of vessel
T2 < T T1 < T < T2 T1 > Tp
T < Tm Tk > Tm
J'=2@p —71) | J' =2(Tz — T)

J < J il) i5) i8) i3)

J < Ty 6) i9)
J > T i2) i4)

J > Ty i7) 110)

The expressions for the cases i1) — 710) in Table 9.1 can be seen in Appendix E.

Proposal 2 (One bi-linear and one linear function)
The problem is separated into two: the length of the damaged room, .J, less than or longer
than Jj:

T _2—g min(J,Jm ) 5—
J > T p:/ bl/ adfdy—l—/ bg/ a dTdy
0 Ti+4 T Ti+4
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Forward Compartment

Im
J Im
J J
Jk
T 1 T1 1

Figure 9.7: Area of integration to obtain the probability p that only the forward compartment
is damaged.

The area of integration to obtain the probability p is illustrated in Figure 9.7. The boundaries
for the forward compartment are given by 73 = 1, 71 = 1 — J and the minimum value of .J
and J,,.

Proposal 1 (Two bi-linear functions)

Two different cases for location of damage and placement of the knuckle points 7y and Jj
must be considered. The cases can be described by the matrix in Table 9.2. The midpoint
of the compartment has the position 1 — J/2.

Table 9.2: Integration overview for forward compartments.

Forward of knuckle point Knuckle point in compartment
1 > Tp 71 < T
T <1-J/2 Tp>1-J/2
J < Jk f1) f3) f6)
2@y, —71) < Jj, 79
J > Ty f2) fn
2T — T1) > Jp f5)

The expressions for the cases f1) — f7) in Table 9.2 can be seen in Appendix E.

Proposal 2 (One bi-linear and one linear function)
The problem is separated into two: the length of the damaged room, J, less than or longer

than Jki
T 1 Jm 1
a dxdy + / by / a dxdy + / by / a dzdy
J 1-Z Ty 1-4

J 1
J<J p 2/ b1/
0 T1+
Ji 1 min(J,Jm) 1—¢ Jm 1
J > g p:/ bl/ adfd§+/ bg/ adfdy—l—/ bg/ a dxdy
0 T+ T Tty T 1-3

vl

[N

vl
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Aft Compartment

Figure 9.8: Area of integration to obtain the probability p that only the aft compartment is
damaged.

The area of integration to obtain the probability p is illustrated in Figure 9.8. The boundaries
for the aft compartment are given by 73 = J, 77 = 0 and the minimum value of J and .J,,.

Proposal 1 (Two bi-linear functions)

Two different cases for location of damage related to the knuckle points 7, and .J; must be
considered. The cases can be described by the matrix in Table 9.3. The midpoint of the
compartment has the position .J/2.

Table 9.3: Integration overview for aft compartments.

Aft of knuckle point | Knuckle point in compartment
T > T2 Tz > Ty
7y, < J/2 Ty > J/2
J < Jg al) a3) ab)
2(J =) < Ji ab)
J > J a2) ad)
2(J =) > J a7)

The expressions for the cases al) — a7) in Table 9.2 can be seen in Appendix E.
Proposal 2 (One bi-linear and one linear function)

The problem is separated into two: the length of the damaged room, .J, less than or longer
than Jj:

J-I Tk Jim
J < J / bl/ adxdy—ir/ bl/ adxdy+/ / a dxdy
J
Jk min(J,Jrm, ) Jm
J > J; / bl/ adxdy+/ b2/ adxdy+/ b2/ a dzdy
J Z Ji

Vessel with Only One Compartment
The probability p that the compartment is damaged is equal to one.

w\@\
w\@\
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9.2.3 The Final Proposal for the p-Factor

It is decided, for the final proposal for the p-factor, to describe the non-dimensional damage
location by a uniform distribution along the length of the struck vessel. The formulation for
p is therefore also identical for compartments where the limit of the compartment coincides
with either the forward terminal or with the aft terminal. The bi-linear* function is chosen
for the non-dimensional damage length:

a(z) =1

(—120-5 4 21) for

(@)=
o) = { (=67 +3) for

by @) =

= N[
o~ <
A A
< ol
VAN
N

The probability p for cases where limits of neither compartment nor group of compartments
under consideration coincide with the aft or the forward terminals:

1 1
J < (Jk = 6) Dilt = EJQ(anﬂL 3b12)
21
=10 +=.J?
4
1 1,1 , 1
J > Jk = é Di2 = —gbqu + §(b11J — le)Jk + JleJk — 5621(‘171 — Jk:)

1
+ §(b12J — byo)(J2 = J7) + bog J (T, — Ji)

1313 1, 3 , 3 ., 3
= s T Ty MR T

The probability p for cases where the forward limit of the compartment or group of com-
partments under consideration coincides with the forward terminal - or - where the aft limit
of the compartment or group of compartments under consideration coincides with the aft
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terminal:

1
(2b1,J — byy)J? — ZbHJ(J2 —J3)

1 1 1
J < (ch = 6) Paf = —Ebnef?’ +1

1 1 1
— §b12J(J — Ji) + ZbﬂJ(J; —J3) + §b22J(Jm —Ji)

1
= §(pz'1+J)
1 1 3 1 2 1 3 3
J> Jk:é paf:_Ebll‘]k_FZ(lelJ_bl?)Jk+J612Jk_6b21(‘]n_‘]]¢)
1 2 2 1 1 2 2
5 (bizd = b)) (T = JR) + Sband (T = i) + b T (T, = J})

1
+ §b22J(Jm — J)

1
= §(pz’2+J)

Where the compartment considered extends over the entire ship’s length:

p=1

For all the above expressions are .J, defined as min(.J, .J,,), where .J is the length of the
considered compartment (J = T3 — 77) and J,, is the largest expected non-dimensional

damage length (J,,, = 3).

9.3 Determination of the r-Factor

When combined subdivision is dealt with, the main problem is determination of the prob-
ability r that a penetration is less than a given transverse breadth b. This factor can be
determined as

r= / f(z,7,z)dzdydz

where f = f(T,7,Z) is the joint probability function of the non-dimensional damage location,
the non-dimensional damage length and the non-dimensional penetration.

The observations described in paragraph (v) in Section 7.2.6 imply that, given a transverse
breadth b of the compartment, the probability r that the penetration is less than b becomes
an increasing function of b/B for non-dimensional damage lengths less than 0.033:

b or
T:T<§> and m>0
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Furthermore, it must be required for the factor r that
r—0 forb/B - 0 and 0<r<1

Damage penetrations through the centre line are very unlikely see paragraph (iii) in Section
7.2.6. As a result of this and since the vessel is assumed to be symmetrical it should be
expected that

b 1 b 1
T—T<§—§>—1 and §E|:O,§:|

by use of the observations from the analyses in Sections 7.2.5 and 7.2.6, the probability of
damaging only a wing tank of the breadth b, p - r can be written as

pr= [ [a@ [ cemizamay

where J, is equal to % and c¢(z]y) is the conditional probability function of the non-

dimensional penetration, Z, given the non-dimensional damage length, 77. The corresponding
conditional probability distribution function is defined by

cim = [ emiz

From the paragraphs (v) and (vi) in Section 7.2.6, it can be concluded that the function
C(Z|y) must depend on 7 so that

Czm) 1 for 7y < f—5
zZly) = 12
Y C(z) for 7> =

The expression for p - r can now be written

por = /Ojb b(y)/a(i)dfdwaC (%) /J b(y)/a(f)dfdy

and the probability r that the penetration is less than the breadth of the wing tank b can
be written as

=t fie ()] -4

where G is defined by

G = /OJb b(7) /a(f)dfdy

The factor p is the probability that this particular compartment, disregarding the longitu-
dinal subdivision, is damaged (see Section 9.2).
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When the integration is carried out, the position of the knuckle point, .J, in the expression
for the non-dimensional damage length must be considered. The G function can be expressed
as

5 < i o= ["ne) [ @
Iy > Ji G= /0 " b1(7) / a(T)dzdy + /J ) b2 (7) / a(T)dzdy

k
where J, is min(.J,, J).
The integration of the non-dimensional damage location a(Z) must be considered as in Sec-
tion 9.2.

If the non-dimensional damage location is described by a uniform distribution along the
length of the struck vessel and the non-dimensional damage length as a bi-linear function
like proposal 2 from Section 9.2, the G-function can be described as:

Inside Compartment

min(Jy,J) T34
Jp < Ji G:/ bl/ ~ a dxdy
0 Zi+4
Je -1 min(Jy,J,Jm) 72— 1
Jy > J;, G = / bl/ a dfdg—i—/ b2/ a dfdg
0 Tty Tk zi+d

Forward or Aft Compartments

As the non-dimensional damage location is assumed to be uniformly distributed along the
length of the vessels, the formulation of the function G must be identical for forward and
aft compartments. Therefore only the formulation for the aft compartment is given:

min(Jy,J) J— Jp z
Iy < Jp G:/ bl/ adfdy+/ bl/ a dxdy
0 0 min(Jp,J) 0
Ji J-1 min(Jy,J,Jm) J-1
Jy > J;, G = / bl/ a dfdg +/ b2/ a dfdg
0 0 Ji Z

min(Jy,Jm) z
+ / bg / a dfdg
Ik 0

The Compartment Extending over the Entire Ship’s Length

Jp 1
Jb S Jk G = / bl/ a dfdg
0 0

Ty 1 Jy 1
Jy > J;, G = / bl/ a dfd§+/ bg/ a dfdg
0 0 Ti 0

Wi

ok
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9.3.1 Final Proposal for the G-Function

With respect to the final proposal for the G—function, the non-dimensional damage location
is described by a uniform distribution along the length of the struck vessel. The formulation
for p is therefore also identical for compartments where the limit of the compartment coin-
cides with either the forward terminal or the aft terminal. The bi-linear* function is chosen
for the non-dimensional damage length, see Section 9.2.3.

The function G must be examined in more detail. The upper limit of .J, has a maximum of
0.033 as b/ B is always less than 0.5. The maximum value for the non-dimensional damage
length J,, is larger: 0.24 for the current regulation and 0.5 for the new proposal, therefore
it will here be assumed that .J,, is always larger than J,. Thus min(.J, Jy, J,)=min(J, J,).
Furthermore, the factor » will for J greater than .J, be equal to one, see the analysis on
the non-dimensional damage length versus the non-dimensional penetration in Section 7.2.5,
which means that min(.J, .J,) can be taken as .J, in the formulation for r.

The knuckle point .J; is in the new proposal defined to be equal to %, i.e. J, will always be
smaller than .J;. The expressions for the function G' can now be simplified.

The function G for cases where the compartment considered extends over the entire ship’s
length is determined as

1
Gt - 5()11:]1)2 + blgjb
21
:—30-J3+7-J,,

The function G for cases where limits of neither compartment nor group of compartments
under consideration coincide with the aft or the forward terminals:

1 1
Gi = _gbllt]b?) + 5(()11J — b12)J[,2 +biaJ

21
:20-J§’—Z-JE+Gt-J

The function G for cases where the forward limit of the compartment or group of compart-
ments under consideration coincides with the forward terminal - or - where the aft limit
of the compartment or group of compartments under consideration coincides with the aft
terminal is determined as

1
6

1

1 1 1
G by Jp + Z(21)11J — byg)JE 4 TbyaJy + ZbHJ(J,,2 — J2) + §b12J(Jb —Jy)
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9.3.2 Proposal for the C(z)-Function

The Non-Dimensional Penetration
Data points: 398

51 5
O New Database
4 17 [ Old Database 4 I
3 4 3
2 A 2
N ] | —1_‘—1_;—‘
0 T T T T T T T T T T T T T T \_{_q_q_%—bl\ 0 ! ! ! ! ! ! ! ! ! ! ! ! ! !
“ “ “ “ “ \e) “ “ “ “
I I SRR P I FLLL S
Q'Q Q~\ Q(-» Q"? Q‘b‘ Q%J Qb Q(~\ Q‘fo QC?) Q Q Q Q Q Q Q Q Q Q

. . . Non-dimensional penetration
Non-dimensional penetration P

Figure 9.9: Distribution density for the non-dimensional penetration, Z. Right diagram
shows new data only.

Data from the old database and the updated database is shown in Figure 9.9.

A linear function has been used for describing the non-dimensional penetration or the ¢(%)
function. As only 5% of the non-dimensional penetrations are greater than 0.5, the maximum
value will be taken as 0.5. The proposal is fitted to the data by the least-squared error method
for the cumulative distribution function requiring that all parameters must be described by
fractions. The function of ¢(Z) can thus be determined as

IN

1
c(z) = g(—24 -Z + 16) for 0<z<05
and the corresponding probability distribution function as

1
C(z) = g(_12 22 4+16-7)  for 0<z<0.5

The functions ¢(z) and C(Z) can be seen in Figure 9.10 together with the results from the
database.
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Cumulative distribution for the non-dimensional penetration
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Density distribution for the non-dimensional penetration

Figure 9.10: Cumulative and density distributions of the non-dimensional penetration, Z, for
data from the updated database and a linear function proposal.

9.4 Comparison and Examples Using the New Pro-
posal and Current Regulations

Current Regulations (SOLAS B-1)

Non-dimensional damage location:

a(z) =

04+4+16-7 for 7T<0.5
1.2 for =

Non-dimensional damage length:

1 _
b(y) = T <1 - %) where .J,,, is the maximum non-dimensional

damage length: J,, = 48/L, but not more than 0.24

The reduction factor r shall be determined by the following formulas:

J+0.03

0.016 4 % +0.36 for % > 0.2

b 0.08 b
T:{E-[2.3+ ] +01 for £<02
J+0.03

For J < 0.2% the reduction factor is calculated by linear interpolation between r = 1

for J =0, and r is equal to the value calculated by the above formula for J = 0.2%.

New Proposal
The non-dimensional damage location:

a(t) =1
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The non-dimensional damage length:

_ bi(y) =
@) =)

b2 (y) =

The non-dimensional penetration:

(—120 -5 +21) for
(—=6-7y+3) for

= N
SN
VANRVAN
LS| o=
[\
N | =

1
c(z) = g(—24 -Z + 16) for 0<z<05

The reduction factor r shall be determined by the following formulas:

e e o

where the functions for p, G and C' are defined in Sections 9.2.3, 9.3.1 and 9.3.2.

9.4.1 Application Examples for the p-Factor

Two examples will be used for comparison of the two different approaches, here the current
regulation and the new proposal, to determination of the probability of damaging only one
compartment, p.

The first example, see Figure 9.11, deals with a vessel divided into two compartments. The
probability of damaging either the aft or the forward compartment is calculated for varying
positions of the transverse bulkhead. Figure 9.11 (right) shows p as a function of the length
of the compartment .J. The current regulation shows a higher probability of damaging
the forward compartment, whereas the new proposal is symmetrical regarding the damage
location and it is therefore presented by one line only.

In the second example, see Figure 9.12, the probability p is calculated for vessels with equal
sized compartments. Three different vessels have been examined, each with respectively 2,
3 and 4 compartments. The figures show that the probability is more evenly distributed
throughout the length of the vessel for the new proposal.

1A

0.8

Aft Forward

Forward, current regulation

0.6 § L
Bulkhead L . Proposal

/ 0.4

0.2 4

. 0

Aft, current regulation

0 0.2 0.4 0.6 0.8 1

Length of compartment, J

Figure 9.11: Two-compartment vessel with moving bulkhead. Left: Drawing of the vessel.
Right: The probability of damaging one particular compartment, p, as a function of the
compartment length.
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0.6 » 0.4 »
0.5 035
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— Current regulation 0.1 1 — Current regulation
1 -+~ New proposal -+~ New proposal
0 0.05
0 T T T T 0 T T T T
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Non-dimensional position, x/L Non-dimensional position, x/L

Figure 9.12: The probability of damaging one particular compartment, p, as a function of
number of equal-sized compartments and their position. Left: two and three compartments.
Right: three and four compartments.

9.4.2 Application Examples for the r-Factor

The first example deals with a vessel without transverse bulkheads. The probability » that
the penetration is less than the breadth of a wing tank b will in this case be calculated using
both the current regulation and the new proposal.

The r-factor for the current regulation, see Section 9.4, is only a function of the relation
between the wing tank breadth and the breadth of the vessel as the compartment length,
J, is equal to one. In Figure 9.13 the r-factor is shown as a function of the relation b/B for
both the current regulation and the new proposal. The figure shows that the new proposal

is equal to zero for no wing tank, % = 0, and equal one for % = %

0.8
§ 0.6
<9
&
= 0.4 1

0.2 — Current regulation

----- New proposal
0+ T T T T )
0 0.1 0.2 0.3 0.4 0.5

b/B

Figure 9.13: Comparison of the r-factors for the current regulation and the new proposal.
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0.7 0.25 4
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Figure 9.14: Three equal sized compartments. Left: p- and r-factors for the current regula-
tion and the new proposal. Right: (p-r) for the current regulation and the new proposal.
p, v and (p - r) are shown as functions of the non-dimensional longitudinal position and for
values of b/ B equal to 0.1 and 0.2 in both figures.

The second example deals with vessels having two transverse and two longitudinal bulkheads.
The transverse bulkheads are placed to establish three equal sized compartments. The
position of the longitudinal bulkheads is variable. The probability of damaging the aft,
the middle and the forward compartment is calculated to be 0.2930, 0.3655 and 0.2930
respectively. The probability, p, and the r-factor for the three compartments are shown in
Figure 9.14 (left) for the current regulation and the new proposal. The probability (p-r) for
the current regulation and the new proposal is shown in Figure 9.14 (right). Both p, r and
(p-r) are shown as functions of the non-dimensional longitudinal position and for values of
b/B equal to 0.1 and 0.2 in the figures.

9.5 The v-Factor

The v-factor is defined as the probability that the damage will not exceed a given height
above the water line. This factor can be determined in two ways:

e Use of damage statistics to make a distribution for possible damage heights above the
water line

e Use of the information on the distribution of striking vessels to define statistics on
bow heights. This will together with the assumptions about loading condition give a
distribution for the highest point of damage above the water line
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9.5.1 Damage Statistics

The following three requirements are here used as regards the damage statistics:

e The casualty must be a collision
e The collision must be between two ships

e The damage location must be aft of the collision bulkhead

See also Section 7.1.
This section makes use of the following vessel parameters:

D The depth of the struck vessel

T The draught of the struck vessel

Z  The vertical distance from the baseline to the lowest point of damage
h  The maximum vertical damage height measured from 7

Dy The depth of the striking vessel

T, The draught of the striking vessel

VARV,

= Type 1 > < Type 2 >

Figure 9.15: Damage types.

The damages are separated into two types, see Figure 9.15. The complete distribution of
the upper limit of the vertical damage extent is known directly for damage type 2 only. For
type 1 damages, nothing can be deduced about the upper limit, however, if it is assumed
that the damage may extend up to the bow of the striking vessel, the upper limit can be
calculated. It is here assumed that half of the world fleet of large ships has raised forecastle
deck of an average height of 3m. This is modelled by adding an equivalent height of 1.5m
to the depth of all vessels, see Herbert Engineering (2001) and Tagg et al. (2001).

Type 1
Requirement: D—(Z+h)<0
Upper limit of damage: Dy — Ty + 1.5
Data: 99

Type 2
Requirement: D—(Z+h)>0

Upper limit of damage: Z 4+ h—T
Data: 114
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If all collisions are included in the analysis the number of observed data of type 2 is increased
to 237.

15 4

- = Ship-ship collisions ﬂ
10 H —Allcollisions .//’
T — Herbert Engineering _ e
T S -
= . t-/ —
) o=
2 0 - * ‘
@ Ld
% o2 ol4 0.6 038 1
g -5
<
a

-10

-15 -

Cumulative probability

Figure 9.16: The cumulative probability of damage heights. Damage statistics using all
collisions, damage statistics using ship-ship collisions only and an analysis performed by
Herbert Engineering (2001).

Figure 9.16 display the cumulative probability of damage heights. Three graphs are shown
in the diagram. Damage statistics using ship-ship collisions only, damage statistics using
all collisions, and results from an analysis of the vertical extent of damage performed by
Herbert Engineering (2001). As expected the ship-ship collisions do not have so many low
damages as the other two analyses. The figure also shows that the analysis performed by
Herbert Engineering has a large range between the lowest and the highest damage.

The damage statistics including the ship-ship collisions only is used for the v-factor proposal.
No distinction is made between different sizes of vessels as the correlation between the length
and the damage height is calculated to be 0.045.

Two proposals using the damage statistics will be presented. In the first proposal are dam-
ages below the waterline not included; in the second proposal are all damages included to
describe the v-factor.

Proposal for the v-Factor based on Damage Statistics, no Damages below Wa-
terline

Even though the statistics shows damages below the water line, which probably is a result of
a bulb penetrating the side of the struck vessel, the factor for 0% is taken to be equal to 0 as
no damages below the water line are desirable. The v-factor for the cumulative probability
of 80% is taken directly from the statistics. The factor for 100% is found by fitting a bi-linear
function to the data by a least squared error method. See Figure 9.17.

The function is bi-linear with the knuckle point v = 0.8
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Figure 9.17: The cumulative probability of damage heights. v-factor based on the damage
statistics from the damage database using ship-ship collisions only and no damages below
the waterline.

Proposal for the v-Factor based on Damage Statistics, including Damages below

Waterline
The v-factor is independent of the length of the vessel. The function is described by a

Weibull distribution:
v 1 _ o (EEReyt

See also Figure 9.18.

— Damage Database /

104 - - Proposal _—

(H-T) [m]

v -factor

Figure 9.18: The cumulative probability of damage heights. v-factor based on the damage
statistics from the damage database using ship-ship collisions only, including damages below
the waterline.
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9.5.2 Analysis of Bow Heights of Striking Vessels
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Figure 9.19: The cumulative distribution of bow heights of striking vessels. The bow heights
are separated into intervals for lengths of struck vessels.

The bow heights have been analysed by use of the assumption about striking vessels from
Section 6.3, regarding numerical simulation. Here the struck vessels are separated into three
intervals, L. < 100, 100 < L < 160 and L > 160, the type and length assumptions are
according to analysis 2 in Section 6.3. Analysis 2 includes the relation between the sizes of
the struck and the striking vessel. Also assumptions about loading conditions and the height
of the raised forecastle are taken directly from the description of the striking vessels used for
the numerical simulation. Figure 9.19 shows the cumulative distribution of the bow heights
of the striking vessels for the three intervals of struck vessels.

Proposal for the v-Factor

The v-factor for the cumulative probability of 50% or v=0.5 is taken directly from the bow
height distributions. The factors for 0 and 100% are found by fitting a bi-linear function to
the data by a least squared error method. Table 9.4 shows the values for the deck height
above the water line (H — T') for the intervals of struck vessels, L < 100,100 < L < 160 and
L > 160.

It is decided to keep the values for the small vessels as minimum values and the values for
the large vessels as maximum values. To obtain the v-factor for medium-sized vessels, the
v-factor can be found by interpolation, see also Table 9.5.

Table 9.4: Deck height above the water line (H — T), fitted to the distributions.

L < 100m 100m < L < 160m | L > 160m
v=00| (H-T)=10| (H-T) =17 (H-T)=21
v=05| (H-T)=45 | (H-T) =53 (H-T) =65
v=1.0| (H-T)=9.0 | (H-T)=9.9 (H-T) =132

Comparison of v-Factor Proposal with Damage Statistics

For comparison of the statistics and the bow height distribution, only ship-ship collisions

from the damage statistics are used.
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Table 9.5: Deck height above the water line (H —T). Interpolation for medium-sized vessels.
L < 100m 100m < L < 160m L > 160m
v=00 | (H-T)=10| (H-T)=1.0+ LI - (L—100) | (H—T) =2.1
v=05|(H-T)=45| (H-T) =45+ % (L —100) | (H —T) =6.5
v=10|(H-T)=9.0 | (H-T)=9.0+%2.(L—100) | (H-T) =132
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Figure 9.20: Comparison of data from the damage statistics and the bow height distribution.
L <100 (56 data), 100 < L < 160 (119 data), L > 160 (38 data).

Figure 9.20 shows diagrams for comparison of data from the damage statistics and the bow
height distribution. The first diagram (top, left) shows the results from the small struck
vessels of a length below 100 m. In this case the mean value for the length of the striking
vessels is approx. 124 m, which means that the striking vessels in many cases are larger than
the struck ones. The large number of observed damages below the water line may be a result
of the difference between struck and striking vessel, as the vessel in many cases will only be
hit by the bulb of the striking vessel, whereas the top of the bow is above the upper deck.
For medium-sized struck vessels between 100 m and 160 m the mean value for the length
of striking vessels is approx. 143 m, about the same size as the struck vessels. The figure
(top, right) shows good agreement between statistics and bow heights. The small amount
of damages below the water line may be a result of soft bows with rigid bulbs. The diagram
for the larger struck vessels of a length above 160 m (bottom figure) shows a large difference
between the data from the statistics and the bow heights. In this case the mean value for
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the length of striking vessels is approx. 177 m. The difference is probably a result of the
sparse dataset in this interval.

9.5.3 Comparison of the Present Proposals, SOLAS Part B-1 and
the Proposal from SLF 43/3/2

SOLAS Part B-1

v=0 (H-T)=00
v=1 (H-T)=0.056-L-(1-:%) max. 7m

SLF 43/3/2

v=0 (H-T)=0.012-L max. 3 m
v=1 (H-T)=0.032-L+3 max. 11 m

15 A 15
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Figure 9.21: Comparison of v-factors. Vessels of a length of 100m, 200m and 300m.

Figure 9.21 shows a comparison of the v-factor calculated by use of the current regulation
SOLAS Part B-1, a proposal from SLF (SLF 43/3/2) and the present proposals. The dia-
grams are for vessels of a length of 100m, 200m and 300m. The current regulation results
are for all vessels in the lowest damage height above the water line. For smaller heights the
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proposal from SLF and the bow height proposal are nearly identical, whereas the bow height
proposal also includes higher damages. The damage statistics proposal shows a different
pattern. The proposal including damages below the water line follows the damage statistics,
whereas the proposal excluding the damages below the water line starts at zero but include
also higher damages.

9.6 Application Examples

This section includes application examples for calculation of the attained subdivision index
using the new proposals for the p-, r-, and v-factors. The new proposals are implemented
in an existing software package, I-ship, for probabilistic damage stability calculation. The
software package is developed at the Technical University of Denmark.

Three examples will be used for comparison of the different approaches to determination of
the attained subdivision. The calculations are performed using IMO resolution MSC19(58),
the proposal SLF 43/3/2 and the new proposals. An overview of the SLF 43/3/2 proposal
is found in Appendix F.

The first example deals with the IMO-boxes, 11 different boxes with six different subdivisions
are examined in detail regarding the p-, r-, and v-factors and the total attained subdivision
index. The following examples illustrate the attained index for two different vessels, a Ro-Ro
ferry of a length of 64 m and a container vessel of a length of 190 m.

Three loading conditions are considered when the attained subdivision index is calculated,

namely lightweight, partially loaded and fully loaded condition. The attained index for these

loading conditions is weighted by 20%, 40% and 40%, respectively, giving:
A=02-A4+04-A4,+04- A,

For the two examples regarding the vessels, the survivability index, s, is, except for the
current regulation, calculated according to the SLF 43/3/2 proposal.

9.6.1 IMO-Boxes

Boxes and Subdivision Sets
[Shipno. [ Lm] [ B[m] [ D[m] [ Ts [m] [ Tp [m] | T} [m] |

1 100 20 12 6 4.8 3
2 200 40 24 12 9.6 6
3 300 60 36 18 14.4 9
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Box no. | Set | Ship no. Internal Examined
subdivision | parameters
1 A 1 T P
2 2 T p, T
3 3 T p, T
6 B 3 T,L p, T
7 C 1 T,L p, T
8 D 1 T,L p, T
9 1 T,L p, T
13 F 1 T,H D, v
14 2 T,H p, v
15 3 T,H D, v
16 G 1 T,LH D, v

Set A, Box-Forms 1, 2 and 3

Subdivision in Set A: Transverse only. The boxes are seen in Figure 9.22.

=)
)
~
- - - - - - - - - - J )
q, S
S~~~
o
N
S = o = o = o = o = o
o » ) » ) » ) » ) » ot
2] 2 2 e 2 2 2 e 2 2 12
S =) =) =) =) =) =) =) =) =) S
= x N x N x N x N x =
[y ~ ~ ~ ~ ~ ~ ~ ~ ~ [y
D =) o =) o =) o =) o =) D
— — — — — — — — —

Figure 9.22: Set A, box-forms 1, 2 and 3.

As the boxes are transversely stiffened only, there will be no contributions from the r- and
the v-factor. Thus the subdivision index will reflect the p-factor.

The attained index is calculated according to resolution MSC 19(58), the proposal SLF
43/3/2 and the present proposal.

Both the regulations from MSC 19(58) and the proposal SLF 43/3/2 include length de-
pendency for vessels of a length above 200 m, see the description of the distribution for
non-dimensional damage length, b, where J,, is a function of L. The present proposal in-
cludes no length dependency. Because of the above mentioned length dependency, the boxes
are here separated into two groups, 1+2 and 3 as box no. 3 is above 200 m.

Figure 9.23 shows the probability of damaging one particular compartment. The figure
shows that the current regulation MSC 19(58) and the proposal SLF 43/3/2 have a higher
probability of damaging the forward compartments, whereas the new proposal is symmetrical
regarding the damage location and more evenly distributed throughout the length of the
vessel.
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Figure 9.24 shows the subdivision index as a function of number of damaged zones for all
three methods of calculation. The MSC 19(58) and the SLF 43/3/2 calculations are nearly
identical, whereas the new proposal is a little higher for the smaller vessels and lower for the
larger vessels. The numbers for the attained index are all given in Tables 9.6 and 9.7.
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Figure 9.23: Probability of damaging one particular compartment, box-forms 1, 2 and 3.
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Figure 9.24: Attained subdivision index as a function of number of damage zones.
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Table 9.7: Attained subdivision index, contributions from individual number of damage

Table 9.6: Attained subdivision index, cumulative number of damage zones, Set A.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
1 MSC 0.3781 0.8608 0.9969 1 1 1 1
1 SLF 0.3826 0.8643 0.9970 1 1 1 1
1 Proposal 0.4444 0.8948 0.9639 0.9883 0.9985 1 1
2 MSC 0.3781 0.8608 0.9969 1 1 1 1
2 SLF 0.3826 0.8643 0.9970 1 1 1 1
2 Proposal 0.4444 0.8948 0.9639 0.9883 0.9985 1 1
3 MSC 0.5066 0.9742 1 1 1 1 1
3 SLF 0.5093 0.9747 1 1 1 1 1
3 Proposal 0.4444 0.8948 0.9639 0.9883 0.9985 1 1

zones, Set A.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
1 MSC 0.3781 0.4827 0.1361 0 0 0 0
1 SLF 0.3826 0.4817 0.1327 0.0030 0 0 0
1 Proposal 0.4444 0.4504 0.0691 0.0244 0.0102 0.0015 0
2 MSC 0.3781 0.4827 0.1361 0 0 0 0
2 SLF 0.3826 0.4817 0.1327 0.0030 0 0 0
2 Proposal 0.4444 0.4504 0.0691 0.0244 0.0102 0.0015 0
3 MSC 0.5066 0.4676 0.0258 0 0 0 0
3 SLF 0.5093 0.4654 0.0253 0 0 0 0
3 Proposal 0.4444 0.4504 0.0691 0.0244 0.0102 0.0015 0
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Set B, Box-Form 6

Subdivision in Set B: Transverse and longitudinal. See Figure 9.25.
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Figure 9.25: Set B, box-form 6.

As the box is transversely and longitudinally stiffened, there will be contributions from both
the p- and the r-factor.

The attained index is calculated according to the proposal SLF 43/3/2 and the present
proposal. Only the large vessel of a length of 300 m is considered.

Figure 9.26 shows the probability of damaging one particular outer compartment. Three di-
agrams are given, the upper left is the p- and the (p-r)-factors for the calculation performed
by SLF 43/3/2, the upper right the same factors for the present proposal and the bottom
diagram shows the r-factor for both methods of calculation. The forward and the aft com-
partments are taken as outer compartments but as these compartments have no longitudinal
subdivision, the term (p - r) for these compartments equals p.

Figure 9.27 shows the subdivision index as a function of number of damaged zones for both
methods of calculation, the agreement is good. The numbers for the attained index are all
given in Tables 9.8 and 9.9.
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Figure 9.26: Probability of damaging one particular outer compartment. The contributions
from p, r and p - r are shown.
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Figure 9.27: Attained subdivision index as a function of number of damage zones.

Table 9.8: Attained subdivision index, cumulative number of damage zones, Set B.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
6 SLF 0.5093 0.9747 1 1 1 1 1
6 Proposal 0.4444 0.8948 0.9639 0.9883 0.9985 1 1
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Table 9.9: Attained subdivision index, contributions from individual number of damage

zones, Set B.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
6 SLF 0.5093 0.4654 0.0253 0 0 0 0
6 Proposal 0.4444 0.4504 0.0691 0.0244 0.0102 0.0015 0

Set C, Box-Form 7

Subdivision in Set C: Transverse and longitudinal. Both outer and inner longitudinal divi-
sions. The centre compartments form part of an assumed flooding case where s = 0. The
box is seen in Figure 9.28.
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Figure 9.28: Set C, box-form 7.

As the box is transversely and longitudinally stiffened, there will be contributions from both
the p- and the r-factor.

The attained index is calculated according to the proposal SLF 43/3/2 and the present
proposal. Only the small vessel of a length of 100 m is considered.

Figure 9.29 presents the probability of damaging one particular outer compartment. The
contributions from p and (p - r) are seen. Two diagrams are shown, in the left diagram
the p- and the (p - r)-factors for the calculation performed by SLF 43/3/2 are given. In
the right diagram the same factors are shown for the present proposal. The forward and
the aft compartments are taken as outer compartments but as these compartments have no
longitudinal subdivision, the term (p - r) for these compartments equals p.

Figure 9.30 shows the subdivision index as a function of number of damaged zones for both
methods of calculation. The figure shows good agreement between the two methods of
calculation. The numbers for the attained index are all given in Tables 9.10 and 9.11.
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Figure 9.29: Probability of damaging one particular outer compartment. The contributions

from p and p - r are shown.
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Figure 9.30: Attained subdivision index as a function of number of damaged zones.

Table 9.10: Attained subdivision index, cumulative number of damage zones, Set C.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
7 SLF 0.3769 0.8205 0.9398 0.9425 0.9425 0.9425 0.9425
7 Proposal 0.4370 0.8686 0.9345 0.9578 0.9676 0.9690 0.9690

Table 9.11: Attained subdivision index, contributions from individual number of damage

zones, Set C.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
7 SLF 0.3769 0.4436 0.1193 0.0027 0 0 0
7 Proposal 0.4370 0.4316 0.0659 0.0233 0.0098 0.0014 0
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Set D, Box-Forms 8 and 9

Subdivision in Set D: Transverse and longitudinal. For box-form 8 the centre compartments
form part of an assumed flooding case where s = 0. The boxes are seen in Figure 9.31.
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Figure 9.31: Set D, box-forms 8 and 9.

As the boxes are transversely and longitudinally stiffened, there will be contributions from
both the p- and the r-factor.

The attained index is calculated according to the proposal SLF 43/3/2 and the present
proposal. Only the small vessel of a length of 100 m is considered.

Figure 9.32 presents the subdivision index as a function of number of damaged zones for
both methods of calculation. The numbers for the attained index are all shown in Tables
9.12 and 9.13. The effect of the survivability s = 0 for the centre compartments in the
calculation of box-form 8 is significant for both methods of calculation.
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Figure 9.32: Attained subdivision index as a function of number of damage zones.
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Table 9.12: Attained subdivision index, cumulative number of damage zones, Set D.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
8 SLF 0.2762 0.5137 0.6088 0.6184 0.6184 0.6184 0.6184
8 Proposal 0.2980 0.5280 0.5919 0.6088 0.6160 0.6177 0.6178
9 SLF 0.2820 0.4971 0.8209 0.9077 0.9928 0.9991 1
9 Proposal 0.3318 0.5719 0.8677 0.9183 0.9584 0.9686 0.9865

Table 9.13: Attained subdivision index, contributions from individual number of damage
zones, Set D.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
8 SLF 0.2762 0.2375 0.0951 0.0096 0 0 0
8 Proposal 0.2980 0.2300 0.0639 0.0169 0.0072 0.0017 0.0001
9 SLF 0.2820 0.2151 0.3238 0.0868 0.0851 0.0063 0.0009
9 Proposal 0.3318 0.2401 0.2958 0.0506 0.0401 0.0102 0.0179

Set F, Box-Forms 13, 14 and 15

Subdivision in Set F: Transverse and horizontal. Both lower and upper horizontal divisions.

All upper compartments form part of an assumed flooding case where s = 0. The boxes are
seen in Figure 9.33.
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Figure 9.33: Set F, box-forms 13, 14 and 15.

As the boxes are transversely and horizontally stiffened, there will be contributions from
both the p- and the v-factor.

The attained index is calculated according to the proposal SLF 43/3/2 and the present
proposal using bow height statistics for the v-factor.

Minimum heights above the water line of the upper deck are 4, 8 and 12 m for box 13, 14
and 15, respectively.

SLF 43/3/2 The p-factor: Length dependency for vessels of a length above 200 m, see the
distribution for non-dimensional damage length, b, where .J,, is a function of L. The v-
factor: Minimum heights above the water line from the definition of v for box 13, 14 and 15,
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respectively: 1.2/2.4/3.0 m. These values are lower than the minimum height of the upper
deck; the v-factor will then be greater than zero and thus depend on the length of the vessel.

Present proposal using bow height statistics: The p-factor: No length dependency. The v-
factor: Minimum heights above the water line from the definition of v for box 13, 14 and 15,
respectively: 1.0/2.1/2.1 m. These values are lower than the minimum height of the upper
deck; thus v is greater than zero and depends on the length of the vessel.

Figure 9.34 shows the subdivision index as a function of number of damaged zones for both
methods of calculation. The numbers for the attained index are all given in Tables 9.14 and
9.15. The difference between the methods of calculation is significant. The formulation of
the v-factor for the new proposal results in a much lower attained index. The influence of
the length of the vessel is seen in Figure 9.35.
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Figure 9.34: Attained subdivision index as a function of number of damage zones, proposal
refers to bow height statistics.
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Figure 9.35: Attained subdivision index as a function of number of damage zones, proposal
refers to bow height statistics.

Table 9.14: Attained subdivision index, cumulative number of damage zones, Set F.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
13 SLF 0.2999 0.6583 0.7571 0.7593 0.7593 0.7593 0.7593
13 Proposal 0.2753 0.5267 0.5653 0.5789 0.5846 0.5854 0.5854
14 SLF 0.3568 0.7999 0.9220 0.9248 0.9248 0.9248 0.9248
14 Proposal 0.3530 0.6959 0.7485 0.7671 0.7749 0.7760 0.7760
15 SLF 0.5093 0.9747 1 1 1 1 1
15 Proposal 0.4307 0.8649 0.9316 0.9552 0.9650 0.9664 0.9664

Table 9.15: Attained subdivision index, contributions from individual number of damage
zones, Set F.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
13 SLF 0.2999 0.3584 0.0988 0.0022 0 0 0
13 Proposal 0.2753 0.2514 0.0386 0.0136 0.0057 0.0008 0
14 SLF 0.3568 0.4431 0.1221 0.0028 0 0 0
14 Proposal 0.3530 0.3429 0.0526 0.0186 0.0078 0.0011 0
15 SLF 0.5093 0.4654 0.0253 0 0 0 0
15 Proposal 0.4307 0.4342 0.0667 0.0236 0.0098 0.0014 0
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Set G, Box-Form 16

Subdivision in Set G: Transverse, longitudinal and horizontal. Both lower and upper hori-
zontal divisions. All upper compartments form part of an assumed flooding case where s =
0. The box is seen in Figure 9.36.
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Figure 9.36: Set G, box-form 16.

The attained index is calculated according to resolution MSC 19(58), the proposal SLF
43/3/2 and the present proposals.

Figure 9.37 shows the subdivision index as a function of number of damaged zones for three
methods of calculation, the resolution MSC 19(58), the proposal SLF 43/3/2 and the present
proposal where the bow height statistics is used for describing the v-factor. The numbers
for the attained index are all presented in Tables 9.16 and 9.17. The difference between the
methods of calculation is significant. The formulation of the v-factor for the new proposal
results in a much lower attained index.

Table 9.16: Attained subdivision index, cumulative number of damage zones, Set G.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
16 MSC 0.3579 0.8147 0.9435 0.9464 0.9464 0.9464 0.9464
16 SLF 0.2847 0.6430 0.7418 0.7440 0.7440 0.7440 0.7440
16 Proposal 0.2480 0.4994 0.5380 0.5516 0.5573 0.5581 0.5581

Table 9.17: Attained subdivision index, contributions from individual number of damage

zones, Set G.

Box no. | Formulation | 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
16 MSC 0.3579 0.4568 0.1288 0.0029 0 0 0
16 SLF 0.2847 0.3583 0.0988 0.0022 0 0 0
16 Proposal 0.2480 0.2514 0.0386 0.0136 0.0057 0.0008 0
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Figure 9.37: Attained subdivision index as a function of number of damage zones, proposal

refers to bow height statistics.

The proposal based on the damage statistics is also used for calculation of the attained index
in box 16. The results from the determination of the attained index are seen in Table 9.18.
The difference in attained index for the proposals is not significant for this box.

Table 9.18: Attained subdivision index, Set G, box 16.

Formulation A
MSC 19(58) 0.9464
SLF 43/3/2 0.7440
Proposal, bow height statistics 0.5581
Proposal, damage statistics, no damages below water line 0.5210
Proposal, damage statistics, including damages below water line | 0.5444

9.6.2 Ro-Ro Ferry, L=65 m

The small Ro-Ro ferry is here divided into 27 compartments.

Main particulars:

Length over all [m]

Length between perpendiculars [m |
Subdivision length [m]

Breadth [m]

Depth to car deck [m]

Depth to top deck [m]

Full load draught [m]

Full load displacement [t]

Partial load draught [m]

Partial load displacement, [t]

68.83
64.60
68.73
14.80
4.35
9.50
3.00
2041
2.84
1907

Figure 9.39 shows the subdivision index as a function of number of damaged zones for the
four methods of calculation: the resolution MSC 19(58), the proposal SLF 43/3/2 and two of
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the present proposals, the bow height proposal and the damage statistics proposal excluding
damages below the water line. The numbers for the attained index are all given in Tables
9.19 and 9.20. The figure reveals only a little difference in the calculated attained index
for the different methods of calculation. The current regulation gives the highest attained
index, the SLF proposal and the present bow height proposal are nearly identical and the
present, damage statistics proposal is in between.
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Figure 9.38: A small Ro-Ro ferry.
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Figure 9.39: Attained subdivision index as a function of number of damage zones.
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Table 9.19: Attained subdivision index, cumulative number of damage zones, small Ro-Ro
ferry.

Formulation 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
MSC 0.5225 0.7536 0.8328 0.8344 0.8344 0.8344 0.8344
SLF 0.5221 0.7099 0.8015 0.8031 0.8031 0.8031 0.8031
Proposal, bow height statistics 0.5710 0.7245 0.8013 0.8049 0.8052 0.8052 0.8052
Proposal, damage statistics 0.5716 0.7384 0.8171 0.8217 0.8221 0.8221 0.8221

Table 9.20: Attained subdivision index, contributions from individual number of damage
zones, small Ro-Ro ferry.

Formulation 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
MSC 0.5225 0.2311 0.0792 0.0016 0 0 0
SLF 0.5221 0.1878 0.0916 0.0016 0 0 0
Proposal, bow height statistics 0.5710 0.1535 0.0768 0.0036 0.0003 0 0
Proposal, damage statistics 0.5716 0.1668 0.0787 0.0046 0.0004 0 0

9.6.3 Container Vessel, L=190 m

The container vessel is here divided into 50 compartments.

Main particulars:

Length over all [m] 190.49

Breadth [m)] 27.80
Full load draught [m] 8.25
TEU 1500

Figure 9.41 shows the subdivision index as a function of number of damaged zones for the
four methods of calculation: the resolution MSC 19(58), the proposal SLF 43/3/2 and two of
the present proposals, the bow height proposal and the damage statistics proposal excluding
damages below the water line. The numbers for the attained index are all given in Tables
9.21 and 9.22. For this vessel the current regulation and the proposal from SLF are nearly
identical. The bow height proposal starts with a higher attained index, A, if only few
damage zones are included, but ends with an attained index close to the current regulation.

The damage statistics proposal gives for this particular vessel a significantly higher attained
index.
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Figure 9.41: Attained subdivision index as a function of number of damaged zones.

Table 9.21: Attained subdivision index, cumulative number of damage zones, container
vessel.

Formulation 1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
MSC 0.2763 0.4534 0.5294 0.5641 0.5751 0.5781 0.5781
SLF 0.2882 0.4615 0.5342 0.5700 0.5823 0.5864 0.5869
Proposal, bow height statistics 0.3367 0.5039 0.5590 0.5792 0.5838 0.5855 0.5866
Proposal, damage statistics 0.3451 0.5340 0.5985 0.6218 0.6274 0.6295 0.6308

Table 9.22: Attained subdivision index, contributions from individual number of damage

zones, container vessel.

Formulation

1 cmpt. | 2 cmpt. | 3 cmpt. | 4 cmpt. | 5 cmpt. | 6 cmpt. | 7 cmpt.
MSC 0.2763 0.1771 0.076 0.0347 0.0110 0.0030 0
SLF 0.2882 0.1733 0.0727 0.0358 0.0123 0.0041 0.0005
Proposal, bow height statistics 0.3367 0.1672 0.0551 0.0202 0.0046 0.0017 0.0011
Proposal, damage statistics 0.3451 0.1889 0.0645 0.0233 0.0056 0.0021 0.0013
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9.7 Conclusions

The International Maritime Organization (IMO) is currently seeking to harmonise the dam-
age stability regulations for all types of vessels using the probabilistic damage stability
concept. It has been decided that the main framework of these new harmonised regulations
should follow the concept of SOLAS Part B-1 and the proposal from SLF 39/3/2.

In this chapter a damage stability regulation proposal following the criteria laid down by
IMO has been presented. The overall goal has been to develop a rational procedure for the
probabilistic damage stability, addressing all types of ships and damage scenarios. The main
approach was analyses of damage statistics giving distributions for damage locations and
damage sizes. These distributions were used as a basis for a new proposal for determination
of the probability of damaging a particular section of the vessel. The probability was, as in
the current regulations, separated into three individual parameters: p, v and r. The method
for determination of these parameters was validated on the basis of the damage statistics
analysed in Chapter 7.

A wide range of application examples was presented. Most of the examples end up giving
nearly the same attained subdivision index as the current regulations, especially when the
parameters with most influence are the p- and r- factors. If the vessel was designed with a
large number of horizontal subdivisions or many decks around the water line, the influence
from the new v-factor will lower the attained subdivision index significantly.
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Conclusions

The purpose of this thesis has been to develop a rational procedure for analysis of ship
collisions, addressing all types of ships and damage scenarios.

The thesis can be separated into four main parts.

1. Deterministic analysis of ship collisions

2. Numerical Monte Carlo based simulations of ship collisions for estimation of distribu-
tions for the damage to the struck vessel and for the energy released for crushing

3. Analysis of damage statistics regarding ship collisions

4. A new proposal for damage stability regulation using the probabilistic approach

The parts will in the following be presented individually.

1. Deterministic Analysis of Ship Collisions
The present theoretical collision model is based on the principle of splitting the collision
problem into an internal and an external analysis.

A model for the external dynamics, which deals with the movements of the two vessels and
the interaction with the surrounding water during the collision, has been presented. The aim
of the external dynamics is to estimate the fraction of the kinetic energy which is released for
crushing of the structure. An analytical method for determination of the energy loss during
ship collisions, developed by Pedersen and Zhang (1998), has been presented. This model
has been used for all studies in the thesis regarding the external dynamics.

A simplified but rational model for determining the internal mechanics has been presented.
The method is based on the super-element method, where the ship’s structure is separated
into its structural elements like plates, beams or plate intersections like X- and T-elements.
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The procedure is validated by experiments on double-hull structures performed by Nagasawa
and Tani (1977) and Amdahl and Kavlie (1992).

A model for estimating the bow geometry, given the main particulars of a vessel, has been
presented; the bow can be either a conventional bow or a bulbous bow. The geometry of
the two types of bows is idealised so the geometry can be described by few parameters,
still covering with sufficient accuracy almost all existing bows. The geometry is based on a
model presented by Scharrer (1996). When the bow geometry is known, the area of contact
between the two vessels can be estimated.

A program for modelling the ship’s structure has been developed. The method is based on
the principle that the area of the struck ship which is affected by the collision is restricted to
the area touched by the bow of the striking vessel. The structure within this area is divided
into its structural components or super elements, and the total contact load between the
two involved vessels can be determined by summing up the crushing forces of each super
element. In order to allow fast input, or easy description of the structure, it is assumed
that all elements can be located longitudinally, transversely or vertically only, and that the
material is described by few parameters.

The results from the developed program have been compared to results from other programs
for analysis of collisions. In all the analyses the bow of the striking vessel is assumed to
be rigid, which means that only the side of the struck vessels will deform. Two series of
comparisons are made.

e First a comparison of force and energy absorption as a function of the penetration
for a collision between two Ro-Ro vessels. The comparison is made between calcu-
lation models developed by Hysing (1995), Scharrer (1996) and the present model.
Considering the complexity of the problem, the comparisons indicate good agreement.

e Then the results from the present model are compared to results obtained by using
three other collision models: DAMAGE developed in connection with the Joint MIT-
Industry Program on Tanker Safety, ALPS/SCOL developed by Prof. Paik in Korea
and SIMCOL, and the Simplified Collision Model developed by Prof. Brown from
Virginia Tech. Three scenario test matrices are used in the comparison study, including
varying velocity of striking vessel, collision angle and striking location. The results from
the developed program are fully comparable with results from other collision programs.

In order to investigate the sensitivity of the collision analysis, the effect of changing the
striking location has been analysed. Three analyses have been performed, the local striking
location relative to the web framing, the global striking location along the hull girder and
finally the vertical location, i.e. the influence of the loading condition on the involved vessels.
Also the effect of changing the design has been analysed.

Two models for bow crushing have been presented, one dealing with longitudinally stiffened
bows, the other with transversely stiffened bows. The bow strengths for the two differently



179

stiffened vessels have been compared. The two vessels are comparable in size and geometry,
but the structural layout of the two bows is different. The first vessel is a longitudinally
stiffened container vessel of a high ice class, the other vessel is a transversely stiffened
bulk carrier. The result of the strength analysis shows a significantly lower resistance for a
transversely stiffened bow.

Also a model for deformation of both the struck and the striking vessel has been developed.
The calculation is here carried out in penetration steps. Only one of the involved vessels can
be deformed in each step. By comparison of the crushing forces for respectively the bow and
the side, it can be determined which vessel deforms during the considered step. A sensitivity
analysis has been carried out using a series of computer simulations of collisions involving 11
different ships, five striking and six struck, in order to determine when the energy released
for crushing is absorbed by the bow of the striking vessel or by the side structure of the
struck vessel.

2. Numerical Monte Carlo Based Simulations of Ship Collisions

A probabilistic method for determination of damage distributions and energy distributions
has been presented. The probabilistic program or calculation method is built around the
deterministic program calculating the damage to the struck vessel. The probabilistic analysis
is based on input distributions of striking vessels, velocities, striking locations and collision
angles. This input for the calculation can be separated into three groups, the struck vessel,
the striking vessels and the collision scenarios.

The striking vessels are analysed with respect to distribution of types and lengths within a
particular area. Five cases have been investigated, namely vessels in worldwide trade, the
Straits of Dover and Gibraltar and the eastern and western routes through the Great Belt.
When type and length are given the rest of the main particulars for the striking vessels must
be found. A database containing ship characteristics for the world fleet has been purchased
from LMIS (2000). This data has been analysed to find simple linear relations for length
versus breadth, draught, depth, displacement and service speed for each type of vessel. Also
a neural network has been established, which can be used as a design tool for estimation of
the main particulars of the striking vessel. To get a complete picture of the striking vessels
some assumptions about the loading conditions have been made.

The probability distributions for parameters defining the collision scenarios are found. This
input group consists of the velocity of the struck and the striking vessel, the collision angle
and the striking location on struck vessel.

Fifteen different struck vessels have been subjected to the damage analysis giving distribu-
tions for the damage lengths and penetrations.

Distributions for energy to be absorbed have been calculated for vessels sailing in worldwide
trade, the Straits of Dover and Gibraltar and the eastern and western routes through the
Great Belt. It has been found that the energy distributions can be described by a geograph-
ical location and the displacement of the struck vessel only.
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3. Analysis of Damage Statistics regarding Ship Collisions

A damage database, collected within the European research program HARDER, has been
analysed with regard to collision type, the relation between the struck and the striking vessel
and the relation between damage parameters and the main particulars of the struck vessel.
The main findings from the analysis can be summarised as

The non-dimensional penetration z is uncorrelated with the non-dimensional damage
location &

The non-dimensional damage length ¥ is uncorrelated with the non-dimensional dam-
age location T

Only 5% of the penetrations are greater than 0.5 - B

The largest damage length is observed to be 0.48 - L

The relation between the non-dimensional penetration, Z, and the non-dimensional
damage length, 7/, when the non-dimensional damage length is less than 0.033:

For a given non-dimensional damage length, 7/, the non-dimensional penetration, z, is
less than Z = 157 in more than 90% of all cases. The analysis shows that although
there is an increasing linear tendency between Z and 7, the spread of the responses
appears to increase as the non-dimensional damage length increases. As the scatter
is spreading, it is not possible to determinine a function, but just indicate that the
probability r that the penetration is less than b becomes an increasing function of the
relation b/ B.

e The relation between the non-dimensional penetration, z, and the non-dimensional
damage length, ¥, when the non-dimensional damage length is greater than 0.033:
The non-dimensional damage length 7 is uncorrelated with the non-dimensional pen-
etration z

The results from the statistics have been compared to the results obtained from the numerical
Monte Carlo based simulation. The damage location, the damage length and the penetration
are treated separately as both the damage database analyses and the simulation show that
these parameters are independent.

The non-dimensional damage location
The ship collision probability model described in Sections 2.1.2 and 2.1.3 predicts a uniform
distribution of the damage location. This is in agreement with the observed results.

Non-dimensional penetration

The agreement for the non-dimensional penetration obtained by simulation and analysis
of the observed data is poor. The observed penetrations are significantly larger than the
simulated results. A reason for this difference might be that the analysed vessels of a more
recent date are based on a structural layout which absorbs the energy better, so that the




181

result is smaller penetration. However, the main reason for the difference is probably that
minor damages are not reported to either the authorities or the classification societies and
are therefore not present in the damage database. To test the hypothesis that some minor
damages are not reported, the observed data has been augmented by inclusion of more minor
damages to see if a fit to the simulated results can be achieved. It is here assumed that only
non-dimensional penetrations smaller than 0.1 are not reported. This analysis shows that,
if the simulated results are right, only approx. 1/3 of the smaller penetrations below 0.1B
is reported and present in the damage database. This does not seem to be an unrealistic
assumption.

Non-dimensional damage length

A good agreement between simulated results and observed data has been found, but it is
seen that the simulated damage lengths are a little longer than the damage lengths obtained
from the damage database analysis. The main reason for this difference is probably that
the analysed vessels of a more recent date have a higher velocity, which results in longer
damages.

4. A New Proposal for Damage Stability Regulation Using the Probabilistic
Approach

Based on findings from the analysis of damage statistics of ship collisions, a new proposal for
damage stability regulation using the probabilistic approach is made. The damage statistics,
and not the simulation, is chosen for validation as the Monte Carlo based simulation shows a
large variation in the results for different struck vessels. It is also decided to use the database
with the reported data as it is, and not to include any more minor damages.

The main concept of the current probabilistic damage stability regulation from A.265 and
SOLAS part B-1 is used for determination of the subdivision index A, where A can be
expressed by the formula

A:Zp-s-v

The p-factor accounts for the probability that only one compartment or a group of compart-
ments are flooded, disregarding the horizontal subdivision, v is the factor accounting for the
horizontal subdivision and s for the probability of survival after flooding of the compart-
ment. When wing compartments are fitted, the p-factor shall be obtained by multiplying by
a factor r for a wing compartment, and by multiplying by (1 — r) for simultaneous flooding
of a wing and adjacent inboard compartment.

Focus has been on validating the method for calculation of A and determination of the p—,
r— and v—factors. The new proposal can be summarised as

The p-factor

The probability p for cases where limits of neither compartment or group of compartments
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under consideration coincide with the aft or the forward terminals:
21

1
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The probability p for cases where the forward limit of the compartment or group of com-
partments under consideration coincides with the forward terminal - or - where the aft limit
of the compartment or group of compartments under consideration coincides with the aft
terminal:

1 1
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Where the compartment considered extends over the entire ship’s length:
p=1

For all the above expressions J, are defined as min(J, J,,), where J is the length of the
considered compartment, J = 73 — 77, and .J,, is the largest expected non-dimensional
damage length, J,, = 1.

The r-factor

The factor r shall be determined by the following formulas:

e e () o

The function C is for all compartments defined as

b
C<§> =12 Jy - (=45 - J, + 4)

The function G for cases where the considered compartment extends over the entire ship’s
length:

21
Gt:—30-J5+7-Jb

The function G for cases where limits of neither compartment or group of compartments
under consideration coincide with the aft or the forward terminals:

21
Gi:2o-J§’—Z-J§+Gt-J

The function G for cases where the forward limit of the compartment or group of compart-
ments under consideration coincides with the forward terminal - or - where the aft limit
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of the compartment or group of compartments under consideration coincides with the aft
terminal:

1

The v-factor

Two proposals for the v-factor have been presented. The first proposal is based on bow
height statistics. This proposal is dependent on the length of the struck vessel. The other
proposal is based on the damage statistics from the damage database and is independent of
the length of the struck vessel.

Proposal 1: Bow height statistics
The v-factor is dependent on the length of the vessel. The function is bi-linear with the
knuckle point v = 0.5:

1.1
v=00 (H-T)=10+ (L -100)
(H=T)min =1.0  (H = T)paw = 2.1
2.0
v=05 (H-T)=45+ 5 (L-100)
(H=T)min =45  (H = T)mas = 6.5
42
v=10  (H-T)=9.0+ (L~ 100)

(H = T)min =90  (H = T)paw = 13.2

Proposal 2: Damage statistics
The v-factor is independent on the length of the vessel. The function is bi-linear with the
knuckle point v = 0.8:

v=0.0 (H-T)=0.0
v=08 (H-T)=T78
v=1.0 (H-T)=125

A wide range of application examples for determination of the attained subdivision index has
been presented. Most of the examples end up giving nearly the same attained subdivision
index as the current regulations, especially when the parameters exerting most influence are
the p- and r- factors. If the vessel has been designed with high horizontal subdivisions, the
influence from the new v-factor will lower the attained subdivision index significantly.
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Appendix A

Main Particulars and Scantlings of
Various Vessels

Table Overview

A.1 Main Particulars and geometric bow-data for striking vessels

A.2 Structural bow details of 51,800 DWT Bulk Carrier with transverse stiffened bow
A .3 Structural data for side of 150,000 DW'T tanker

A .4 Structural data for cargo hold section of crude oil carrier

A.5 Structural data for engine section of crude oil carrier

A.6 Main particulars and structural data for three single hull tankers

Table A.1: Main Particulars and geometric bow-data for striking vessels

Container | Bulk General | Tanker | Coaster | Bulk

Vessel Carrier | Cargo Carrier
DWT [mt] 40,000 150,000 | 3,000 2,000 500 51,800
Displacement, A [mt] 54,000 174,850 | 4,594 3,016 886 70,000
Length Lyp  [m] 211.5 274.0 78.0 69.0 41,0 205.25
Breadth B [m] 32.2 47.0 16.0 12.3 9.0 30.5
Depth D [m] 24.0 26.0 10.5 8.6 6.4 20.0
Draft T [m] |11.9 15.96 | 5.7 475 | 3.34 11.9
Stem angle o) [deg.] | 61.5 60.0 57.0 62.5 59.0 53.0
Deck coeff. Bs [m~' 1 0.109 0.0741 | 0.180 0.286 0.573 0.147
Bottom coeff. By [m~!'] | 20.000 0.00299 | 0.180 0.286 0.573 0.076
Bulb
Length Ry [m] 7.5 7.5 2.9 2.2 1.8 8.5
Vertical axis Ry [m] 5.1 5.9 2.48 1.9 1.41 4.5
Horisontal axis Rg [m)] 2.5 8.5 1.36 1.1 0.83 5.0
Bulb start Rp [m] 0.0 0.7 0.7 0.3 0.35 0.0
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Table A.2: Structural bow details of 51,800 DWT Bulk Carrier with transverse stiffened bow

Material
Yield Stress 265 MPa

Bulb

Frames

Spacing 610 mm

Shell Plate

Thickness 13.5 mm

Stringer Decks

H = 2.000 m
H = 4.000 m
H=587m

Thickness 8.0 mm
Thickness 8.0 mm
Thickness 8.0 mm

Stringer Deck :
Thickness 8.0 mm
Stiffening Transv.

H = 11.500 m,

230x9

H=19625m

Spacing 610 mm

Top of Bow

Shell Plate

Thickness 13.5 mm

Forecastle Deck :
Thickness 9.5 mm
Stiffening Long.

H = 20.000 m

400 x 120 x 11.5/23

Spacing 3000 mm

Peak Deck :
Thickness 8.0 mm
Stiffening Long.
Stiffening Transv.

H=14.250 m

400 x 120 x 11.5/23
230x9

Spacing 3000 mm
Spacing 610 mm

Upper Deck :
Thickness 10.0 mm
Stiffening Long.

H=17610m

400 x 120 x 11.5/23

Spacing 3000 mm

Centreline Bulkhead
Thickness 7.5 mm

up to

14.250 m

Bottom
Height of double bottom
Thickness
Inner bottom Thickness
Centreline Girder Thickness
Girder Long.
Floors

20m

15.5 mm

15.5 mm

16.0 mm

Thickness 15.0 mm
Thickness 13.5 mm

Spacing 3.0 m
Spacing 610 mm
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Table A.3: Structural data for cargo hold section of 150,000 DW'T tanker

Component Material
Bottom t =17.2 mm 2
Long. Stiff. Spacing 850 mm 400 x 120 x 11.5/23
Inner Bottom H = 2300 mm t =17.0 mm
Long. Stiff. Spacing 850 mm 400 x 120 x 11.5/23
Floors Spacing = 3300 mm t = 15.0 mm
Bottom Girders Y = 5100, 10200 mm t =13.2 mm
Y = 15300, 20400 mm t = 14.0 mm
Weather Deck t =19.0 mm

Long. Stiff. Spacing 850 mm Flat bar 400 x 28
Transv. Stiff. Spacing 3300 mm Flat bar 500 x 24

Side Shell t = 18.2 mm
Long. Stiff. Spacing 850 mm

H=0-7"m
H=7-10m
H=10-14m
H=14-21m
H=21-m

350 x 120 x 11.5/18
350 x 120 x 10.5/16
325 x 120 x 10.5/14
300 x 100 x 10.5/15
250 x 90 x 11.5/16

Inner Side Shell

Depth = 2000 mm

t = 17.9 mm

Long. Stiff. Spacing 850 mm
H=0-7Tm 375 x 120 x 10.5/18
H=7-16m 350 x 120 x 10.5/16
H=16-m 350 x 120 x 10.5/15
Long. Bulkhead Center t = 16.2 mm
Long. Stiff. Spacing 850 mm
H=0-9m 350 x 120 x 10.5/16
H=9-16m 325 x 120 x 10.5/14
H=16-m 250 x 90 x 11.5/16
Stringers H = 4450, 8700, 13800, 18900 mm 3500 x 700 x 20.3/24
Vertical. Stiff. Spacing 3300 mm Flat bar 500 x 24
Web Frames Spacing = 3300 mmm t = 20.3 mm
Stringer Decks H = 4450, 8700, 13800, 18900 mm t = 11.7 mm
Transv. Bulkheads t =153 mm

Stringers aft part
Vertical. Stiff.

H = 4450, 8700, 13800, 18900 mm
Spacing 850 mm

3500 x 700 x 20.3/24
413 x 118 x 24/23.2

I e e I B N R e e e e ey B e = T T B e T N = = | I =y e R I O IR

Material
Material 1
Material 2

E =21-10"'N/m?
E =21-10"'"N/m?

oo =240-10° N/m* R, =3-10°N/m ¢, =0.1
oo =320-10° N/m* R, =3-10°N/m ¢, =0.1
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Table A.4: Structural data for cargo hold section of crude oil carrier, See also Figure 5.13

Material
Yield Stress 310 MPa

Frames
Thickness 15 mm

Spacing 3700 mm

Floors
Thickness 16 mm

Spacing 3700 mm

Stringer Decks

H = 5600 mm Thickness 15 mm

H = 9650 mm Thickness 15 mm

H = 14510 mm Thickness 14 mm
Deck Stiffeners

Longitudinal: 300 X 90 X 11/16 Spacing 830 mm

Transverse : 1500 X 12.5 Spacing 3700 mm
Side and Inner Side

Side Thickness 16.5 mm

Inner Side Thickness 15 mm Depth 2500 mm

All Longitudinal with Spacing 810 mm
Between 0 and 5600 mm abl.:
Between 5600 and 9650 mm abl.:
Between 9650 and 14510 mm abl.:
Between 14510 and 21000 mm abl.:

400 X 100 X 13/18
400 X 100 X 11.5/16
300 X 100 X 12/17
300 X 90 X 11/16

Bottom and Inner Bottom
Thickness 17 mm
Longitudinal:

450 X 125 X 11.5/18

Height 2300 mm
Spacing 830 mm

Transverse Bulkhead
Thickness 15 mm
Vertical Stiffeners :

Horizontal Stiffeners :
H = 14510, 9560 and 5600 mm abl.

450 X 125 X 11.5/18

2000 X 150 X 12/12

Spacing 830 mm
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Table A.5: Structural data for engine section of crude oil carrier, See also Figure 5.13
Material
Yield Stress 310 MPa

Frames

400 X 12 Spacing 800mm

Floors
Thickness = 17.6 mm Spacing 800mm
Decks
Thickness 11 mm
Weather deck
Longitudinal: 700 X 150 X 11/15  Spacing 830 mm
Transvers stiff.: 700 X 11 Spacing 800 mm
H = 9650 mm abl.
Longitudinal: 300 X 11 Spacing 830 mm
H = 14510 mm abl.
Longitudinal: 300 X 11 Spacing 830 mm
Side Shell
Thickness 16.5 mm
Longitudinal 250 X 12 Spacing 810 mm
Bottom and Inner Bottom
Bottom Thickness 19.5 mm
Inner Bottom Thickness 16 mm
Longitudinal: 300 X 90 X 13/17 Spacing 810 mm
Longitudinal Bulkhead y=7000 mm
Thickness 16 mm
Vertical Stiffeners : 400 X 15 Spacing 800 mm
Longitudinal Bulkhead y=12500 mm
Thickness 19.5 mm
Longitudinal Stiffeners : 200 X 11 Spacing 810 mm
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Table A.6: Main particulars and structural data for three single hull tankers

Tanker 1 | Tanker 2 | Tanker 3

Main Particulars

Length [m] 103.0 198.0 317.0

Breadth [m] 15.5 29.9 56.6

Depth [m] 6.9 14.9 31.5

Draught [m] 5.8 111 22,5

Mass [mi] 7,400 52,400 | 330,300
Material

Yield stress [M Pa) 250 250 250
Plate thickness

Shell Plate [mm)] 14 19.5 20

Bottom Plate [mm)] 12 15 20

Deck Plate [mm] 14 19.5 20
Web frames

Spacing [mm] 2900 3025 5400

Thickness [mm] 14 15 14

Depth [mm] 660 1000 3200
Floors

Spacing [mm] 2900 3025 5400

Thickness [mm] 10 11.5 15

Depth [mm] 885 1450 3200
Stiffeners side and bottom

Web thickness [mm] 10 12 15

Web depth [mm] 200 280 600

Flange thickness [mm] 10 15 15

Flange width [mm] 50 100 160

Spacing [mm] 720 760 950
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Input for Collision Programs

B.1 Damage of Struck Vessel

Principal Structure

The ship bottom

The inner bottom (if present)

The weather deck

The ship side

The inner ship side (if present)

Mid deck (if present, if more they are denoted 6.1,6.2,6.3 etc.)

Transverse bulkhead (if present, if more they are denoted 7.1,7.2,7.3 etc.)

Longitudinal bulkhead (if present, if more bulkheads, they are denoted 8.1,8.2, 8.3 etc.)

00 N O O W N =

Longitudinal Secondary Structure

9 Floors (if present, if more they are denoted 9.1,9.2,9.3 etc.)
10 Stringers (if present, if more they are denoted 10.1,10.2,10.3 etc.)

11 Stiffeners (if present, if calculated as beams then 11.1,11.2,11.3 etc.) 11.x can only be
defined for stiffeners at side shell, rest are defined as 11

Transverse Secondary Structure

12 Floors (if present, if more they are denoted 12.1,12.2,12.3 etc.)
13 Girders (if present, if more they are denoted 13.1,13.2,13.3 etc.)
14 Frames (if present, if more they are denoted 14.1,14.2,14.3 etc.)
15 Stiffeners
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Coordinate System

All structure in struck vessel are described in a x,y, 2z coordinate system. Origin is at the
baseline and midship of the struck vessel, the z-axis pointing up and the z-axis is in the
symmetry plane pointing forward.

Input for data file

type Number, Item number
Mat Material
Place For secondary structure, type of principal structure the item is attached to

Pos Position according to above descreibed coordinate system

Principal Structure

|| Item || Data Input ||
1 Bottom Type | Mat | Pos (2) | tpiate
2 Inner Bottom Type | Mat | Pos (2) | tpiate
3 Weather Deck Type | Mat | Pos (2) | tpiate
4 Side Shell Type | Mat | Pos (y) | tpiate
5 Inner Side Type | Mat | Pos (y) | tpiate
6.x | Mid decks Type | Mat | Pos (2) | tpiate
7.x | Transverse Bulkheads Type | Mat | Pos (z) | tpiate
8.x | Longitudinal Bulkheads || Type | Mat | Pos (y) | tpiate

Longitudinal secondary Structure
[ Item | Data Input |

9.x | Girders at Bottom * || Type | Mat | Pos (y) | tpiate
10.x | Stringer Decks A** Type | Mat | Pos (z) | tpiate
10.x | Stringer Decks B*** || Type | Mat | Pos () | tpiate | Depth

*  Girders at bottom (9.01 9.02 ..) only if double bottom, if no double bottom, the girders are of type 11.
** Stringer deck A (10.01 10.02 ..) Between double side
***Stringer deck B (10.01 10.02 ..) Stringer deck not reaching the innerside or no inner side present

Longitudinal Stiffeners
|| Item || Data Input ||

11 Stiffeners Type | Mat | Place | Pos (y/2) | tweb | Pweb | triange | Priange
11.x | Stiffeners** || Type | Mat | Place | Pos (y/z) | tweb | hweb | triange | Pfiange

* Stiffeners of type 11 are smeared out at plate when touched. ** Stiffeners of type 11.x are treated as beams.
Use 11 for small stiffeners and 11.x for deep stiffners. 11.x can only be defined on the side shell

Transverse Secondary Structure

|| Item || Data Input ||
12.x | Floors Type | Mat | Pos (z) | tprate
13.x | Girders Type | Mat | Pos (z) | tpiate
14.x | Frames at Side or Bottom || Type | Mat | Place Pos (z) | tpiate | Depth

Girders : Plates between double side.
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Transverse / Vertical Stiffeners
|| Item || Data Input ||

15 | Stiffeners | Type | Mat | Place | Pos (2/y) | tweb | hweb | tfiange | Pfiange
15 | Stiffeners | Type | Mat | Place | Pos (z/y) | tweb | hweb | triange | Priange | Form Id

Form Id only for stiffeners at transverse bulkheads. Vertical stiffeners form id=0, horisontal stiffener at aft
part of bulk head form id = -1 and forward part form id = 1.

Material
|| Item || Data Input ||

|| Material | Mat no. || E | 0o | R. | € ||
Mat no. refer to the material number for the construction parts. E is Young’s modulus, o the flow stress,

R, fracture toughness and €. the critical strain.

B.2 Damage of Bow of Striking Vessel

1 The ship bottom

3 The weather deck

4 The side shell

6 Mid deck (if more they are denoted 6.1,6.2,6.3 etc.)

8 Longitudinal bulkhead (iif more bulkheads, they are denoted 8.1,8.2, 8.3 etc.)

Longitudinal Secondary Structure
11 Stiffeners

Transverse Secondary Structure
14 Frames

15 Stiffeners
16 Frames only defined in bulb

Coordinate System

All structure in struck vessel are described in a z,y, 2z coordinate system. Origin is at the
baseline and midship of the struck vessel, the z-axis pointing up and the z-axis is in the
symmetry plane pointing forward.

Input for data file

type Number, Item number

Mat Material

Place For secondary structure, type of principal structure the item is attached to
Pos Position according to above descreibed coordinate system
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Principal Structure

[ Item | Data Input |
1 Bottom Type | Height (2) | tprate
3 Weather Deck Type | Height (2) | tprate
4 Side Shell Type | hmin hmaz | tplate
6.x | Mid decks Type | Height (2) | tpiate
8.x | Longitudinal Bulkheads || Type | hmin hmaz | Tmin | Tmaz | POS (¥) | tpiate

hmin and hy,.. defined from bottom

Tmin and Tp,q, defined frm mid ship

Longitudinal Stiffeners

[ Item | Data Input |
11 | Stiff. at side plating || Type | hmin | Pmaz Spacing | tyep howeb tetange | Pfiange
11 | Stiff. CL Girders Type | Place | tyep Ruweb tfiange | Pflange
11 | Stiff. all others Type | Place | Spacing | tyep huweb ttlange | Pfiange

Transverse Secondary Structure
[ Ttem [ Data Input |

14 | Frames Type | Spacing | tweb | hweb | tfiange | Pfiange
16 | Frames only in Bottom || Type | Spacing | twes | Pweb | triange | Rfiange

Transverse / Vertical Stiffeners
[ Item | Data Input |
|| 15 | Stiffeners || Type | Place | Spacing | tweb | howeb | tflange | Rflange ||

Material
|| Item || Data Input ||

| Material | oy (flowstress) |

B.3 Vessel and Collision Scenario files

File describing the main particulars of the two vessels:

The first line in the input file includes the main particulars of the struck vessel and the second
line the main particulars of the striking vessel including the bow geometry data describing
the conventional part of the bow. The third line is the bulb indication, 0 if no bulb is present,
1 if a bulb is present with prescribed bulb parameters and 2 if the vessel is equipped with a
bulb where the bulb parameters is not known. If the bulb design is unknown the following
bulb parameters is used, Zhang (1999)

R;, = 0.3 Hgecr Ry = 0.125 « Hyecx, Ry = 0.05 « Hgeck,

See also Section 4.1. The fourth line includes the bulb parameters in case of a bulb indicator
equal 1.
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linel LHT M
line2 LHT M ¢ B By By
line 3 bulb indicator

line 4 RL RV RH RD

File describing the collision scenario:

This file includes the velocity of the struck and the striking vessel, the collision location, the
collision angle and the angle at the struck ship side.

linel U, Uy z. y. B «
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Appendix C

Vessel Parameters, Neural Network

Relations between the loading capacity and the main particulars of ships of other types can
be found by use of neural networks. The normalisation vectors, the weights and the biases

for the neural network are given in the following.

Bulk Carriers

The training set consists of 766 ships with grain capacity [m?] as input.

Cargo Ships

Input P[min maz] | Output T[min max]
69.0 312
10.8 50.0
9.00 19.9
[1366  236559] 376 189
4.60 25.9
2200 236797
Hidden layer Output layer
Weight, W1 Bias, bT Weight, W2 Bias, b2
0.54202 —0.74426 4.14808 —3.74877
0.35881 —0.92081 4.36273 —3.75530
ffgggil g;ggé; 0.04983 —0.00158 2.46594 —2.53032
15.9613 1'?, 6907 0.56203 —0.84711 3.70895 —3.22797
’ ’ 0.61517 —0.72161 4.13998 —3.73190
0.37825 —1.39337 1.07635 —0.55488

The training set consists of 723 ships with grain capacity [m?] as input.

Input P[min maz] | Output T[min max]

34.8 199.7

7.6 32.2

9.0 20.5

[128 62403] 24  12.8

3.25 193

508 66557

Hidden layer Output layer

Weight, W1 Bias, bt Weight, W2 Bias, b2
0.32858  0.62388 0.48401 —0.48787
0.59685 0.46361 0.66787 —0.72654
15?;6181564182 ;2621?)?;%0 —0.22801 0.27893 0.71612 —0.73241
14.96091 1'2 2370 0.45486 0.43249 0.79339 —0.78605
’ ’ 0.41907  0.40565 0.79370 —0.85900
1.02008 0.51523  0.28028 —0.96607
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Chemical Tankers
The training set consists of 365 ships with liquid capacity [m?] as input.

Gas Tankers

Input P[min maz] | Output T[min mazx]

49.8 228.6

9.00 32.26

9.60 16.25

[472 88630] 3.51 16.08

3.90 21.66

1058 98870

Hidden layer Output layer

Weight, W1 Bias, bT Weight, W2 Bias, b2
0.33521 —1.08759 2.34884 —1.89631
0.30798 —1.66079 2.25891 —1.39018
—655(;{;67;16 :;iziﬂ;g —0.19688 —0.60447 3.54896 —2.90985
17' 8457 19' 2439 0.60327 —0.81144  2.46268 —2.29481
’ ’ 0.78726 —1.00690 2.35051 —2.03953
0.98202 —0.97892 0.06603 —0.22365

The training set consists of 182 ships with cubic feet gas capacity as input.

Input P[min maz] | Output T[min mazx]
30.5 297.5
7.60  48.20
7.70 21.0
[186  137540] 161 13.40
2.60 27.0
375 114084
Hidden layer Output layer
Weight, W1 Bias, b! Weight, W2 Bias, b2
0.75888 —0.52865 —3.27999 0.30084
0.86823 —0.64486 —2.51742 0.22484
f’gf’?égg :;:?g;g} 0.71804  0.13493  —4.33897 0.20462
14.1935 _15.5372 —0.03501 —0.45258 —5.64684 0.71293
0.74016  —0.56400 —3.97888 0.34420
1.02881 —0.90095 —1.12370 0.02400

Passenger Ships
The training set consists of 58 ships with number of passengers as input. The data is scat-

tered and therefore not very well represented by the fitted functions.

Input P[min maz] | Output T[min maz]

23.15  294.0

5.9 32.2

9.0 24.0

[30 2766} 1.15 8.2

2.35 24.9

62.0 44608

Hidden layer Output layer

Weight, W1 Bias, b! Weight, W2 Bias, b2
—0.04079 1.42519 —1.17501 —0.27870
—0.34828 1.86807 —0.82565 —0.55137
;?%%%5135 ;%;?1585 —0.90984 1.15251  0.18728 —0.53889
_3.50932 2.34160 —0.50681 1.64595 —0.63686 —0.41870
0.30082 1.13518 —1.38236 —0.15315
0.03922  0.74035 —1.71806 0.38093




Reefers

The training set consists of 179 ships with cubic feet capacity as input.

Tankers

Input P[min maz] | Output T[min maz]

54.9 178.5

9.49 25.2

10.5 22.3

[22319  737865] 33 1012

4.1 15.7

1250 24535

Hidden layer Output layer

Weight, W1 Bias, bT Weight, W2 Bias, b2
0.76381 0.33075 1.44361 —1.46795
0.91034 0.58453 1.10445 —1.32521
3?;§g§ 7110?3%%5 —0.53015  2.03037  0.45384 —1.36829
3-37369 3.08111 0.22466 0.93268 1.44355 —1.63560
’ ’ 1.16802 —0.24266 1.82602 —1.47494
1.49795 0.46138 0.85162 —1.44744

The training set consists of 684 ships with oil capacity [m?] as input.

Input P[min maz] | Output T[min maz]
29.5 343.7
7.0  60.04
7.5 18.50
[268 351673] 26 22.70
3.0 31.8
480 352992
Hidden layer Output layer
Weight, WT Bias, b! Weight, W2 Bias, b2
—1.38730 2.06591 4.04733 —4.09242
—1.42566 2.34321 3.61948 —3.92194
;11[;72%1%3 gégg?g —0.76058 0.00814 5.50097 —4.52830
15.5047 17.4847 —2.92933 1.34807 4.65261 —2.87217
—2.71442 1.35533  5.76455 —4.10988
—5.88845 1.60895 —0.16969 3.98024

Fishing Vessels
The training set consists of 642 ships with deadweight [tonnes] as input.

Input P[min maz] | Output T[min max]

21.0 152.95

6.01 22.20

9.00 19.20

[26 9360] 1.81 9.20

2.79 14.70

128.0 16758

Hidden layer Output layer

Weight, W1 Bias, bT Weight, W2 Bias, b2
—3.80292 —5.85790 —0.29510 4.54883
—3.15950 —5.41227 —0.28429 4.15525
75323[())18?‘?6 3105581211 —5.06314 —6.68153 —0.43759 5.47331
871545 _85.515 —3.10186 —4.90533 —0.45088 3.88317
—2.49829 —4.79540 —0.28419 3.56876
—0.79686 —2.62789 —0.03157. 1.34740
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Ro-Ro Vessels
The training set consists of 140 ships with lane meters as input. To ensure a reasonable

number of data, ships from 1980 and on are used.

Input P[min maz] | Output T[min max]

34.45 291.92

8.23 32.28

11.0 22.0

[31 5700} 1.71 11.9

2.16 31.2

289 61182

Hidden layer Output layer

Weight, W1 Bias, b! Weight, W2 Bias, b2
0.34490 1.04506 —0.54273 —0.76470
0.57809 1.24673 —0.28530 —0.64829
S oo S aanes ~1.35365 224761  1.69343 —~1.20903
2.41768 7i 99689 0.54400 0.85244 —0.31102 —0.55565
’ ’ 0.62901 0.55796 —1.08153 —0.60831
1.71875 0.48272 —1.83213 —0.92284




Appendix D

Damage Relations

Relation Between the Non-dimensional Damage Length and the Non-dimensional

Penetration, Simulation, Analysis 1
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Expressions for Determination of p

Inside Compartment

Aft part of vessel Damage over mid-length of vessel Forward part of vessel
Ty < 7T} T1 < T < Tz T1 > T
Ty ST T > Tm
J = 2@ —71) | J =27 —7F)
J < Ji 1) i5) 18) 13)
J < T 16) 19)
J > Ji i2) i4)
J' > Jy i7) 110)
J 731
Z].) p = / bl/ 3 aq dfdg
0 Ti+%
T T3—% min(J,Jo) T34
22) p = / b1 / _ a1 dfdg —+ / bg / _ ay dfdg
0 7+l Tk TI+3
J 731
23) p = / b1 / ) dfdg
o Ja+l
T T34 min(J,J.) T34
24) p = / b1 / _ a9 dfdg + / bQ / _ a9 dfdg
0 T+ Tk TI+g
J x_z—g min(J’,Jpm) Ty
25) p = / b1 / ) dfdg — / b1 / 7(012 — al) dfdg
0 Tty 0 Ti+4




212 Appendix E. Expressions for Determination of p
Jh -z min(J,J ) 71
Z6) P = / bl/ as dfd?—!—/ bz/ as dfdg
Ti+g Ik T+
min(J',Jm) Tr
+/ bl/ 7(0,2 — al) dfdg
0 7T+
Ji % min(J,Jpm ) 7—%
Z?) P = / bl/ a9 dfdy—F/ bg/ a9 dfdy
Ti+3 I T+
Jk min(J’,Jp) Ty
/ b1 / a2 - a1 dl‘dy / b2/ (CLQ — al) dfdy
7T+3 I Ti+1
-1 min(J,J,) 72— 1
Z8) P = / bl/ M dfd?—!—/ bl/ (Cl2 - Cll) dfdg
144 0 Ty
Jk % min(J,Jpm ) 7—%
19) P = / bl/ ay dfdy—F/ bg/ ay dfdy
Ti+§ Ik T+
min(J’,Jpm) 2%
+/ bl/ (ay — ap) dTdy
0 Tk
Ji 3—% min(J,Jpm ) 7—%
Z]_O) P = / bl/ ay dfdy—F/ bg/ ay dfdy
0 T+ T TT+4

Te 2 (7' Tm) T
+/ bl/ (a2 — ay) dfdy+/ b2/ (ay — ay) dTdy
0 Ti+4 Jk Tk
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Aft Compartment

Aft of knuckle point | Knuckle point in compartment
T > T3 T2 > Ty
T < J/2 T > J/2
J < Ji al) a3) ab)
2(J =) < Ji ab)
J > Jy a2) ad)
2(J =) > Jg a7)

[N

J J-z Ji Z Im
/ bl/ aq dfdg—f—/ bl/ ay dfder/ bg/ ay dfdg
0 0 J 0 T 0
T -4 min(J,Jm ) J— T %
/ bl/ aq dxdy—l—/ bg/ aq dfd§+/ b2/ ay dfdg
< Ji 0

2

Ik % Im % J J—%
/ bl/ aq dfdy +/ bg/ ay dfder/ bl/ a9 dfdy
0 0 J 0 0 z
J, Z Im Z
‘|‘/ bl/ (CLQ - al) dfdy —|—/ bg/ (02 - al) dfdy
0 T Tk Ty,

Tk Jim Tk
/ bl/ aq dxdy +/ / ay dxdy+/ bl/ ay dfdg
Jk
min(J,Jm) Ik
+/ bg/ a9 dxdy+/ bl/ (ay — ay) dzdy
Jm
/ / as — ay) dzdy
Tk

Je _y J
/ bl/ a d:cdy+/ bl/ a1 dxder/ bg/ a, dzdy
0
(J—7g) :
+/ bl/ (ay — ay) dTdy
0 Ty

|

M‘ﬁl

NI@\

10

lv\@l
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M|

Jk Im Ty _
ab) p= / bl/ ay d:cdy+/ bg/ a; dxder/ bl/ a, dzdy
Ji

min(J,Jm) 2(J—7g) J—
+/ bg/ a; dxdy+/ bl/ (ay — ay) dzdy
J 5 0 T

2

Jk Im Jk
a’) p= / bl/ ax drcdy+/ bg/ a1 dxdy+/ bl/ a, dzdy
Ji
min(J,Jm) -
AT
Ji <L

2

N\@I
N\@I

<

wl@\

wof|

Ty T
a; dxdy+/ bl/ (ay — ay) dzdy

Forward Compartment

Forward of knuckle point Knuckle point in compartment
71> T 71 < Tp
T <1-—7J/2 Tp>1-—J/2
T< i i) 13) 16)
2(@, —71) < Jy, f4)
J > Jy I2) f7)
2(Tx, —71) > Iy f5)

J 1 T 1 Im 1
/ bl/ (03] dfdy +/ bl/ a9 dfdy —|—/ b2/ a9 dfdy
0 TT+Y J -7 T -1
Ji min(J,Jm) 1— Im
/ bl/ a9 d.’L'dy +/ bg/ a9 dl‘dy —|—/ / a9 dfdy
TT+Y T+ T, 1-Z

Jk
/ bl/ a9 dl‘dy —|—/ / a9 d.’L'dy +/ bl/ a9 dfdy
y Ji 1—-4 J
+3 2 2
Tk
—/ b1/ (ag — ay) dzdy
0 zi—-4

[V

ke
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k 1—

Im 1 2(zr—71) k
+ / bg/ a9 dfdy - / b1 (a2 — al) dfdy
J 1-Z 0 Tit+d

Ji 1— min(J,J.) 1-Z J 1
f4) P = / b1 / a9 dfdy + / b2 / a9 dfdy + / b1 / a9 dfdg
0 Ti+4 J, TT 0 1-Z

[N

_y
k 1—3

Jm 1 2(Tj —T
+/ bg/ (05} dfdg —/
Ji 1-Z 0
J 1-Z Im 1 J 1
f6) P = / bl/ a1 dfd§+/ ()2/ a1 dfd§+/ bl/ ay dfdg
0 T Ji -4 0 1-Z

+4

J 1 Jm 1
+/ bl/ (az —a1) dfdy+/ b2/ (ag — ay) dTdy
0 Tk Jk Ty

Tk 1-Z min(J,Jm) 1-Z Tk 1
f5) P = / b1 / a9 dfdy + / b2 a9 dfdg + / b1 / a9 dfdg
0 T+ J TT 0 1—3

ke

(Cl2 — Cll) dfdg

S.‘v
T
T
[V

T 1-Z min(J,Jom) 1-2 e 1
f7) p= / by / a; drdy + / by / a; dTdy + / by / a; dzdy
0 z1 J T 0 1-Z

k 1—

M5
[V

1

1+
1 Ji
bg/ a1 dfd?—!—/ bl/ (ag - 0,1) dfdg
1— 0 Tk

1
52/ (az — ay) dzdy
T

vl

Im
“
Jk
Im
“
Jk
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Appendix F

The SLF 43/3/2 Proposal

SUBCOMMITTEE ON STABILITY AND LOAD LINES AND ON FISHING VESSELS
SAFETY

43rd session

Agenda item 3

Development of Revised SOLAS Chapter II-1 Parts A, B and B-1

Regulation 7-1
Calculation of the factor p

1. The factor p shall be calculated in accordance with paragraph 1.1 using the following
notation:

x1 the distance from the aft terminal of L, to the foremost portion of the aft end of
the compartment or compartment group being considered;

Ty the distance from the aft terminal of L, to the aftermost portion of the forward
end of the compartment or compartment group being considered;

E1 :xl/Ls
E2 :.I'Q/Ls
E :E1+E2

J the non-dimensional length of a compartment, given by the formula: J = Ey — E)

Jmar the maximum non-dimensional damage length, given by the formula: J,,., =
48/ Ls but is not to be taken as greater than 0.24;

a the assumed distribution density of damage location along the ship’s length, given
by the formula: a = 0.6 + 0.4F

F' the assumed distribution function of damage location along the ship’s length, given
by the formula: F' = 0.25E(0.6 + a)
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y normalised length of a compartment, given by the formula: y = J/.J,,
yp = 1 —y but is not to be taken as less than zero
Fy =1—yf
Fo=y—1/3(1 - )
Fy = 1/2y* — 1/3y +1/12(1 — y})
p = FiJmaz
q = 0'2F2J7?n,a:1:
1.1 The factor p is to be determined for each compartment or group of compartments,
treated as a single flooded space, according to the following formulae.
1.1.1 Where the aft limit of the compartment or group of compartments under consideration
coincides with the aft terminal:
p=F+0.5ap+q
1.1.2 Where the forward limit of the compartment or group of compartments under consid-
eration coincides with the forward terminal:
p=F +0.5ap—q
1.1.3 Where neither limit of the compartment or group of compartments under consideration
coincides with the aft or forward terminal:
p=ap
1.1.4 Where the compartment considered extends over the entire ship length Lj:
p=F+0.5ap —q
2 Where wing compartments are fitted the p value for the wing compartment shall be
obtained by multiplying the value, as determined in paragraph 3, by a factor r as
determined by paragraph 2.2, which represents the probability that the inboard spaces
will not be flooded.
2.1 The p value for the case of simultaneous flooding of a wing and adjacent inboard
compartment shall be obtained by using the formula of paragraph 1.1, multiplied by
an increase of the factor r due to the increase in the breadth of penetration b.
2.2 The factor r shall be determined by the following formulae:

r=1,if J < Jyorw > 0.5and

r=1—[1— Fy(2)]r" in other cases where the following notation applies:

b is the mean transverse distance in metres measured at right angles to the centreline at
the deepest subdivision loadline between the shell and a plane through the outermost
portion of and parallel to that part of the longitudinal bulkhead which extends between
the longitudinal limit used in calculating the factor p. This vertical plane shall be so
orientated that the mean transverse distance to the shell is a maximum, but not more
than twice the least distance between the plane and the shell;
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w =0b/B

Jo = 0.12w

Yo = Jo/Jmax
Winae = 2.75 maz
z2 = W/ Wha

r"  The factor r’ shall be determined by the following formulae:

"= (1— Fo(y))(1 — Jo) if J =1 and where .J is less than 1:

r=1— y0+F1(y0?31‘§‘(1y(;)y0)F0(y0) if E,=0or Ey = 1’
M=1_ 1 (yo)+(y—y0) Fo(yo)
Fi(y)

In calculating Fy (and Fy) in this paragraph, y and y; shall be replaced by 1, and
(1 —yo) or z and (1 — 2), as appropriate.

in all other cases.
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