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1 PREFACE

This report is a deliverable according to the Framework Service Contract Number
EMSA/OP/10/2013. This is the third study commissioned by EMSA related to the damage
stability of passenger ships. The previous studies focused on ro-ro passenger ships.

This study aims at further investigating the damage stability in an FSA framework in order to
cover the knowledge gaps that have been identified after the finalization of the previous EMSA
studies and the GOALDS project.

The project is separated in to 6 studies:

e Identification and evaluation of risk acceptance and cost-benefit criteria and
application to risk based collision damage stability

e Evaluation of risk from watertight doors and risk based mitigating measures

e Evaluation of risk from raking damages due to groundings and possible
amendments to the damage stability framework

e Assessment of cost effectiveness or previous parts, FSA compilation and
recommendations for decision making

¢ Impact assessment compilation

e Updating of the results obtained from the GOALDS project according to the
latest development in IMO.

The project is managed by DNV-GL and is established as a joint project which includes the
following organisations:

Shipyards/designer:
Euroyards representing: Meyer Werft, Meyer Turku, STX-France and Fincantieri SpA
Knud E. Hansen AS
Operators:
Royal Caribbean Cruises
Carnival Cruises
Color Line
Stena Line
Universities:
National Technical University of Athens
University of Strathclyde
University of Trieste

Consultants:
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Safety at Sea
Software manufacturer:

Napa OY

Disclaimer: The information and views set out in this report are those of the authors and do
not necessarily reflect the official opinion of EMSA. EMSA does not guarantee the accuracy of
the data included in this study. Neither EMSA nor any person acting on EMSA’s behalf may be
held responsible for the use which may be made of the information contained therein.
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4 ABBREVIATIONS

B0OO damages to the ship’s bottom, with a principally vertical direction of
penetration (see § 8.3.1 for a detailed definition)

CBA Cost Benefit Assesment

CDF Cumulative Distribution Function

CN Collision Accident

CONTIOPT Formal Safety Assessment and Multi-objective Optimization of Containerships,

NTUA-GL bilateral project, 2011-2013

Ccsv Comma-Separated Values (also sometimes called Character-Separated
Values), file type used to store and transfer tabular data in plain-text form.

CT Contact Accident

DWT Deadweight

EEDI Energy Efficiency Design Index

GOALDS “GOAL based Damage Stability”, an EU funded research project
GISIS Global Integrated Shipping Information System

GR Grounding Accident

GRT Gross Registered Tonnage

HARDER “Harmonization of rules and design rationale”, an EU funded research project
HSCC High-Speed Craft Code

IACS International Association Of Classification Societies

IMO International Maritime Organization

LNG Liquefied Natural Gas

MARPOL International Convention for the Prevention of Pollution from Ships

Marsden Grid A system of 100 “squares” bounded by meridians and parallels at intervals of
10° dividing the surface of the earth

MEPC Marine Environment Protection Committee
MSC Marine Safety Committee

NAPA Naval Architectural Package

NPV Net Present Value
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PDF

PLL

PMF

RoPax

S00

SIS Zone

SOLAS

WTD

Probability Density Function
Potential Loss of Life
Probability Mass Function
RoRo Passenger Ferry

damages to the ship’s side, with a principally horizontal direction of
penetration (see § 8.3.2 for a detailed definition)

The surface of the earth has been divided into thirty-one zones which broadly
correspond to major areas of interest

International Convention for the Safety of Life at Sea

Watertight door
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5 EXECUTIVE SUMMARY

Grounding accidents are traditionally associated with bottom damages. While the risk from
collision accidents has been the subject of extensive research and rigorous regulations over
the years, the risk from grounding to conventional passenger and cargo vessels seems to have
received less attention, assuming that fitting of a double bottom of ample height would be
enough to provide protection and to ensure safety. Historical data, however, indicate that this
design countermeasure can be, in some cases, insufficient, since a series of grounding
accidents resulted in ship losses and a significant nhumber of fatalities. As a matter of fact, in
case of passenger ships the impact of grounding accidents to human life seems much more
severe in comparison to that of collisions. A common characteristic of a series of severe
grounding accidents (the most recent of them is the accident to Costa Concordia on the 13" of
January 2012) is that the area of the hull breach is not at the bottom, where the double
bottom could offer protection, but at the side. This is the reason why from the very beginning
of the elaboration of Task 3 it was decided that it was imperative to take this type of damages
into consideration. A proposal for a possible regulatory framework assessing survivability of
passenger ships in damaged condition due to a grounding or contact accident has been
formulated, based on the probabilistic approach. In this respect, considering the particular
characteristics of hull breaches resulting from groundings or contacts in comparison to those
from collisions, an alternative methodology is adopted for the evaluation of the probability of a
particular damage case (the so-called p-factor) in contrast to the zonal approach used in
SOLAS 2009 regulations for the collision damages. Since this type of damage (side damage
due to grounding) was not considered in previous studies of grounding accidents, a thorough
review of past accidents has been performed to develop/update relevant accidents databases.
The collected data has been used for the elaboration of probabilistic model for side damage
characteristics. Based on the developed formulation, a dedicated software tool has been
developed within the NAPA package, facilitating the evaluation of survivability of passenger
ships considering both types of damages (i.e. bottom and side damages).

The present report outlines the work performed in Sub-tasks 3.a, 3.b, 3.c and 3.d of the
project. The structure of the main part of this report consists of the following sections:

e Regulatory Framework: This section considers the two alternative approaches for the
assessment of survivability of passenger ships in damaged condition due to a
grounding or contact accident, i.e. the deterministic and the probabilistic approach, and
presents the reasoning behind the selection of the probabilistic approach as the
adequate basis for the development of a new regulatory framework. Furthermore, this
section reports information from some existing IMO regulations (SOLAS, HSC Code,
MARPOL) with reference to the way of addressing the risk from grounding.

e Geometrical modelling of damages: In this section the description of the two types of
damages considered in this study (i.e. bottom - “Type B00” - and side - “Type S00” -
damages) is given in detail. Damages are assumed to have either vertical (for bottom
damage) or transversal (for side damage) penetration. Two sets of parameters
specifying the location and extend of the breach for each damage type are specified. In
case of damages resulting to multiple breaches an artificial envelope damage is used,
which corresponds to the region enclosing all the breaches.
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¢ Development of accidents databases: This section presents the databases of accidents
to passenger ships and containerships that have been collected in order to provide the
basis for the development of the probabilistic model.

e Probabilistic model for bottom damage characteristics: This section describes a
probabilistic model, developed in the GOALDS project and adapted in this study for the
damage characteristics to passenger ships, as a consequence of a grounding accident
resulting in bottom damages. Distribution functions for the variables describing the
location and extend of bottom damage are reported.

e Probabilistic model for side damage characteristics: This section describes a
probabilistic model, developed in the framework of this study for the damage
characteristics to passenger ships, as a consequence of a grounding or contact accident
resulting in side damages. Based on the statistical analysis of the available data from
past accidents, appropriate distribution functions for the variables describing the
location and extend of side damage are developed and discussed.

e Probabilistic framework: This section describes the probabilistic framework envisioned
in this study. The framework aims at determining an attained subdivision index
associated with survivability to grounding and contact accidents resulting in hull breach
and water ingress. To this end, two factors are necessary: the probability of flooding a
(group of) compartment(s), and the conditional probability of surviving to the specified
“damage case”. With reference to the probability of survival, the so-called “s-factor”
from SOLAS 2009 is employed. With reference to the probability of flooding a certain
(group of) compartment(s), the so-called “p-factor”, the envisioned approach is based
on a “direct” evaluation of p-factors. The “direct approach” for the evaluation of “p-
factors” is based on the random generation of a large number of breaches, each one
with an associated probability of occurrence, according to the underlying statistics of
the breach characteristics, in order to identify the potential "damage cases” and to
determine the probability of occurrence associated with each specific damage case (i.e.
the “p-factor”). Combining “p-factors” with associated “s-factors” allows the
determination of an attained subdivision index.

e Development of the Software Tool: A dedicated Software Tool, developed in the course
and for the purpose of this study within the NAPA package, is described. The tool can
treat both type of damages (bottom damages and side damages). These two types of
damages are treated sequentially, resulting in two different A-indices. An option has
been added, allowing the use of SLF 55 proposal for the calculation of the “s-factor” for
the case of RoPax ships. Two different alternatives have been implemented: the
software tool generates automaticaly the required number of hull breaches or reads
them from a special input file. User instructions and modelling considerations before
using the tool are presented. The alternative ways of using damage stages, openings,
cross-flooding connections, up-flooding connections and A-class bulkheads are
presented.

e Risk Model: High-level event sequences and risk models for the various accident types
have been already discussed in the first interim report of Task 1 of the present study.
In Task 3, the high-level event sequence and the risk model for grounding accidents
have been revisited, in order to take into account an additional parameter that was
introduced in Task 3, with decisive impact on the survivability of passenger ships, i.e.
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the type of damage: (a) bottom damage (type B00) and (b) side damage (type S00).
The corresponding Risk Models have been subsequently developed: (a) Risk Model for
Grounding Accidents to cruise ships, (b) Risk Model for Grounding Accidents to RoPax
ships, (c) Combined Risk Model for Grounding and Contact Accidents to cruise ships, (d)
Combined Risk Model for Grounding and Contact Accidents to RoPax ships. In this
report, the Combined Risk Model for Grounding and Contact Accidents to cruise ships
ans RoPax ships are presented.

e Application of the framework and assessment of risk control options: The developed
procedure and software tool have been applied for the damaged stability evaluation of
a series of passenger ships. More specifically, two cruise ships and four RoPax ships,
developed in Task 1 (reference designs) along with a series of variants of these designs,
developed to maximize safety in damaged condition have been assesed, and the
atained indices corresponding to bottom and side damages due to grounding accidents
have been calculated. On the basis of the results obtained in Subtask 3.c, a Cost
Benefit Assessment (CBA) has been performed according to the IMO FSA Guidelines.
The RCOs for a large cruise ship and for a medium size RoPax ship have been
compared on the bases of the obtained reduction of risk and the associated lifetime
cost.
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6 ABSTRACT

A common characteristic of a series of severe grounding accidents is that the area of the hull
breach is not at the bottom, where the double bottom offers protection, but at the side. It was
therefore decided in Task 3 to take consider two types of damage (bottom and side damages).
A probabilistic framework assesing survivability of passenger ships in damaged condition due
to grounding or contact accidents has been formulated. An alternative methodology is adopted
for the evaluation of the so-called p-factors in contrast to the zonal approach used in SOLAS
2009. A review of past accidents has been performed to develop relevant accidents databases.
The collected data has been used for the elaboration of probabilistic model for the side
damage characteristics. A software tool has been developed within NAPA, facilitating the
evaluation of survivability of passenger ships considering both bottom and side damages. The
risk models for grounding accidents have been revisited, in order to take into account both
bottom and side damages. The developed procedure and software tool has been applied to
two cruise ships and four RoPax ships, developed in Task 1 (reference designs) along with a
series of variants of these designs.

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 17



7 INTRODUCTION

Past and recent accidents have shown that grounding accidents can potentially result in
catastrophic consequences; this being particularly true when speaking of passenger vessels,
for which the risk to be accounted for is the potential loss of lives.

Present SOLAS probabilistic damage stability regulations for passenger and (dry) cargo
vessels - so called SOLAS 2009 - are based on the assumption that a breach, resulting in the
ship flooding, is created by a side damage due to collision. The underlying distributions of
damage characteristics have been developed, originally, in the framework of the EU-funded
HARDER project [25], and have been later been adapted as a result of discussion at IMO [18],
[19], [20], [15] and [17].

The present SOLAS regulations for passenger and cargo ships do not specifically address the
case of grounding damages within the probabilistic framework. Safety with respect to bottom
grounding is addressed, instead, in a deterministic framework through Chapter II-1 -
Regulation 9 “Double bottoms in passenger ships and cargo ships other than tankers”.
Regulation 9 [24], which was developed starting from statistics of grounding damages [21],
provides minimum double bottom requirements and specifies deterministic bottom grounding
damage characteristics to be used for survivability assessment in case of vessels with unusual
bottom arrangements.

As a result, a lack of harmonization exists in present SOLAS rules between the applied
probabilistic framework for collision-related survivability, and the applied deterministic
framework for grounding-related survivability. Furthermore, SOLAS Reg.9 only deals with
grounding damages assumed to penetrate the vessel vertically, from the ship bottom.
However, as both historical data and also recent accidents show, grounding damages can
result also in a damage on the side of the vessel extending partially or totally above the
double bottom. Damages on the side of the vessel can also be the result of the contact with
fixed or floating objects. Such type of damage (i.e. side damage due to grounding) is
presently not represented within the SOLAS regulatory framework for passenger vessels.

Since the year 2000, six cases have been recorded, resulting to the total loss of a passenger
ship following a contact or grounding accident:

e Year 2000 - EXPRESS SAMINA: On Tuesday September 26, 2000, late afternoon, the
Greek Passenger/Ro-Ro ferry Express Samina left the port of Piraeus heading to the
island of Paros, the first on her route to the island of Lipsi. The vessel was reported
carrying 533 persons on-board (472 passengers and 61 crewmembers), 17 trucks and
34 cars.

While approaching the island of Paros, the ship deviated from the actual route and hit
the rocks of Portes, located outside the entranceways to the port of Paros. The impact
of the ship with the rocky islet was on the starboard side, resulting to three raking
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damages on the ship's outer shell, below and above the waterline level. Two of these
damage openings were of particular significance for the flooding process, and the later
sinking of the ship. The vessel sunk within half an hour, leading to death of 80
passengers and crewmembers. The impact to regulatory framework was an extension
of Stockholm Regional Agreement to the South European Waters. EU Directive
2003/25/EC.

e Year 2007 - SEA DIAMOND: On April 5, 2007, the Passenger ship SEA DIAMOND ran
aground on a volcanic reef east of Nea Kameni, within the caldera of the Greek island
of Santorini. Because of the impact, there was loss of watertight integrity, resulting to
ship's listing up to 12 degrees, starboard side. The accumulation of water led to the
ship sinking after 27 hours from the initial hitting, leaving two passengers missing and
presumed dead.

e Year 2007 - EXPLORER: On 23 November 2007, the Liberian registered, passenger
vessel EXPLORER, sank in a position 25 miles southeast of King George Island. All 54
crewmembers and 100 passengers abandoned the ship safely. The vessel sank after
striking ice and sustaining damage to the hull.

e Year 2008 - PRINCESS OF THE STARS: The RoPax ship PRINCESS OF THE STARS left
the port of Manila on June 20, 2008, en route to Cebu City. While en route, the ship
encountered the fierce winds and massive waves of Typhoon "Fengshen", which had
been sweeping through the region, but were not expected to cross the ferry’s path. The
vessel sustained engine failure and stranded. As a result, there was a loss of watertight
integrity below the waterline and the ship capsized in South China Sea, with 523
reported fatalities and 308 missing persons.

e Year 2009 - ARIAKE: The RoPax Ariake, travelling from Tokyo in high winds, developed
a 22 degree list due to a large scale cargo shift induced by large rolling in stern
quartering waves, ran aground and subsequently capsized at Mihama, Mie, Japan. All
persons on board (7 passengers and 21 crewmembers) were safely rescued.

e Year 2012 - COSTA CONCORDIA: The Cruise vessel Costa Concordia struck a
submerged rock in the Secca di Mezzo Canal, off the Isola del Giglio. It sustained
severe damage to the port side of the hull near the engine room, took water,
developed list to starboard side and partially capsized. Eventually, 32 lives were lost in
the accident.

Considering the importance of grounding accidents for the safety of passenger ships, in the
framework of the EU-funded (FP7) GOALDS project, an exploratory data analysis was carried
out on historical data assumed to be associated with bottom grounding damages [27], [7]. As
a result of this statistical analysis, a probabilistic modelling for grounding damage
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characteristic was developed [8]. Such probabilistic model was then used to develop a
partially analytical formulation for “p-factors” [5]. However, concerns were expressed in [5]
regarding the practical applicability of a zonal approach in case of bottom damages due to
grounding. Citing, indeed, from [5]: “...concerns exist regarding the application of this
approach [the approach based on analytical p-factors] to ship geometries and associated
subdivisions which significantly differ from a box shell with internal box shaped volumes. As
an alternative to the p-factor formulation it could be suggested to explore with more efforts
the idea of a determination of probabilities of flooding of internal volume with generic shapes
by means of direct Monte Carlo approaches. Such approach would be much more general,
although it requires a careful definition of the domains of generation of the random damages
and it suffers from sampling randomness”. Some preliminary indications on how to proceed in
this direction were given in the framework of the GOALDS project [6], but have not been
practically applied during GOALDS.

At the same time, the GOALDS project did not address the case of damage due to grounding
resulting in side damages extending partially or totally above the double bottom. However,
such types of damages are actually occurring in real accidents and, in order to provide a
sound regulatory framework, it is necessary to take them into account.

In the past, a direct approach for the determination of "“p-factors”, in case of collision
damages, was also explored in [33], where a methodology based on direct deterministic
integration of the underlying probability density functions of damage characteristics was used.
Moreover, a direct, non-analytical determination of the probability of flooding of (group of)
compartments, starting from the underlying distributions of damage characteristics, is implicit
in the alternative assessment of accidental oil outflow performance or of double hull and
double bottom requirements within MARPOL [34]. In such context, a direct Monte Carlo
approach was indeed used in [35], for the determination of the probability of damaging a
compartment (or group of compartments) following bottom damages. A very similar direct
Monte Carlo approach for the determination of “p-factors”, was later used, with focus on
damaged ship stability following a collision damage, in [36][37].

Starting from present SOLAS regulations, and considering the work carried out so far within
the GOALDS project, results are reported herein regarding the work carried out towards the
development of a fully practically applicable probabilistic methodology for the evaluation of
risk due to grounding damages for passenger vessels. The work carried out is structured as
follows:

e Development of a relevant database of grounding accidents and associated damage
characteristics;

e Development of geometrical characterisations for grounding damages resulting in
vertical (bottom damage type) or horizontal (side damage type) penetration;

e Adaptation and use of GOALDS probabilistic model for bottom damages;

o Development of a specific probabilistic model for side damages;
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e Development of a procedure for the determination of the probability of flooding of
(groups of) compartments;

e Determination of a procedure for the assessment of survivability using the s-factor
from SOLAS 2009;

e Development of the software for the practical implementation of the developed
procedure;

e Development of Risk Models for Grounding and Contact Accidents to cruise ships, and
RoPax ships;

e Application of the developed procedure and software tool for the evaluation of a series
of passenger ships (reference designs developed in Task 1 and design alternatives
developed from the reference designs by applying selected Risk Control Options);

o Cost Benefit Assesment of the applied RCOs according to the IMO FSA Guidelines. The
RCOs for the studied ships have been compared on the bases of the obtained reduction
of risk and the associated lifetime cost.
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8 MAIN PART OF THE REPORT

8.1 Overview

Available accident statistics indicate an increase of risk from grounding to the safety of ships.
The review, carried out in this study (Sec. §8.4), of accidents to passenger ships (RoPax,
RoPax Rail, Cruise Ships and Pure Passenger ships exceeding 1,000 GT and 80 m in length)
built on or after 1982, in the period from 1990 to 2013 resulted in 136 collisions and 126
groundings. Among them, 23 collisions (17%) suffered major damages, while there was no
total loss or a ship being broken up as a result of the accident. In case of grounding, 56 ships
(44%) suffered major damages, four ships were lost and one was broken up. Regarding the
impact on human life, collision accidents resulted in four fatalities (all of them from one
accident, when a passenger ship was struck by a bulk carrier), while the following fatalities
were recorded as a result of groundings: 32 persons killed or missing in the Costa Concordia
accident and 2 persons missing in the Sea Diamond accident (both were large cruise ships)
and 831 persons killed or missing from the sinking of the Princess of the Stars. The latter was
a RoPax ship that capsized and sank in South China Sea in 2008 while sailing in the middle of
a Typhoon. It was claimed that the ship reported that it faced engine troubles and run
aground, while later on it listed and capsized.

Despite the importance of grounding accidents, historically, damaged stability regulations are
mostly focusing on the collision damages, while damages from grounding accidents have been
comparatively overlooked. Over the years, stability regulations for ships in damaged collision
following a collision accident have been the subject of extensive investigation, research and
debate. As a result, the new harmonized damaged stability regulation for (dry) cargo and
passenger ships, based on the probabilistic framework came into force with SOLAS 2009.
According to SOLAS 2009, the basic requirement to ensure safety of ships against grounding
accidents is the construction of a double bottom “extending from the collision bulkhead to the
afterpeak bulkhead, as far as this is practicable and compatible with the design and proper
working of the ship” at or above a minimum height from the keel line (SOLAS, Chapter II-1 -
Part B-2 - Regulation 9 "Double bottoms in passenger ships and cargo ships other than
tankers" [24]). However, available statistics indicate that, the probability of penetrating the
double bottom in case of a grounding accident is far from being negligible. Based on the
GOALDS statistics [7], the probability of exceedance of the SOLAS 2009 standard double
bottom height is equal to 27.3% (95% confidence interval: [16.1%,41.0%]), while the
probability of exceedance of the increased double bottom height, in case of passenger ships
with large lower holds, is 14.5% (95% confidence interval: [6.5%,26.7%]). In addition, in a
series of grounding accidents with severe impact on human life and on the ship itself, the hull
breach did not occur at the bottom area, where the double bottom could offer some protection,
but at the side of the ship. This was the case of Express Samina in 2000 with 81 fatalities, Sea
Diamond in 2007 with two persons missing and Costa Concordia in 2012 with 32 persons
killed. Despite of the higher impact of this type of accidents, there is no provision in SOLAS
2009 for the effective protection of ships, not even for large RoPax or Cruise ships, carrying
thousands of passengers. In contrast to SOLAS 2009, in the High Speed Craft Code [22] the
importance of this type of accidents is realized, and stability requirements in case of side
racking damages were included.
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From the very beginning of the elaboration of Task 3 it was decided that it is imperative to
include two distinct types of damage into consideration, i.e. bottom damage and side damage,
which are treated separately. A proposal for a regulatory framework assessing survivability of
passenger ships in damaged condition due to a grounding or contact accident has been
formulated, based on the probabilistic approach. A methodology is developed for the
evaluation of the probability of a particular damage case (the so-called “p-factors”) which is
not based on the zonal approach used in SOLAS 2009 regulations for the collision damages.
Since side damages were not considered in previous studies of grounding accidents, a
thorough review of past accidents has been performed to develop/update relevant accident
databases. The collected data has been used for the elaboration of a probabilistic model for
side damage characteristics. Based on the developed formulation, a dedicated software tool
has been developed within the NAPA package, facilitating the evaluation of survivability of
passenger ships considering both types of damage (i.e. bottom and side damages).

The high-level event sequence and the risk model for grounding accidents have been revisited,
in order to take into account an additional parameter that was introduced in Task 3, with
decisive impact on the survivability of passenger ships, i.e. the two types of damage: bottom
damage (type B00) and side damage (type S00). The corresponding Risk Models have been
subsequently developed: (a) Risk Model for Grounding Accidents to cruise ships, (b) Risk
Model for Grounding Accidents to RoPax ships, (c) Combined Risk Model for Grounding and
Contact Accidents to cruise ships, (d) Combined Risk Model for Grounding and Contact
Accidents to RoPax ships.

The developed procedure and software tool has been applied for the evaluation of a series of
passenger ships developed in Task 1. More specifically, two cruise ships and four RoPax ships,
developed in Task 1 (reference designs) along with a series of variants of these designs,
developed to maximize safety in damaged condition have been assesed and the atained
indices corresponding to bottom and side damages due to grounding accidents have been
calculated. On the basis of the obtained results, a Cost Benefit Assessment (CBA) has been
performed according to the IMO FSA Guidelines. The RCOs for the studied ships have been
compared on the bases of the obtained reduction of risk and the associated lifetime cost.
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8.2 Regulatory Framework

With particular reference to buoyancy and stability in damaged condition, safety related
regulations aim at ensuring a minimum level of safety for all vessels complying with them.
Regulators try to achieve this goal by imposing appropriate technical requirements through
regulations, and such technical requirements can have a significant impact on the design of
the vessel. The constraints imposed by regulations become even stronger when the space for
alternative design solutions is not provided, or it is limited (for instance due to lack of
guidelines or experience). It is therefore evident that the rule-development process has a
fundamental impact on the characteristics of future designs, and due attention is to be paid
when developing new, or amending existing, regulations. In some cases, technically sound but
not sufficiently flexible regulations can lead to a sort of standardization of some design
features, thus limiting the design flexibility and potentially impairing competitiveness of
possibly innovative and effective design solutions.

Regulations intended to be applied to a large population of vessels (as it is the case of SOLAS-
related regulations) are always designed having in mind the need for them to be “simple
enough”. At the same time, however, the interpretation of the adjective “simple” changes as
the cultural and technical background evolves. As a result, regulations recently developed and
assumed to be sufficiently “simple” for a wide application, would have been referred in the
past as “impractical” or just “too complex” for being acceptable.

A typical choice which is to be made when developing stability regulations is whether to
implement deterministic or probabilistic approaches. Both options have pros and cons, and the
selection of one option instead of the other is a matter of case-by-case judgement.
Deterministic approaches are often easier to be developed as regulations, and then to be
applied in the design. At the same time, it is today known that deterministic approaches tend
to reduce design flexibility and tend to provide a reduced (sort of summarised) view of the
addressed problem. On the other side, probabilistic approaches tend to be more complex, thus
requiring more efforts in the initial rule-development process and in the subsequent technical
implementation. At the same time, probabilistic approaches are known to allow a wider, more
comprehensive and more realistic view of the addressed problem, and they tend to increase
design flexibility, with the positive result of rewarding clever original design solutions. From a
technical and scientific perspective, the modern tendency is to try being fully probabilistic, or
at least to embed a sound underlying probabilistic background, supporting a simplified
deterministic framework.

One of the objectives of Task 3 is the development of proposals for a sound and practically
applicable regulatory framework, able to address grounding damages, possibly resulting in
long and shallow damages (raking damages), considering the possibility that such damages
extends partially or totally above the double bottom. In the framework of such a development,
it is obviously necessary to account for the aforementioned general concepts, and to take into
account presently available regulations. To this end, in the following some relevant examples
are considered of presently available IMO instruments dealing with undesirable effects coming
from grounding accidents. Examples are reported in order to show which characteristics of

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 24



damages are typically considered in such instruments (direction, length, penetration, etc.) and
to show the type of used approach.

In line with the present evolution of knowledge and practice regarding rule-development
taking into account risk-assessment, and with particular reference to stability-related-rules, it
is herein considered that the more rational way to address the problem of survivability
following a grounding accident is by trying to develop a regulatory framework based on
probabilistic concepts. In case such an approach were found to be not sufficiently practical,
the collected information and the developed tools could then still be used to define a
transparent deterministic approach, based on clear probabilistic basis.

8.2.1 SOLAS

In case of presently applicable SOLAS regulations for passenger and cargo vessels, safety
against consequences coming from a grounding damage is provided by Chapter II-1 - Part B-2
- Regulation 9 "Double bottoms in passenger ships and cargo ships other than tankers" [24].
In this context, the basic level of safety is provided by specifying a reference minimum height
of double bottom, which the Administration may require to be increased in case of large lower
holds for passenger ships. Such requirements are summarised in Table 1 (see also [7]).

Table 1: Minimum height of double bottom - SOLAS Ch.II-1, Part B-2, Regulation 9.

Required standard minimum double bottom height (h)

B
h= >0 (where B is the ship breadth)

In no case is the value of h to be less than 760 mm, and need
not be taken as more than 2 000 mm

In case of large lower holds in passenger ships, the
Administration may require an increased double bottom height
of not more than B/10 or 3 m, whichever is less, measured
from the keel line. Alternatively, bottom damages may be
calculated for these areas, in accordance with paragraph 8 [of
Reqg.9, i.e. damage characteristics to be taken into account for
alternative calculations in case of wunusual bottom
arrangements in a passenger ship or a cargo ship], but
assuming an increased vertical extent.

n

However, according to II-1/B-2/Reg. 9, it is possible to have “unusual bottom arrangements
not fulfilling the specifications in Table 1. In such case it shall be demonstrated that the ship is
capable of withstanding bottom damages having specific deterministic dimensions and
positioned in the part of the bottom of the vessel affected by the unusual arrangement. Such
deterministic dimensions are reported in Table 2. Compliance, in terms of survivability, is to
be proved by demonstrating that the s-factor is not less than 1 for all service conditions.
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Table 2: Bottom damage characteristics according to SOLAS Ch.II-1, Part B-2,

Regulation 9.

o For 0.3L from Any other
L: ship length the forward
. chi . part of the
B: ship breadth perpendicular ship
of the ship
. (1
Longitudinal extent [m] mln{§ L2’3,14.5m}
. [B . [B
Transverse extent [m] min E'lom min E,Sm
Vertical extent, me_asured [m] min E,Zm
from the keel line
In case of large lower holds in passenger ships the Administration
may require an increased vertical extent.
If any damage of a lesser extent than the maximum damage
specified above would result in a more severe condition, such
damage should be considered.

Some comments can be done regarding the framework set up in Reg.9:

The framework itself is deterministic, in terms of damage characteristics. However, the
origin of selected damage characteristics is to be sought in a statistical analysis of
historical data [21][7]. On the other hand, the selection of the B/20 ratio for the
minimum double bottom height seems to be the result of a combination between
statistical analysis of historical data for damage penetration and data regarding double
bottom height for “as-built” passenger and cargo vessels [21].

It is implicitly assumed that the specified height of double bottom is sufficient to
provide acceptable safety in case of bottom grounding;

Damages are assumed to have a vertical penetration. As a result, side damages
associated with grounding are not considered;

In case of unusual bottom arrangements, residual stability in damaged condition is to
be checked, according to the standard SOLAS 2009 s-factor formulation.

The case of shallow damages (raking damages) is not explicitly accounted for, because
the requirements are based on the specification of maximum damage extent. However,
shallow damages are implicitly accounted for by the regulation when requiring that
damages of a lesser extent than those specified, are to be taken into account in case
they would result in a more severe condition.

8.2.2 2000 HSC Code

In the framework of the “2000 HSC Code” [22] (simply “HSC Code” in later referencing
herein), sufficient buoyancy and stability following damage is to be proved by complying with
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Part A - §2.6 and Part B - §2.13 (in case of passenger craft). The HSC Code considers
different types of damage, namely:

e Side damage;
e Bow and stern damage;
¢ Bottom damage in areas vulnerable to raking;

e Bottom damage in areas not vulnerable to raking.

In dealing with survivability after damage, the HSC Code uses a deterministic framework,
where specified damage dimensions are to be used for stability assessment. Damages of
lesser extent than those specified, are to be considered whenever they lead to more severe
conditions, in line with a classical “worst case scenario” approach. Valuable information
regarding the development process of, and some of the underlying assumptions in the HSC
Code requirements can be found in [1].

The HSC Code does not explicitly specify the source of the damage to be considered, i.e.
whether the specified damage is assumed to be due to collision, contact or grounding, and
only the damage position and dimensions are specified. It seems however logical to assume
grounding as the underlying source of damage. Among the damages considered by the HSC
Code, bottom damages in areas vulnerable and not vulnerable to raking are those assumed
herein to be more relevant to grounding accidents. As a result, the assumed characteristics for
such type of damage are described in more details in the following.

In the HSC Code, bottom damages are damages extending below the waterline. Two types of
underwater hull areas are identified (see Figure 1), namely:

e Area vulnerable to raking;
e Area not vulnerable to raking.

Generally speaking, the lower part of the hull is assumed to be vulnerable to raking, while the
higher part of the hull is not assumed to be vulnerable to raking. The part of the hull that is
vulnerable to raking is larger in the forward part of the vessel, and smaller in the aft part. Also,
for the area to be vulnerable to raking, it must be in contact with water at 90% of maximum
speed.
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Figure 1: Areas vulnerable/not vulnerable to bottom raking damage (from [22]).

The characteristics of the damage depend on the area where the damage is to be applied (and,
partially, on whether the craft is a “category B craft” or not). A summary of bottom damage
characteristics is reported in Table 3 in case of damages on the area vulnerable to raking, and
in Table 4 in case of damages on the area not vulnerable to raking.

It can be noticed that the specified damage dimensions scale with the cube root of the hull
volume. Such type of scaling, which is typical for high-speed craft, is not typically used for
conventional cargo and passenger vessel. However, according to [1], the formulae have been
derived by considering an approximate equivalence between ship length and 7.5-V**, and
between ship breadth and 1.0-V*?. The longitudinal extent of damage to be taken into account
is larger in areas vulnerable to raking compared with areas which are assumed to be not
vulnerable to raking. Considering the characteristics of presently built high speed craft, also
the penetration is larger in the region vulnerable to raking compared to those assumed to be
not vulnerable to raking. The girth length, however, is larger in case of regions not vulnerable
to raking damage. In general, the extent of penetration taken into account in case of bottom
damages, can be regarded as relatively small in absolute terms (e.g. max 0.5m in case of
areas assumed to be vulnerable to raking). It must be said, however, that the reference
penetration due to side damages in the HSC Code is specified as 0.2-V*?, i.e. ten times of that
specified for bottom damages in areas not vulnerable to bottom raking damages, while

keeping a damage length equal to min{0.75-V“3,(3m+0.225-V”3),11m} and specifying an

unlimited vertical extent.

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 28



Table 3: Bottom damage characteristics in areas vulnerable to raking damage,

according to 2000 HSC Code [22].

Damage characteristic

Specification

Notes

Longitudinal extent

Two different longitudinal extents shall
be considered separately:

1) 55% of the length L, measured from
the most forward point of the
underwater buoyant volume of each hull;

2) A percentage of the length L, applied
anywhere in the length of the craft,
equal to 35% for craft where L=50m
and over and equal to (L/2+10)% for

craft where L is less than 50m.

In addition, for category B craft, specific
stability criteria are provided when
assuming a longitudinal extent of raking
damage equal to 100% of length L.

Penetration normal to
the shell

min {0.04.V”3, O.Sm}

Girth along the shell

0.1.v¥?

V is the volume of
displacement
corresponding to

design waterline (m?3).

the

Penetration or girth shall
under no circumstances
extend above the vertical
extent of the specified
area vulnerable to raking.

Raking damage shall be assumed to occur along any
fore-and-aft line on the surface of the hull(s) between

the keel and the upper limit of the area vulnerable to s

raking.

The shape of damage shall
rectangular in the transverse plane as illustrated in the
figure on the right. Damage is to be assumed at a series
of sections within the defined longitudinal extent in
accordance with the figure on the right, the mid-point of
the damaged girth being maintained at a constant

be assumed to be

distance from the centreline throughout that longitudinal

extent.

\/
A
b
~

Girth
along the
shell

Penetration nonmal
to the shell

Limit of penetration

)
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Table 4: Bottom damage characteristics in areas not vulnerable to raking damage,
according to 2000 HSC Code [22].

Damage characteristic Specification Notes
Length of damage in
the fore-and-aft min {0.75-V**, (3m+0.225-v**), 11m}
direction \% is the volume  of
. displacement corresponding to
Depth of penetration
P P 0.02-v** the design waterline (m?).

normal to the shell

Athwartships girth 0.2-V¥

A Y

This applies to all parts of the hull(s) below the design
waterline which are not defined as vulnerable to raking
damage.

*
A / Penetration normal
™ ~ to the shell
*
~

Limit of penstration

S

The shape of damage shall be assumed to be
rectangular in the plane of the shell of the craft, and

rectangular in the transverse plane as illustrated in the Sf;tnhgthe
figure on the right. shell

8.2.3 MARPOL 73/78

Within the framework of MARPOL [23], and in particular within Annex I “Prevention of
pollution by oil”, the effect of a hull breach is directly or indirectly addressed in different
regulations, aiming at providing sufficient safety against the occurrence of two main types of
undesirable consequence of a damage, i.e.: loss of buoyancy and stability, and oil spill.
However, due to the historical evolution of various regulations, and considering the inherent
higher focus of MARPOL framework to pollution-related issues, consistency between
regulations addressing consequences of hull breaches has not been totally maintained. As a
result, different damage characteristics and calculation methodologies are considered by
MARPOL when dealing with oil spill compared with those used when dealing with subdivision
and damage stability requirements. Moreover, efforts towards the implementation of more
advanced approaches (from a theoretical and technical point of view) have been mostly spent
within the framework specifically dealing with the risk coming from oil spill. In addition to
regulations and calculation methods explicitly addressing consequences of hull breaches in
terms of oil spill or loss of buoyancy and stability, additional requirements related to minimum
width of double hull and minimum height of double bottom are also present in the MARPOL
framework, with applicability to either all ships or oil tankers, depending on the regulation.

Due to the dispersion of requirements related to consequences of hull breaches in different
regulations of Annex I (particularly Reg.12A, Reg.19, Reg.23, Reg.24, Reg.25 and Reg.28)
and associated additional IMO documents [13][14][16], it is therefore difficult to provide a
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comprehensive overview without entering in the details of each regulation and document. As a
result, herein a summary is provided with the intention of reporting how MARPOL is, in
particular, addressing the issue of damages due to grounding. For detailed information
reference is to be made to the original sources [23][13][14][16].

8.2.3.1 Height of double bottom and width of double hull

Double bottom clearly prevents undesired consequences coming from bottom grounding
damages. On the other hand, the presence of a double hull is beneficial both in case of side
damages due to contact and grounding and also in case of those collision events resulting in
relatively shallow penetrations. By interpreting the text of MARPOL, it seems that such
requirements have been set with the primary intention of preventing oil spill, and not by
having in mind, as a primary goal, buoyancy and stability in damaged condition. MARPOL
requirements for double hull/double bottom are set in Annex I by Reg.12A “0il fuel tank
protection” (for all ships — addressing protection of fuel tanks) and in Reg.19 “Double hull and
double bottom requirements for oil tankers delivered on or after 6 July 1996” (for oil tankers -
addressing protection of cargo tanks). Such requirements provide minimum distances of fuel
tanks (Reg.12A) or cargo tanks (Reg.19) from the shell of the vessel. A brief summary of the
requirements is reported in Table 5. It can be noticed that, while the minimum height of
double bottom scales according to the ship breadth, the minimum distance of fuel/cargo tanks
from the shell side (i.e. the width of the double hull) scales according to the capacity of the oil
fuel tanks or according to the deadweight of the vessel. It is worth noticing that the minimum
height of double bottom in lieu of fuel tanks from Reg.12A, corresponds to the minimum
height of double bottom in SOLAS Reg. 9 ([24] and see Table 1), while such distance is
increased by Reg.19 in the region of cargo tanks.
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Table 5: Minimum distances of fuel / cargo tanks from the shell according to
MARPOL Annex I - Reg.12A and Reg.19 [23].

Reg.12A (oil fuel tanks) (%)

Reg.19 (cargo tanks)

Minimum distance of the tank
from the bottom of the vessel
(double bottom height)

B
h= 0 [m] but not more than 2.0m

and not less than 0.76m. (%)

B
h= = [m] but not more than 2.0m

and not less than 1.0m. (°)(®)

Minimum distance of the tank
from the shell side of the
vessel (double hull width)

w=0.4+ 2.4~L [m] but not less
20000

than 1.0m (or 0.76m for individual tanks
with an oil fuel capacity of less than 500

m?). (%)

w= O.5+L [m] but not more
20000

than 2.0m and not less than 1.0m. (%)

Where "C" is the ship's total volume of
oil fuel, including that of the small oil
fuel tanks, in m*, at 98% tank filling.

W:0.4+2.4~ﬂ [m] but not less
20000

than 0.76m. (")

W:0.5+ﬂ [m] but not more
20000

than 2.0m and not less than 1.0m. (%)

Where "DW" is the ship deadweight in
tonnes.

Wing tanks or spaces shall extend either
for the full depth of the ship's side or
from the top of the double bottom to the
uppermost deck.

() Alternative probabilistic methodology is available in Reg.12A based on accidental oil fuel outflow performance

standard.

(?) For ships, other than self-elevating drilling units, having an aggregate oil fuel capacity of 600m? and above.

(®) For ships having an aggregate oil fuel capacity of 600 m* or more but less than 5000 m?3,

(") For ships having an aggregate oil fuel capacity of 5000 m? and over.

(®) For oil tankers of 5000 tonnes deadweight and above. The requirement can be dispensed provided that the design

of the tanker is such that the cargo and vapour pressure exerted on the bottom shell plating forming a single

boundary between the cargo and the sea does not exceed the external hydrostatic water pressure.

(®) For oil tankers of less than 5000 tonnes deadweight the minimum value can be reduced from 1.0m to 0.76m.

(7) Allowed for tankers of less than 5000 tonnes deadweight. Alternatively the capacity of each cargo tank shall not

exceed 700 m3.

(®) For oil tankers of 5000 tonnes deadweight and above.

8.2.3.2 Deterministic damage assumptions

Deterministic damages are specified by MARPOL Annex I, when considering oil spill (Reg.24,
Reg.25 and Reg.26) and also when considering subdivision and damage stability requirements
(Reg.28). Damage characteristics are specified separately for side damage and bottom
damage. Furthermore oil tankers of 20000 tonnes deadweight and above delivered on or after
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6 July 1996 have to comply with subdivision and damage stability requirements considering an
additional type of damage, i.e. a bottom raking damage type, with specified characteristics.

Deterministic damage characteristics to be taken into account in the calculation of
hypothetical oil outflow (Reg.24) partially differ from damage characteristics to be taken into
account for subdivision and damage stability assessment (Reg.28) in respect to bottom
damages, while deterministic side damage characteristics are the same in Reg.24 and Reg.28.
Deterministic side damage characteristics are reported in Table 6, while a comparison of
characteristic for deterministic bottom damage between Reg.24 and Reg.28 is reported in
Table 7. It is to be noted that, in Reg.28, damages of lesser extent than that specified are to
be considered when they lead to a more severe condition. Finally, Table 8 reports
characteristics of the deterministic bottom raking damage, to be used in accordance with
Reg.28, for calculations related to subdivision and damage stability for oil tankers of 20000
tonnes deadweight and above, delivered on or after 6 July 1996. It can be noticed that the
assumed bottom raking damage is implicitly characterised by a shallow penetration, since it is
assumed to breach only the outer hull of the vessel.

Table 6: Deterministic side damage characteristics according to MARPOL Annex I -
Reg.24 and Reg.28 [23].

. |1
Longitudinal extent (length) mln{g L2’3,14.5m}

. | B
Transverse extent (penetration) min g,ll.Sm

From bottom,
Vertical extent (height) upwards without
limit.

L [m]: ship length ; B [m]: ship breadth
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Table 7: Deterministic bottom damage characteristics according to MARPOL Annex I
- Reg.24 and Reg.28 [23].

Reg. 24 (related to calculation of Reg. 28 (related to subdivision and
hypothetical oil outflow from oil damage stability requirements for
tankers) oil tankers)
For 0.3-L from For 0.3-L from
the forward Any other part of the forward Any other part of
perpendicular of the ship perpendicular of the ship
the ship the ship
Longitudinal L min{—,Sm} min{1 L2’3,14.5m} min{1 L2’3,5m}
extent (length) 10 10 3 3
Transverse min{2 10m! but (B (B
extent (width) 6 5m min E’lom min €,5m
not less than 5m
Vertical ) extent min{E,Gm} min{E,Gm} min{E,Gm} min{E,Gm}
(penetration) (*) 15 15 15 15

L [m]: ship length ; B [m]: ship breadth

(*) Measured from ship bottom, at centreline

Table 8: Deterministic bottom raking damage characteristics according to MARPOL
Annex I - Reg.28 [23].

For ships of 75000 tonnes
deadweight and above

For ships of less than 75000
tonnes deadweight

0.4-L measured from the
forward perpendicular

0.6-L measured from the

Longitudinal extent (length) forward perpendicular

B .
Transverse extent (width) 3 anywhere in the bottom

Breach of the outer hull

Vertical extent (penetration)

L [m]: ship length ; B [m]: ship breadth

8.2.3.3 Probabilistic damage characterisation

Some of the requirements in MARPOL Annex I make reference to a probabilistic
characterisation of side and bottom damage characteristics. Requirements based on the
probabilistic approach, as the unique approach or as an alternative to the deterministic
approach, are only dealing with oil spill. On the other hand, subdivision and damage stability
requirements are based solely on the deterministic approach.
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A probabilistic approach in accordance with MEPC.110(49) [13] can be used as an alternative
to the double bottom and double hull specification of Reg.19 (see Table 5). On the other hand,
a simplified probabilistic approach [14] is to be used in Reg. 23 “Accidental oil outflow
performance”, for oil tankers of 5000 tonnes of deadweight and above delivered on or after 1
January 2010. As an alternative to the simplified probabilistic approach embedded in Reg.23,
the more sophisticated approach according to MEPC.110(49) [13] can be used as an
equivalent alternative.

Also in the probabilistic approach, damages are split in two categories: side damages and
bottom damages. According to MEPC.110(49) [13], side damages are assumed to be due to
collision, while bottom damages are assumed to be due to grounding. Probability distributions
for damage characteristics are explicitly reported in MEPC.110(49) [13]. Probability
distributions are explicitly reported for the following damage characteristics:

e Side damage due to collision:

o Longitudinal location - In terms of x = dimensionless distance from A.P. relative
to the ship’s length between perpendiculars;

o Longitudinal extent - In terms of Y = dimensionless longitudinal extent of
damage relative to the ship’s length between perpendiculars;

o Transverse penetration — In terms of z, = dimensionless transverse penetration
relative to the ship’s breadth;

o Vertical extent — In terms of z, = dimensionless vertical extent relative to the
ship’s depth;

o Vertical location — In terms of z; = dimensionless vertical distance between the
baseline and the centre of the vertical extent z, relative to the distance between

baseline and deck level (normally the ship’s depth)

e Bottom damage due to stranding:

o Longitudinal location — In terms of x = dimensionless distance from A.P. relative
to the ship’s length between perpendiculars;

o Longitudinal extent - In terms of Yy = dimensionless longitudinal extent of
damage relative to the ship’s length between perpendiculars;

o Vertical penetration - In terms of z, = dimensionless vertical penetration
relative to the ship’s depth;

o Transverse extent - In terms of b = dimensionless transverse extent to bottom
damage relative to the ship’s breadth;

o Transverse location - In terms of b = dimensionless transverse location of
bottom damage relative to the ship’s breadth;
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The analytical expressions for the distribution of damage characteristics can be found in
MEPC.110(49) [13]. Herein, graphs are reported using figures taken from MEPC.122(52) [14]
for side damage characteristics (Figure 2) and for bottom damage characteristics (Figure 3).
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Figure 2: MARPOL - Probability density functions of characteristic of side damage
due to collision for analyses related to oil spill according to MEPC.110(49) [13].

Figures taken from MEPC.122(52) [14].
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Figure 3: MARPOL - Probability density functions of characteristic of bottom damage
due to stranding for analyses related to oil spill according to MEPC.110(49) [13].
Figures taken from MEPC.122(52) [14].
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8.3 Geometrical modelling of damages

Damages due to grounding have, in general, complex shapes. However, it is very difficult to
develop practically applicable models, suitable for design and regulatory purposes, handling
complex generic damage shapes. For this reason it is necessary to introduce some
simplifications, with the aim of developing practically applicable tools. Herein two classes of
damages are considered, depending on the assumed principal direction of the penetration
(vertical / horizontal), namely:

e Bottom damages, with primarily vertical penetration direction (Figure 4);

e Side damages, with primarily horizontal penetration direction (Figure 5).

A. BottorL Damage

Penetration
Direction

Figure 4: Sketch of bottom damage.

C. Side Dszage with
horizonta‘l penetration .
S Penetration
direction <HEH
Direction
\ —
e

Figure 5: Sketch of side damage.

Starting from this basic qualitative classification, it is then necessary to clearly and
unambiguously specify the geometrical model for each type of specified damage. Indeed, in
order for the damages to be applied within a proper deterministic or probabilistic framework, it
is necessary to provide a clear definition allowing the generation of damages with reference to
the geometrical model of the vessel and of the subdivision/arrangement. In the following,
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details of the geometrical models for bottom (type B00) and side (type S00) damages are
reported.

8.3.1 Bottom damages (Type B0O)

A damage of type "B00” [3] is intended to be a bottom damage, with vertical penetration. The
damage is assumed to be box shaped, and the geometrical definition of the damage follows
the background from the GOALDS project [6]. The damage is intended to be a “potential
damage”, this means that the damage can partially extend outside the vessel. The damage is
defined in terms of dimensional and dimensionless quantities, as appropriate. The defining
quantities for a damage of type B0O are:

e Longitudinal position of forward end of damage: X. [m];

e Transversal dimensionless position of centre of measured damage:

Tgam =Yaam /(X 2") [17

e Longitudinal extent of potential damage, i.e. potential damage length: L [m];

e Transversal extent of potential damage, i.e. potential damage width: L, [m];

o Vertical extent of potential damage, i.e. potential damage penetration: L, [m];

e Vertical position for the transversal positioning of damage: z° [m];

In the definition of n,,, the quantity Y, [m] is the dimensional transversal position of the
centre of the measured damage. The quantity b(X..2") [m] is the breadth of the vessel at a
longitudinal position corresponding to the forward end of damage, x= X, and vertical position
z=7 . Note that Y, is not to be confused with the transversal position of the centre of
potential damagey,,, ,, which is to be calculated starting from the starboard and port side

limits of b(x.,z"), Yam @nd L, as described in the next section.

It is assumed that the software is able to determine the starboard and port side limits of
b(X..z") given X, and 7, starting from the geometrical definition of the hull.

In addition to the above, a generic damage can also be associated with a given probability p.
This probability can be used for later post processing. It will be assumed that the quantity p

can also represent an absolute frequency, a relative frequency, or it can be empty, depending
on the user.

As a result, the damage is assumed to be fully characterised by the generic table line shown in
Table 9.

Table 9: Definition table for damage of type B0O.

Damage ID Di%aeg € Probability/frequency | V1 | V2 | V3 | V4 V5 | V6

Integer
representing BOO p Xe | Mn | Lo | Ly | L | 2
the damage ID
Notes: acceptable values for 7, are in the range -05<7,, <05
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8.3.1.1 Detailed description for the generation of potential damage box

Herein, a detailed description is provided regarding the way of generating the potential
damage box, given the variables describing the damage, as specified in the previous section
(see Table 9).

The ship is assumed to have a right handed reference system as follows:

e X-axis: pointing from aft to forward;

e Y-axis: pointing from starboard to port side, with y=0 at the ship centreline;

e Z-axis: pointing upwards, with z=0 at the bottom of the vessel.

The damage is assumed to conventionally extend, in the vertical direction, from z=-ow up to
z=L,, (i.e. the damage extends downwards without limitation). A generic positioning of the
damage is shown in Figure 6, Figure 7 and Figure 8, with reference quantities identified. A
thorough description of the involved quantities is reported in the following description of the
steps which are necessary to generate the potential damage box.

Z-axis
a
£ £
§ g
>”- >
4 5
Section at x=XF ﬁ |
- Ly,p - Potential damage
\ < Lylim
[ z=Lz,p
z=z* / S'
—',, Y-axis
- b(XF,z*) -
w L
X X Downward
% % extension
>, > of damage
il 1
> >

Figure 6: Generic positioning of damage - Transversal YZ view.
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Z-axis

XF-Lx,p

x:
x=XF

Ship centreplane\

Lx.P )
Potential damage

>

. X-axis
Downward extension

of damage
Figure 7: Generic positioning of damage - Longitudinal XZ view.

Y-axis

XF-Lx,P

x:
=XF

X

P

y=Ydam,P ~ y=yPS(XF,z*) >
y=Ydam J
\ ~
Waterline at z=z*
\ ySB(XF,z*)

— X-axis
Lx,p

)

b(X

Figure 8: Generic positioning of damage - Planar XY view.

The steps for the generation of the potential damage box are as follows:

1) Set the forward limit of damage at x= X, ;

2) From the hull geometry, determine the starboard and port side limits of the local
breadth at a height z =7 for the ship section at x= X, . The transversal coordinates of
such limits are defined as yPS(XF’Z*) (portside limit) and Voo (Xr.27) (starboard limit).

From these limits!, the local breadth p(x,,z") and its centre y (x.,z") are determined

as?:

o Yes (Xe 2 )+ Y (Xe 2
) Sl ) .

b(Xe2")= Yo (Xe2) = Ysa (X 2)

! If an intersection is not found, as could happen, for instance, for XF in the very forward or very aft part of the vessel, and for small values of
Z, set vy, (XF,Z*)= Yes (XF,Z*):O- In case multiple intersections are found then y,_ (XF,Z*) is set as the maximum y-
coordinate among the intersections, and ySB(xF,z*) is set as the minimum y-coordinate among the intersections, in such a way that

b(xF , z*) represents the maximum breadth at X=X and Z=12 .

2 For port/starboard symmetric vessels it is Yos (xF , z*) = Vs (XF , z*) and hence y_ (XF , z*) =0
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3) Given the dimensionless transversal position 7,,,0f the centre of measured damage at
x= X, the dimensional transversal position Y, of the centre of measured damage at
X=X is determined as follows:

Voo = 9o (X2 D(X,17) @)

4) The dimensional transversal position Y, of the centre of potential damage is

am, p

determined, starting from Y, Tan @nd the transversal extent L of potential damage,

am /

as follows:
sign(o
Ydam,P :Ydam +#' max{(Lva - I'y,lim) ; O}
where

5:Ydam_yc(XF'Z*)
Ly,lim:min{z'(yPS(xFlz*)_Ydam) ’ 2'(Ydam_ySB(xF’z*))}

(3)

Note: sign(d <0)=-1;sign(6=0)=0;sign(5>0)=1

5) The potential damage box is therefore positioned in such a way to cover the following
region:

Longitudinal extent: X, —L, / <x< X,

Ly ¥.P

Transversal extent: Y,, . —T'p <Y <VYymp - (4)

Vertical extent: —co<z<L,

8.3.1.2 Examples

This section reports worked examples, in order to clarify the application. Two example
damages are considered for a notional sample vessel. The two damages, a “wide damage” and
a “non-wide” damage, share the same characteristics, with the exception of the transversal
extent of the damage. The characteristics of the two damages are reported in Table 10, while
a graphical representation of the two damages is shown in Figure 9, Figure 10 and Figure 11.

Quantities reported in Table 10 are identified depending on their source. Variables identified
as “input” are the input variables characterising the damage. Variables which are to be
determined by geometrical operations involving the ship hull and the position of the forward
end of damage are identified as “from hull geometry and damage position”. Variables
identified as “Calculated (eq. (#))"” are derived variable by means of equations reported herein.

In the example 3D views in Figure 9, Figure 10 and Figure 11, for representation purposes, an
orange box is shown below z=0 (ship bottom) with the intention of representing the

unlimited downward extension of the damage.
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Table 10: Characteristics of example damages and derived quantities.

Source Quantity Wide damage Non-wide damage

Input Xe [m] 150.000 150.000

Input Méa [-] 0.350 0.350

Input Lo [m] 80.000 80.000

Input L, [m] 18.000 4.000

Input L., [m] 4.500 4.500

Input 7 [m] 3.000 3.000

From hull geometry and |\ 'y .-y | 11.950 11.950
damage position

From hull geometry and o ) )

damage position Yss (Xe.27) | [m] 11.950 11.950

Calculated (eq. (1)) | Y.(X:.2") | [m] 0.000 0.000

Calculated (eq. (1)) | b(Xe.2") | [m] 23.900 23.900

Calculated (eq. (2)) Yam [m] 8.365 8.365

Calculated (eq. (3)) Ly jim [m] 7.170 7.170

Calculated (eq. (3)) Yeam, p [m] 13.780 8.365

Calculated (eq. (4)) L°”e9X‘Eggi”a' [m]| 70.000<x<150.000 |  70.000< x <150.000

Calculated (eq. (4)) Traef;st‘éi';sa' [m] 4.780< y <22.780 6.365< y <10.365

Longitudinal <7< <7<
Calculated (eq. (4)) extent [m] —0<7<4.500 —0<7<4.500

S

Figure 9: Wide (left) and non-wide (right) damage examples. Example view 01. The
orange box below z =0 is meant to represent the downward extension of damage
towards z=—x.
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Figure 10: Wide (left) and non-wide (right) damage examples. Example view 02. The
orange box below z=0 is meant to represent the downward extension of damage
towards z=—o.

Figure 11: Wide (left) and non-wide (right) damage examples. Example view 03. The
orange box below z=0 is meant to represent the downward extension of damage
towards z=-—w.

8.3.2 Side damages (Type S00)

A damage of type “S00” [9] is intended to be a side damage, with horizontal penetration. The
penetration is defined to be orthogonal to the centreplane of the vessel. The penetration is
measured inboard along a waterline which is specified by the defining quantities of the
damage. The damage is intended to be a “potential damage”, this meaning that the damage
can partially extend outside the vessel.

The description of this type of damage follows a logic which is similar to the one used for
damages of bottom type.

The main scope of damage of type “S00” is to provide a practical geometrical modelling for
damages occurring in case of side grounding accidents.
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In general terms, the defining quantities for a damage of type S00 are:

e Indicator for the side of damage: ind,, [-] (+1 portside; —I starboard side)

e Longitudinal position of forward end of damage: X. [m];

e Longitudinal extent of potential damage, i.e. potential damage length: L [m];

e Transversal extent of potential damage, i.e. potential damage penetration: L, [m];
e \Vertical position of lower limit of potential damage: z, , [m];

e Height of potential damage above its lower limit: H_  [m];

e Vertical position of waterline for the determination of the damage penetration surface:
z [m];

Considering a ship-fixed right-handed reference system Oxyz , where x is the ship longitudinal
axis (pointing forward), Y is the ship transversal axis (pointing to port side), z is the vertical

axis (pointing upwards), a damage of type S00:

e Extends longitudinally in the range X, -L ,<x<X.;

+H,_;

e Extends vertically in the range z, <z<z ot

LL,p — LL,p

e Extends inboard on the side specified by ind,,, up to a limit which is identified by the
geometry of the waterline at z=z" and by the penetration L,, to be taken orthogonal

to the ship centreplane.

It is assumed, hence necessary in practice, that the software used for the generation of the
damage shape is able to determine the ship waterline at z=z", from the geometrical definition
of the hull shell. From the geometry of the reference waterline at z=z", the penetration L,
and the damage side indg,, it is therefore possible to determine the inboard limitation for the
damage penetration. Such limitation is assumed to be the same for the whole damage height,
this meaning that the inboard limit penetration surface is evaluated, by definition, by using
the waterline at z=z" and the internal limitation of damage penetration is then defined as
being independent of z.

In addition to the above geometrical considerations, a generic damage can also be associated
with a given probability p. This probability can be used for later post processing. It will be

assumed that the quantity p can also represent an absolute frequency, a relative frequency,
or it can be empty, depending on the user’s choice.

As a result, the damage is assumed to be fully characterised by the generic table line shown in
Table 11.
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Table 11: Definition table for damage of type S00.

pamagep | P i;;‘zg € | probability/frequency | vi | v2 | v3 |va | vs | v6 | v7
Integer
representin : .
thF:a damagtgJ 00 P indgge | Xe | Lop | by | Zus | Hy | 2
ID

Notes: acceptable values for ind
side damage)

are “+1" (for port side damage) and “-1" (for starboard

side

8.3.2.1 Detailed description for the generation of potential damage solid

Herein, a detailed description is provided regarding the procedure for generating the solid
object representing the potential damage, given the variables describing the damage, as
specified in the previous section (see Table 9).

In the following discussion, the ship is assumed to have a right handed reference system as
follows:

e X-axis: pointing from aft to forward;

e Y-axis: pointing from starboard to port side, with y=0 at the ship centreplane;

e Z-axis: pointing upwards, with z=0 at the bottom of the vessel.

The damage is assumed to:

e Extend longitudinally in the range X -L  <x<X.;

<z<z +H_;

e Extend vertically in the range z,, < wpt+H,;

e Extend transversally from outside up to an inboard limit positioned at y=yim',im(x),

which is described later in equation (5) and associated text.

A generic positioning of the damage is shown in Figure 12, Figure 13 and Figure 14, with
reference quantities identified. A thorough description of the steps which are necessary to
generate the potential damage solid is reported in the following.
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Generic ship section in
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Nominal external
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Figure 12: Generic positioning of damage - Transversal YZ view.

[=X
<
_

Z-axis = 5
M 1
> >

Ship centreplane .
\ ' - Lx.p - Projection of damage
o) . 4=ZLLD+HD
\ I‘ —|—|—+—H'|—H|' I I I I I E— z=zLLp
* X-axis

Figure 13: Generic positioning of damage - Longitudinal XZ view.

3
H x
Y-axis I )
i >
U N
= x
Nominal externalﬁH
¥ extension of damage {isseesaieesstiaamsssranannnraareassaazanatestazaceas:
j ooo o Q*
’ . >
* Inboard damage Iimityinl,lim(x)—/ \SBCtIOn of damage at z=z*
forzLL,p £z < zLL,p+Hp
E— K
i =z* Lx,p X-axis
Waterline at z=z ~\

Figure 14: Generic positioning of damage - Planar XY view.
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The steps for the generation of the potential damage solid are described as follows:
1) Identify the damage side (port or starboard side) using the characterising variable
ind;,, in Table 11;

2) Starting from the hull geometry, for each longitudinal position x in the range of
damage X -L,, <x<X., determine the outermost transversal coordinate of the shell at

a waterline z=z" on the appropriate side of the vessel (see point 1) ), and define such
coordinate as Y, (X) >4;
3) At each longitudinal position x in the range of damage X.-L 6 <x<X., define the

inboard limit of the damage Vi, (X) as follows:

side — +l)

L,, for starboard side damage (ind,, =-1) (5)

side

(X)) =
ylnt,llm( ) yen X

+
for Xp-L ,<x<X;

4) The potential side damage is therefore generated in such a way to cover the following
region of the space:

Longitudinal extent: X —L,  <x< X,

xX,p =

=+1)
—00 < Y(X) < Yyuim (X) for starboard side damage (ind

side

Yineiim (X) < Y(X) < +o0 for port side damage (ind (6)
<

Transversal extent: { )

side

Vertical extent: z,, ,<z<z, ,+H

LL,p — p

8.3.2.2 Examples

The objective of this section is to provide some visual examples of side damages generated in
accordance with the description given above.

Figure 15 shows a standard damage situation. The damage is assumed to occur on the port
side of the vessel. The external limit yext(x) is firstly generated, for sections in the range

Xe —L,, <x< X, using the hull waterline at z =7 . From yext(x) , given the damage penetration

*
3 If the ship shell does not exist at a generic section X and waterline Z , as could happen, for instance, for X in the very forward or very aft

*
part of the vessel, and for small values of Z , set, conventionally, yext (X) =0 . In case multiple transversal coordinates of the shell are found

*
at a generic section X and waterline Z , then:

. For port side damages: yext (X) is set as the maximum (hence outermost) y-coordinate of the shell at section X and waterline Z ;
. For starboard damages: yext (X) is set as the minimum (hence outermost) y-coordinate of the shell at section X and waterline Z .
4 Note that, for port side damages, typically (though not strictly necessarily) it is yext (X) >0 , Whereas for starboard damages, typically

(though not strictly necessarily) it is yext (X) < 0 .
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L,,, the inboard limit coordinate Y, (X) can be obtained as specified in (5). Knowing the lower
limit z,, , and the height of the damage H_, it is therefore possible to identify the damage

region in the space, as specified in (4). The resulting damage is then assumed to be virtually
extended sideward without limit up to y=+w. This damage can be considered as a “standard”

condition, since there are no specific issues associated with its generation.

The situation is slightly different for the example shown in Figure 16, where a damage is
shown which is assumed to occur in the very aft part of the vessel. Due to the fact that the
length of the damage is assumed to be, for the sake of explanation, quite long, the potential
damage extends also backwards outside the vessel. In this specific case, the damage is at the
starboard side. In the very forward part of the damage, the waterline at z=z" crosses the
skeg of the vessel, and therefore, for the initial forward part of the damage, it is possible to
easily identify ym(x) from the hull geometry. However, when moving backwards, aft of the

extreme aft limit of the skeg at z=2", the absence of hull requires special attention and, as
explained in the previous section, to conventionally set yext(x) at the centreplane of the vessel,

i.e. aty, (x)=0. The discontinuity due to the end of the skeg at z=z" can be understood by

looking at the projection shown in the right view of Figure 16. Nevertheless, by the application
of the procedure described in the previous sections, the damage can then be generated

without further issues, exactly as done in the previous example case. Since the damage is at
the starboard side, the damage region is assumed to extend sideward up to y=-00,

Figure 15: Example damage #01 on port side. The orange solid is meant to represent
the outward extension of damage towards y=+wx.
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Figure 16: Example damage #02 on starboard side. The orange solid is meant to
represent the outward extension of damage towards y=-—.
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8.4 Development of accidents databases

One of the objectives of the EMSA III study is the identification of historical raking damages,
and the modelling of damages due to grounding. According to the description of work, Subtask
3.a will make reference to data and information available from previous research, particularly
the GOALDS project, and additional data as of today [12].

Depending on the assumed principal direction of the penetration (vertical / horizontal), two
main types of damages due to grounding have been considered during the elaboration of Task
3 of the EMSA III study:

¢ damages to the ship’s bottom, with a principally vertical direction of penetration (Type
‘B00") and

e damages to the ship’s side, with a principally horizontal direction of penetration (Type
'S00).

Data relevant to accidents of Type '‘B00’ (Bottomm Damages) have been extensively analysed in
the GOALDS project [27] and the corresponding distribution functions are readily available
from [7]. However, data relevant to accidents of Type ‘S00’ (Side Damages), particularly for
passenger ships have never been published before (to the knowledge of the Task 3
participants). It has been decided therefore to develop a database with relevant accidents and
to perform a statistical analysis of the collected data. The present chapter provides a
description of the developed database and of the collected data. The results of the statistical
analysis of the collected data are presented in a following chapter.

Since the data from grounding accidents to passenger ships resulting to side damages were
expected to be relatively few, it was decided to collect also data from accidents with
containerships. This is a procedure that was adopted also in the GOALDS project [27], where
the various ship types were divided in two main categories, i.e. “full ships” and “non-full
ships”. The analysis of data from grounding accidents carried out within GOALDS, with
emphasis to bottom damages [7], verified the initial assumptions with respect to the
statistical distribution of damage characteristics of the two ship types considered, and
indicated a common behaviour of the statistical properties of the grounding damage
characteristics of passenger ships and containerships (non-full ships) on one hand, and
tankers and bulk carriers (full ships) on the other hand. Based on the experience gained from
GOALDS, it was decided to adopt the same procedure also in the present study. It was
decided however to initially develop two different databases, one for passenger ships and one
for containerships instead of combining all accidents in one database from the very beginning.

The accident types considered included collision (CN), grounding (GR) and contact (CT).
Collision accidents were included because one of the objectives of Task 1 was to revise and
update the risk model for collision developed in GOALDS, considering additional information
from recent accidents. Contact accidents were included because they are associated with hull
breaches at the side of the ship, which are of particular interest for the present study. The
definitions for the accident types used in this study are those given in MSC/Circ.953 [28]:
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e Collision: striking or being struck by another ship (regardless of whether under way,
anchored or moored).

e Stranding or grounding: being aground, or hitting/touching shore or sea bottom or
underwater objects (wrecks, etc.).

e Contact: striking any fixed or floating object other than those included in Nos. 1 or 2.

8.4.1 Structure of the Databases

In the framework of the present study two different databases have been developed, one for
passenger ships (i.e. RoPax, RoPax-Rail, cruise ships and pure passenger ships) and one for
containerships. Both databases contain data from accidents of the following types:

e collision (CN),
e grounding (GR) and
e contact (CT).

Both databases were developed in MS Access and they share a practically similar structure.
For each accident, the following type of information may be recorded:

e Accident’s ID number
e Ship’s Data

o IMO Number

o Name

o Type (Passenger, RoPax, RoPax-Rail or Cruise)

o Due or Delivered Year

o  Current Status (Delivered, Lost or Scrapped)

o Scrap or Loss Year (if applicable)

o Main Particulars (Loa, Ler, B, T, Donhd, Dupa)

o Service Speed (Vs)

o Froude Number

o Capacity (DWT, GRT)

o Number of Passengers (in case of Passenger Ship)

o Number of Cars, Lorries/Trailers (in case of a RoPax or RoPax-Rail)

o  Crew Number

o Ship’s Class (current and at the time of the accident)

o IACS classed ship (Yes/No/Unknown)

e Incident’s Data

o Casualty Type (collision, grounding or contact)

o Incident Severity (Serious / Not serious)

o Total Loss (Yes / No)

o IACS classed ship at the time of incident (Yes/No/Unknown)

o  Casualties (Number of Persons Killed, Number of Missing)

o Area of Incident (Open Sea / Limited Waters / Terminal areas / Shipyard/Dry-dock
/ Unknown)

o Location of Incident (Marsden Grid, Start Latitude, Start Longitude, SIS Zone).

o Weather At Time Of Incident (Calm / Rough / Unknown)

o Ship’s Operating Condition (Under repair / At Berth / In Port / Discharging /
Sailing/En-route / At Anchor / Ballasting / Bunkering / Loading / Manoeuvring /
Towed / Mooring / Under Construction / Unknown)

o  Other information
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- Struck/Striking/Unknown
- Water Ingress (Yes/No/Unknown)
- Sinking (Yes/No/Unknown)
- Fire after Collision (Yes/No/Unknown)
- Navigation (Powered/ Drift/Unknown)
- Sea bottom type (Hard/Soft/Unknown)
- Ship Staying Aground (Yes/No/Unknown)
o Incident’'s Severity with respect to the vessel (No damage sustained / Minor
damage / Major damage / Break up / Total loss / Unknown)
o  For Collision Accidents
- Struck / Striking / Unknown
- Fire After Collision (Yes / No)
- Other ship type (Bulk Carrier / Oil Tanker / Chemical/Oil Tanker / Containership
/ Fishing Vessel / Passenger Ship / OBO Tanker / Tug / Motor Vessel /
Submarine / Crew Boat / Command Ship / Sailboat-Yacht / Trawler / Supply
Vessel / LPG / LNG / Sloop / FPSO / Ro-Ro Ship / Refrigerated Cargo Ship /
Barge / General Cargo Ship / Dredger / Workboat / Jack-Up Rig / Drilling Vessel
/ Passenger/Ro-Ro Ship / Cruise Ship / Floating Crane / Bridgedecker / Pollution
Control Vessel / Sludge Carrier / Pallets Carrier)
- Other Ship’s Size (Larger / Smaller / Similar)
- Other Ship’s Operating Condition (Under repair / At Berth / In Port / Discharging
/ Sailing/En-route / At Anchor / Ballasting / Bunkering / Loading / Manoeuvring
/ Towed / Mooring / Under Construction / Unknown)
o For Contact Accidents:
- Contact with (Floating object / Fixed installation / Unknown)
- Contact type (Powered / Drift / Unknown)
o For Grounding Accidents
- Grounding type (Powered / Drift / Unknown)
- Sea Bed Info (Hard / Soft / Unknown)
- Extend of flooding (Above Double Bottom / Bellow Double Bottom / In Fore Peak
/ In Engine Room / Unknown)
- Staying Aground (Yes / No / Unknown)
- Refloating Info® (With tug assistance / By own means / Unknown)
e Damage Info
Hull Touches at (Bottom / Side / Appendage / Bow / Stern / Unclear)
Hull Breach at (Bottom / Side / Appendage / Bow / Stern / Unclear / None)
Number of Breaches
Damage Zones Affected
Inner Hull Penetration® (Yes / No / Unknown)
Inner Bottom Penetration (Yes / No / Unknown)
Car deck Breached’ (Yes / No / Unknown)
Damage Length (In case of multiple penetrations from foremost to aftmost point)
Sum of Actual Damage Length (in case of multiple penetrations)

0O O 0O O O 0O O O O

5 Only if Staying Aground="Yes’
In case of containerships
In case of a RoPax or RoPax-Rail
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o Damage Penetration (measured upwards from bottom in case of bottom damage or
inwards horizontally in case of side damage)
o Damage Width (measured horizontally across the bottom in case of bottom
damage or vertically across the side in case of side damage)
Sum of Actual Damage Width (in case of multiple penetrations)
Damage Area (Sum of areas of all breaches)
Longitudinal Position (Distance of foremost point of breach from AP)
Lower Starting Point (Distance of lowest point of breach from bottom in case of
side damage)
o Transverse Position (Transverse distance from Centre line in case of bottom
damage)
Water Ingress (Yes / No / Unknown)
Damage extend above water line (Yes / No / Unknown)
Damage extend above bulkhead deck (Yes / No / Unknown)

O O O O

8.4.2 Collected Data

Two already existing ship accidents databases developed by the Ship Design Lab of the
National Technical University of Athens (NTUA-SDL) in the framework of the EU project
GOALDS (passenger ships, [11]) and of the bilateral research project CONTIOPT
(containerships, [10]) carried out by Germanischer Lloyd SE and NTUA-SDL have been used
as the starting points of the present work. Within Task 3, these databases where extended to
include as many additional accidents as possible, while at the same time the already included
accidents were thoroughly revisited in order to verify existing data and to supplement it with
missing information using various possible sources. Relevant information was searched in the
online databases Sea-web and GISIS (Global Integrated Shipping Information System), from
the project partners, Flag administrations and also from the internet. Accidents investigation
reports were located in the web pages of the following organizations:

e Accident Investigation Board, Finland

e Accident Investigation Board, Norway

e Australian Transport Safety Bureau

e Danish Maritime Authority

e Federal Bureau of Maritime Casualty Investigation, Germany
e Hellenic Bureau for Marine Casualties Investigation

e Isle of Man Ship Registry

e Marine Accident Investigation Branch, UK

e Marine Accident Investigation Office, France

e Marine Accident Investigation Section, China

e Marine Casualties Investigative Body, Italy

e Marine Safety Investigation Unit, Malta

e Maritime Safety Tribunal, Korea

e Ministry of Shipping, Mauritius

e National Transportation Safety Board, U.S.A.

e Panama Maritime Authority

e Swedish Accident Investigation Board

e The Bahamas Maritime Authority

e Transport Accident Investigation Commission, New Zealand
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e Transportation Safety Board of Canada
e Transport Safety Board of Japan
e United States Coast Guard, USA

In total, 31 investigation reports pertaining to accidents with passenger ships (RoPax, RoPax-
Rail, Cruise ships, Pure Passenger ships) issued by the above organizations were collected; of
which 10 were found in GISIS and the remaining 21 from the internet. Of these 31 reports, 12
were related to collision accidents, 10 were related to groundings and 9 to contacts. In
addition, 101 investigation reports pertaining to accidents with containerships issued by the
above organizations were collected; of which 20 were found in GISIS and the remaining 81
from the internet (69 reports were related to collision accidents, 29 to groundings and 3 to
contacts).

The following parameters were used to filter the casualty data:

Sampling plan of Passenger ships
. Ship types: Cruise, Pure Passenger ships, RoPax and RoPax-Rail;
Casualty time period: 1990-2013
GT = 1,000
> 80 m length
Built = 1982
Froude No. < 0.5 - to eliminate HSC from the study;

Sampling plan of Containerships
. Ship types: Fully Cellular Containerships;
. Casualty time period: 1990-2012 (October)
o GT = 1,000
. Built > 1982

The full set of available data, including accidents to both passenger ships and containerships
was used in the development of the probabilistic model for the breach characteristics for the
side damages (type S00), i.e. for the derivation of the probability density functions and
cumulative distribution functions for the location and extend. The dependent probabilities in
the Risk Model were calculated using only data from serious accidents to passenger ships
(data from accidents to containerships and data from non-serious accidents to passenger
ships were excluded). Finally, the frequencies of grounding and contact accidents were
calculated using only accidents for IACS classed passenger ships in the period from the year
2000 to year 2013.

8.4.2.1 Passenger Ships

In total, 430 accidents to passenger ships have been identified and included in the database.
Their distribution with respect to the types of accident considered and the origin of information
is presented in Table 12. Their distribution with respect to the types of accident considered
and the ship types is presented in Table 13. The distribution of collected accidents with
respect to the types of accident considered and the area of operation at the time of the
accident is presented in Table 14.
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Table 12: Passenger ships database: type of accident and origin of information

Collisions Groundings Contacts Total
GOALDS 73 94 0 167
EMSA II1 63 32 168 263
TOTAL 136 126 168 430

Table 13: Passenger ships database: type of accident and type of ship

Collisions Groundings Contacts Total
RoPax 102 81 123 306
RoPax-Rail 4 1 11 16
Cruise 27 38 34 99
Passenger 3 6 0 9
TOTAL 136 126 168 430

Table 14: Passenger ships database: type of accident and area of operation

Collisions Groundings Contacts Total
Open Sea 13 3 4 20
Limited waters 50 95 31 176
Terminal areas 73 27 133 233
Unknown 0 1 0 1
TOTAL 136 126 168 430

The impact of the accident for the three accident types considered for the case of RoPax and
RoPax-Rail ships is presented in Table 15. Corresponding results for the cruise and pure
passenger ships are presented in Table 16. The impact of the collected accidents on human
life (number of persons killed plus humber of persons missing) is presented in Table 17.

Table 15: Impact of the accident for the case of RoPax and RoPax-Rail ships

Collisions Groundings Contacts Total
No damage sustained 12 13 6 31
Minor damage 65 17 74 156
Major damage 17 35 31 83
Total Loss 0 2 0 2
Break up 0 1 0 1
Unknown 12 14 23 49
TOTAL 106 82 134 322

Table 16: Impact of the accident for the case of Cruise and Pure Passenger ships

Collisions Groundings Contacts Total
No damage sustained 2 9 1 12
Minor damage 16 8 20 44
Major damage 6 21 9 36
Total Loss 0 2 0 2
Break up 0 0 0 0
Unknown 6 4 4 14
TOTAL 30 44 34 108
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Table 17: Impact on human life

Collisions Groundings Contacts Total
RoPax 1 8318 2 834
RoPax-Rail 0 0 0 0
Cruise 0 34° 3 37
Passenger 4 0 0 4
TOTAL 5 865 5 875

The annual distribution of serious and non-serious accidents to passenger ships is presented in
Figure 17 to Figure 22. Although a number of 25 accidents that occurred after 2012 are
registered in the database, these are not shown in the figures bellow, since they do not cover
the entire year. For the same reason, these accidents are not included in the calculation of the
initial frequencies and of the dependent probabilities within the Risk Models. However, these
25 accidents are included in the relevant tables presented in this report (Table 12 to Table 22).

These accidents are:

e Year 2013: 24 accidents, of which 7 collisions (4 RoPax, 3 cruisers), 6 groundings (5
RoPax, 1 cruiser) and 11 contacts (8 RoPax, 1 RoPax rail and 2 cruisers) and

e Year 2014: one contact accident of a RoPax ship.

Collision Events Annual Distribution - RoPax & RoPax Rail
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Figure 17: Annual distribution of RoPax and RoPax-Rail collision accidents

8 RoPax, PRINCESS OF THE STARS, Grounding in 2008 /SOUTH CHINA SEA: fatalities=831 (523 killed, 308 missing). While sailing, the ship was
caught by a Typhoon. It was claimed that the ship reported that it faced engine troubles and run aground, while later on the ship listed and
capsized. The circumstances of this accident are unclear and may not be suitable for drawing conclusions on the impact of grounding accidents
on human life.

° Costa Concordia (32 persons killed or missing) and Sea Diamond (2 persons missing)
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Collision Events Annual Distribution - Cruise & Pure Passenger Ships
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Figure 18: Annual distribution of Cruise ships and Pure Passenger ships collision
accidents
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Figure 19: Annual distribution of RoPax and RoPax-Rail grounding accidents
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Figure 20: Annual distribution of Cruise ships and Pure Passenger ships grounding

accidents
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Contact Events Annual Distribution - RoPax & RoPax Rail
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of RoPax and RoPax-Rail contact accidents

Figure 21: Annual distributio
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Figure 22: Annual distribution of Cruise ships and Pure

accidents

assenger ships contact

A considerable increase in the number of accidents per year is observed roughly after 2005 in
the above figures. The same tendency has been observed also in other studies, looking to
other accident types and/or other ship types. Most probably, this tendency has to do with a
change in the reporting practice. It should be also noted that, since we are looking at
accidents to ships being built on or after 1982, in 1990 we are considering only a part of the
fleet at risk, with an age not greater than 8 years, while in the following years we are
considering an increasing percentage of the fleet (e.g. in 2008 ships with an age up to 26
years). This fact partly explains the small humber of accidents around the year 1990, and its
subsequent gradual increase, up to year 2008. Apart from a possible congestion of sea routes
due to the increased number of ships during the last decades, there is no obvious reason to
believe that there is any real increase in the accidents frequency over the last 10 years, and it
is concluded that the recent figures are closer to reality than older data. Therefore, in the
calculation of the initial accidents frequency, only data from year 2000 up to year 2013 were
used.

The location of the breach(es) along the hull of the ship in case of collision accidents to
passenger ships is summarised in Table 18 to Table 20.
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Table 18: Passenger ships database: location of breach(es) per type of ship for

collision accidents (struck & striking)

Cruise & Pure

Hull Breach Location RoPax & RoPax Rail . Total
Passenger Ships
Side 38 11 49
Bottom 0 0 0
Bow 7 2 9
Stern 2 1 3
Outfitting 1 0 1
Unclear 15 2 17
None 43 14 57
Total 106 30 136

Table 19: Passenger ships database: location of breach(es) for collision accidents to
RoPax & RoPax-Rail ships (struck / striking)

Hull Breach Location Struck Striking Unclear Total
Side 14 8 16 38
Bottom 0 0 0 0
Bow 1 6 0 7
Stern 1 0 1 2
Outfitting 0 0 1 1
Unclear 3 5 7 15
None 12 15 16 43

Total 31 34 41 106

Table 20: Passenger ships database: location of breach(es) for collision accidents to
cruise & pure passenger ships (struck / striking)

Hull Breach Location Struck Striking Unclear Total

Side 5 3 3 11

Bottom 0 0 0 0

Bow 0 2 0 2

Stern 1 0 0 1
Outfitting 0 0 0 0
Unclear 0 2 0 2
None 3 4 7 14
Total 9 11 10 30

The location of the breach(es) along the hull of the ship in case of grounding and contact
accidents to passenger ships is summarised in Table 21 and Table 22.
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Table 21: Passenger ships database: location of breach(es) per type of ship for

grounding accidents

Hull Breach Location RoPax & RoPax Rail Cruise & pure Total
passenger ships
Side 9 4 13
Bottom 15 12 27
Bow 2 0 2
Stern 0 0 0
Outfitting 7 5 12
Unclear 21 7 28
None 28 16 44
Total 82 44 126

Table 22: Passenger ships database: location of breach(es) per type of ship for

contact accidents

Hull Breach Location RoPax & RoPax Rail Cruise & pure Total
passenger ships
Side 66 8 74
Bottom 0 0 0
Bow 0 0 0
Stern 0 0 0
Outfitting 3 5 8
Unclear 22 3 25
None 43 18 61
Total 134 34 168

8.4.2.2 Containerships

In total, 866 accidents to containerships have been identified and included in the database.
Their distribution with respect to the accident types considered and the origin of information is
presented in Table 23.

Table 23: Containerships database: distribution of data with respect to the type of
accident and origin of information

Collisions Groundings Contacts Total
CONTIOPT 466 265 135 866
EMSA III 0 0 0 0
TOTAL 466 265 135 866

The distribution of collected accidents with respect to the types of accident considered and the

area of operation at the time of the accident is presented in Table 24.
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Table 24: Containerships database: distribution of data with respect to the type of
accident and area of operation

Collisions Groundings Contacts Total
Open Sea 93 16 7 116
Limited waters 225 195 29 449
Terminal areas 145 53 99 297
Unknown 3 1 0 4
TOTAL 466 265 135 866

The impact of the accident for the three accident types considered is presented in Table 25.
The impact of the collected accidents on human life (number of persons killed plus number of
persons missing) is presented in Table 26.

Table 25: Impact of the accident for the case of containerships

Collisions Groundings Contacts Total
No damage sustained 3 7 2 12
Minor damage 202 57 47 306
Major damage 206 108 71 385
Total Loss 0 6 0 6
Break up 0 5 0 5
Unknown 55 82 15 152
TOTAL 466 265 135 866
Table 26: Impact on human life
Collisions Groundings Contacts Total
| Containerships 8 1 0 9

The annual distribution of serious and non-serious accidents to containerships is presented in

the following figures.
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Figure 23: Annual distribution of containerships collision accidents
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Figure 25: Annual distribution of containerships contact accidents

The location of the breach(es) along the hull of the ship in case of collision accidents to
containerships is summarised in Table 27.

Table 27: Containerships database: location of breach(es) for collision accidents

Ht” Brgach Struck Striking Unclear Total
ocation
Side 60 38 3 101
Bottom 0 0 0 0
Bow 0 32 0 32
Stern 2 0 0 2
Outfitting 2 0 1 3
Unclear 46 56 49 151
None 48 75 54 177
Total 158 201 107 466

The location of the breach(es) along the hull of the ship in case of grounding and contact
accidents of containerships is reported in Table 28.
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Table 28: Containerships database: location of breach(es) for grounding and contact

accidents

Hull Breach Location | Grounding Accidents Contact Accidents Total
Side 20 32 52

Bottom 47 3 50

Bow 6 13 19
Stern 0 1 1
Outfitting 14 10 24
Unclear 53 42 95

None 125 34 159

Total 265 135 400

8.4.2.3 Side hull breaches due to grounding and contact accident

One of the main objectives of the development of the accident databases was to obtain
sufficient quantitative data to support the development of a probabilistic model for the location
and extent of a hull breach as a result of a grounding or a contact accident. The initial scope
of the present study was somehow limited to the case of (racking) damages due to groundings.
During the elaboration of the work however, it was recognized that contacts should be
included at least in the database and probably also in the development of the probabilistic
model.

Two sets of geometric characteristics were selected in Task 3 in order to uniquely define the
location and extent of a hull breach due to a bottom or side damage [8][3][4][9]. These
characteristics are discussed in §8.3.1 and §8.3.2 and are summarised again, for ease of
reference, in Table 29. It should be noted that in case of multiple breaches, an artificial
damage envelope is used, corresponding to the bounding region (box) enclosing all the
breaches. This procedure is in line with that followed in GOALDS for the case of bottom
damages.

Table 29: Geometrical Modelling of Bottom / Side Breach

Bottom Damage

Side Damage

Longitudinal position of forward end of
damage

Longitudinal position of forward end of
damage

Longitudinal extent of potential damage, i.e.
potential damage length

Longitudinal extent of potential damage, i.e.
potential damage length

Transversal dimensionless position of centre
of measured damage

Transversal extent of potential damage, i.e.
potential damage penetration

Transversal extent of potential damage, i.e.
potential damage width

Vertical position of lower limit of potential
damage

Vertical extent of potential damage, i.e.
potential damage penetration

Height of potential damage above its lower
limit

Indicator for the side of damage (Port or
Starboard)

Although the number of accidents in the two databases is quite large, only in a limited number
of cases it was possible to retrieve quantitative information regarding the location and extent
of the resulting hull breaches. As a matter of fact, this type of information was omitted even
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from the investigation reports in several cases. It should be reminded that in this study we
were particularly interested in accidents resulting to hull breaches to the side of the ship, since
the case of the bottom damage was investigated by the GOALDS project. The number of
accidents for which it was possible to find the required quantitative information regarding
various the breach characteristics is presented in Table 30 (side breaches only).

Table 30: Collected quantitative data for the location and extent of side hull

breaches
Passenger ships Containerships Total
Groundings | Contacts | Groundings | Contacts
Longitudinal position of 4 10 0 6 20
forward end of damage
Longitudinal extent of 5 29 3 13 50
potential damage
Transversal extent 1 1 0 3 5
(penetration) of potential
damage
Vertical position of lower limit 4 13 2 4 23
of potential damage
Height of potential damage 4 13 1 7 25
above its lower limit

As it may be observed in Table 30, quantitative information regarding the actual location and
extent of the resulting hull breaches is rather scarce. However, for some of the cases included
in Table 30, quantitative information in the investigations report was missing, but it was
possible to derive reasonable estimations based on other evidence (such as drawings or
photographs of the breaches). The damage characteristic for which it was most difficult to find
quantitative information was the transverse extent (penetration). From the five accidents
included in Table 30, only in the case of one passenger ship grounding and one containership
contact it was possible to find explicit measurements of the resulting penetration. For the
remaining three cases the penetration was estimated based on other evidence. However, for
25 additional accidents (18 passenger vessels, 7 container vessels) it is known that the
penetration was “small”. In these cases, the breach was qualitatively described as a “gash”,
“tear”, “crack” or “"minor”. This fact was explored during the development of the probabilistic
model for the side damage characteristics in order to support the development of reasonable
non-dimensional distributions for the potential damage penetration.

A possible explanation for the lack of quantitative information on the damage penetration
would be that it is not possible to measure the penetration unless an inner bulkhead has been
involved. Passenger ships are mainly transversely subdivided; therefore the actual size of a
(small) penetration has no impact on the survivability of the ship. In addition, in the absence
of a longitudinal boundary in a small distance from the hull, it may seem meaningless to
define and measure the actual penetration (the longitudinal bulkheads limiting the lower hold
in the case of large RoPax ships are located at a transverse distance from the outer hull which
is very far compared with the penetration from a typical gash). In the case of the
containerships, it seems that the inner hull was not affected from the accidents, which is also
supporting the hypothesis of relatively shallow penetrations.
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8.5 Probabilistic model for bottom damage characteristics

During the GOALDS project, a probabilistic model for bottom damage characteristics was
developed [8], starting from the GOALDS database of grounding accident data and associated
bottom damage characteristics [7]. The GOALDS database represents an updated and cleaned
version of the database for grounding damages originally collected in the framework of the
HARDER project.

During GOALDS, separate probabilistic models were developed for “full ships” (tankers and
bulk carriers) and “non-full ships” (other type of vessels). Furthermore, a modelling was
developed also considering data from all types of vessels, as a single dataset (“all ships”
model). Passenger vessels were considered to be sufficiently well represented by damage
characteristics in the category of “non-full ships”.

According to this background, herein, the GOALDS model for “non-full ships” [8] has been
considered, in order to provide appropriate probability distributions for damage characteristics
of grounding damages of type “"B00” [3] and [4], with the aim of applying such model to the
specific case of passenger vessels. Also, in the implementation of the GOALDS probabilistic
model, suggestions given in [6] have been taken into account.

The distributions given in [8] for all damage characteristics have been used, with the
exception of the distribution for the transversal position of the damage which has been
modified in accordance with the indications in [6]. The difference between [8] and [6]
regarding the distribution of transversal position of the centre of measured damage is that, in
[8], such distribution is conventionally assumed to be uniform on a support equal to the
reference ship breadth (B), while in [6] it is suggested to use a distribution which is uniform

*
on a support equal to the local ship breadth, at a specified waterline at a height of Z from the
base plane and at a section corresponding to the forward end of the damage (b(XF,Z*)). Such

modification is assumed to be acceptable in view of the fact that the distribution of the
transversal position of the centre of measured damage in GOALDS was not directly derived
from the data, due to the absence of such information in the database, and it was therefore
assumed to be uniform. Regarding damage penetration, the ship-size-dependent model
developed in GOALDS has been used (see Appendix 3 in [8]).

Summarising, the considered probabilistic model, based on GOALDS results, provide
distributions for the following damage characteristics relevant to type “B00” damages, i.e.
bottom grounding damages:

e Longitudinal position of forward end of damage: X. [m] (see Table 31);

e Transversal dimensionless position of centre of measured damage:
Tgam = Yaam 1D( X, 2"7) [[] (€€ Table 32) ;

e Longitudinal extent of potential damage, i.e. potential damage length: L [m] (see
Table 33);
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e Transversal extent of potential damage, i.e. potential damage width: L, [m] (see

Table 34);
e Vertical extent of potential damage, i.e. potential damage penetration: L, , [m] (see

Table 35).

The vertical position of the waterline used for the transversal positioning of damage, z° [m], is
herein fixed to correspond to the upper limit of the damage.

Table 31: Distribution of dimensionless longitudinal position of forward end of
damage.

Dimensionless longitudinal position of
forward end of damage

‘fF,dam = XF / Lship ) §F,dam e[o,l]
CDF(x) o - X+(1-a)- x*

PDF(X) | & +a,-(1-¢) x“™

a, 0.325
a, 3.104

Note: here X is intended to be
measured starting with X =0 at
XMIN and Lship = XMAX - XMIN :

Table 32: Distribution of dimensionless transversal position of centre of measured
damage.
Dimensionless transversal position of centre of
measured damage

N =Yaam /D(Xe27) | ey €[~0.5,0.5]

dam

CDF(x) Xx+0.5
PDF(x) 1

Note: ship centreplane is assumed to be at y =0
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Table 33: Distribution of dimensionless longitudinal extent of potential damage
(potential damage length).

Dimensionless potential damage length
Aep =Ll Ly + A, €[0]
CDF(¥) o X +a, X
x+(o +a, -1)
a X +(a,+a,-1)(2-a, - x+a
PDF (x) X o e 21 > 2)
[x+(ay+a,-1)]
a, 0.231
a, 0.845

Table 34: Distribution of dimensionless transversal extent of potential damage
(potential damage width).

Dimensionless potential damage width
Ao =Ly, /B, ly,p e[O,l]
CDF(¥) a, X +a, X
x+(aq+a, -1)
a, X +(a,+a,-1)-(2-a, - x+a
PDF (X) X o e, 21 > 2)
[x+(c+a,-1)]
a, 0.110
a, 0.926

Table 35: Distribution of dimensional vertical extent of potential damage (potential
damage penetration), measured from baseline. Ship-size-dependent model.
Dimensional potential damage penetration

Lz,p [m], Lz,p E[O’ Lz,p,max]

o - X

CDF(X) XL, o (2, —1)
PDF(X) Lz,p,max e '(al _1)
[+ Ly (@ -1
@, =1.170
a, =0.636

Parameters | Kwe =0.503
Lz,p,max(B) =min {kMB -B% ,T}
with B in [m]

Note: this is the distribution of the damage
penetration measured from the bottom,
fixing the vertical position of the bottom,
conventionally, at z, ., =0
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8.6 Probabilistic model for side damage characteristics

This section provides results from the probabilistic modelling of side damage characteristics.
The probabilistic model has been developed starting from the available database.

8.6.1 Available data

The dataset which has been used for the statistical analysis represents a database of damage
characteristics for passenger and container vessels, following grounding/contact accidents.

The aim of the analysis reported herein is to develop a probabilistic model for side damage
characteristics intended to be used in case of passenger vessels. However, in order to try
increasing the available data set, also data coming from some accidents occurred to
containerships have been considered. The rationale behind the addition of this data comes,
mainly, from the outcomes of the GOALDS project. Indeed, in the course of the GOALDS
statistical analysis of bottom grounding damage characteristics, and associated subsequent
probabilistic modelling, it was noted that vessel types which could be categorised as “non-full”
were characterised by similar distributions of grounding damage characteristics [27][7][8]. On
the basis of this observation, a single modelling developed for the wider category of non-full
was considered to be sufficiently representative also for passenger vessels. According to this
background, it has been considered appropriate, herein, to consider passenger vessels and
also containerships together, with the aim of developing a model suitable for non-full vessels
and, hence, for passenger vessels. Nevertheless, in the course of the following statistical
analysis, passenger vessels and container vessels will be separately highlighted, in order to
provide the reader with a clear evidence of possible differences in the behaviour of the data
between the two categories of vessels. When necessary, the observed differences between
passenger and container vessels will be discussed during the exploratory data analysis.

A summarising table regarding database characteristics is reported in Table 36, where data
are reported for the entire database and, separately, also for passenger vessels (referred to as
“Pass.”) and containerships (referred to as “Cont.”).

Table 36: Main information regarding data in the database.

Total number of 63 (Pass.: 36; Cont.: 27)

samples:

Contacts: | 53 (Pass.: 31 ; Cont.: 22)

Groundings: | 10 (Pass.: 5 ; Cont.: 5)

Maximum: 281.29m (Pass.: 269.14m ; Cont.:
281.29m)
Minimum: 64.90m (Pass: 64.90m ; Cont.: 96.00m)
Maximum: 40.00m (Pass.: 35.50m ; Cont.: 40.00m)
Minimum: 14.00m (Pass: 14.00m ; Cont.: 17.20m)
Maximum: 14.02m (Pass.: 8.30m ; Cont.: 14.02m)
Minimum: 2.50m (Pass: 2.50m ; Cont.: 6.51m)

Range of length between
perpendiculars:

Range of breadth:

Range of draught:

Data available from the database, and relevant to the present analysis, are the following:

e Measured longitudinal position of forward end of damage: X. [m];

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 69



e Measured longitudinal extent of damage, i.e. measured damage length: L, [m];
e Measured transversal extent of damage, i.e. measured damage penetration: L, [m];

e Measured vertical position of lower limit of damage: z, [m];
e Measured height of damage above its lower limit: H [m];

It is important to note that, similarly to what was done also in the framework of the GOALDS
project [27][7][8][26], in case of damages characterised by multiple holes, the variables
described above represent the overall extent of the part of the vessel affected by the damage,
and not the extent of the single hole. This means that, basically, a multiple-hole damage is
substituted by an “equivalent” damage representing the envelope of the damaged region of
the vessel, in an approximate way. Bearing in mind the overall complexity of the problem,
such approach is considered to be an acceptable “equivalent” simplification for the
determination of the probability of flooding of different compartments. At the same time, the
approach is considered to be an acceptable “equivalent” simplification when static ship
stability is considered. Of course, the approach cannot be considered suitable for the
characterisation of damages to be used for dynamic flooding simulations, where the actual
dimension of each breach on the vessel is fundamental in determining the flooding rate and,
thus, the dynamic/transient behaviour of the vessel. However, this approach of substituting
multiple damages by the described “equivalent” damage is regarded to be appropriate, since
the probabilistic model coming from the analysis reported herein is intended to be applied to
the case of static damage stability evaluation.

As a further introductory note, it is anticipated that data regarding damage penetration are
very scarce in the dataset, and mostly of qualitative type. This aspect will be further discussed
in the relevant section of this report.

8.6.2 Scope of the analysis and notes on the methodology

The scope of the analysis is to derive appropriate probabilistic models, defining the
distributions of the random variables, characterising a damage occurring on the side of the
vessel. As already anticipated, the random variables describing the potential damage are the
following:

e Indicator for the side of damage: indy, [-](+1 portside; —1 starboard side)

¢ Longitudinal position of forward end of damage: X. [m];

e Longitudinal extent of potential damage, i.e. potential damage length: L [m];

e Transversal extent of potential damage, i.e. potential damage penetration: L, [m];

e Vertical position of lower limit of potential damage: z, , [m];

e Height of potential damage above its lower limit: H, [m];

Moreover, an additional modelling variable z° [m] needs to be defined, representing the

vertical position of waterline for the determination of the damage penetration surface. This
variable will be defined with the aim of maintaining simplicity and robustness of the model.

From the description of available data in the previous section, it is clear that the number of
samples is not large. Moreover, not all recorded accidents contain all the information. This
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results in the fact that, for each specific random variable to be modelled, the number of
available data is even less than the total number of samples. The reduction in the available
data is particularly relevant when considering more than one random variable at time, as it
will later be the case for the probabilistic modelling of z and H, .

LL,p

Due to the large level of uncertainty coming from the limited sample size, a procedure will be
followed in the modelling development using explanatory data analysis to drive the selection
of the mathematical models for the probability distributions of the various random variables.
Such models will be defined in a way which is consistent with the data, trying to keep the
models as simple as possible, and trying to keep, when possible and justifiable, the same
modelling already proposed in case of bottom damage [8][4]. That is to say that the
modelling will not be based exclusively on data fitting, but qualitative considerations will also
play an important role.

Moreover, the modelling will be developed keeping explicit evidence of the associated
characterising parameters. Such explicit parameterisation of the probabilistic models is aimed
at providing analytical tools which can be easily updated/tuned/modified, if deemed necessary.

The main assumptions which will be used in the probabilistic modelling are the following:

e The variables indg,, X¢, L. ,, L, and z, ,

L,,and H_, are statistically independent each other;

as well as the variables indg,, X¢, L ,,
e The variables z, , and H, are statistically independent with respect to indg,, X:, L, ,,
L,,, but it are statistically dependent each other. This means, in particular, that H_, i.e.

the vertical extent of the potential damage, is considered to be statistically dependent
with respect to z, , i.e. the vertical position of the lower limit of potential damage.

It is to be noted that actual (measured) length of the damage L,, i.e. the part of the potential
length L, actually within the limits of the vessel (which is the variable measured in the

database), cannot be independent of X. (see [8]). However, L, is meant to be a random

variable which, after the truncation at the aft end of the vessel, is giving a good
representation of the distribution of damage length available in the database.

As a final comment it is noted that, in the following analysis, the length between
perpendiculars will be considered as the “reference length of the ship”, L, . The reference ship

breadth, B

ship *

and the reference ship draught, T, correspond to those reported in the

ship /7 hip 7

available database.
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8.6.3 Damage side

In the probabilistic model it is assumed that the damage has an equal probability of occurring
on each side of the vessel. This meaning that:

Pr{ind,,, =+1} = Pr{port side damage} = o,
Pr{ind,, =—1} = Pr{starboard side damage} =1-a, (7)
a, =05

Changing the value of the parameter ¢, in (7) allows to model a different probability of
damage occurrence for the port side and the starboard side of the vessel.

8.6.4 Forward end of damage

The nondimensional longitudinal position of the forward end of damage is defined as:

XF
éF,dam :L_ (8)

ship

which is in line with [27][7][8]. Figure 26 shows a scatter plot of &, versus the ship length

using the available data. The total number of available samples for the analysis of this variable
is 20 (Pass.: 14 ; Cont.: 6). Of these 20 samples, 16 are contacts (Pass.: 10 ; Cont.: 6) and 4
are groundings (Pass.: 4 ; Cont.: 0). It can be noticed that the number of data is quite limited,
and this unavoidably leads to a large uncertainty in the outcomes from any statistical analysis
performed on the dataset.
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Figure 26: Scatter plot of nondimensional longitudinal position of forward end of
damage versus the ship length.

The analysis of the available data [2] indicates that it can be assumed acceptable to apply a
nondimensional ship-size-independent probabilistic model for & .., when the size of the

vessel is measured by means of the ship length. The first aim of the analysis is to check
whether a nondimensional approach, independent of the ship size, can be used for describing
the distribution of the forward end of damage. It might be useful to remind here, that the
underlying theoretical background in present SOLAS 2009 assumes a nondimensional, ship-
size-independent modelling for the longitudinal position of the damage due to collision.
Moreover, a nondimensional ship-size-independent model for the longitudinal position of the
forward end of damage was also considered appropriate within the GOALDS project for the
probabilistic modelling of bottom damage characteristics [27][7][8].

According to the obtained result, the cumulative distribution (CDF) of & ., together with

associated 95% confidence intervals, has been estimated from the available data, separately
for the groups of all vessels, only for passenger vessels and only for container vessels. Results
are shown in Figure 27. The same figure also reports the GOALDS model (cumulative
distribution - CDF - and probability density - PDF - functions) originally derived for bottom
grounding damages, which takes the following form [8]:
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Cdf‘fF,uam (§F,dam =X)=o0 X+ (1— al)' X%

pdf§F,dam (§F,dam = X) =a,t+a,: (1_ 0‘1)' X(az—l)
0, =0.325 | a,=3.104
éF,dam € [071]

The corresponding dimensional version of (9) is:

[a1+a2-(1_al)-£x X

F,max
D@, =3104 ; X =L

ship

X

cdf, (Xp =X) = ——+(1-a,)-

F,max

X

F,max

F,max

Il

F,max

(9)

(10)

Mondimensional longitudinal position of forward end of damage

'1 ____________________________________
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0.f | w— (20 samples)
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_____________________

____________________

COF with 95% C 1. [-]

iF.dam
Figure 27: Cumulative distribution (CDF) of nondimensional longitudinal position of
forward end of damage, and comparison with GOALDS modelling for bottom
grounding damages for non-full vessels.

=¥ L

F “ship []

Looking at the results in Figure 27 it can be seen that the uncertainty in the estimation of the
cumulative distribution for & .. is large, due to the limited sample size. Nevertheless,
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qualitatively, container vessels and passenger vessels seem to show a quite similar behaviour,
which seems to justify the idea of merging these two categories of vessels as it done in
GOALDS. In general, there is a larger probability for the damage to have a starting point in
the forward part of the vessel and the observed distribution is very well approximated by the
GOALDS model, which was developed on the basis of a significantly larger sample of data. As
a result of the analysis, it can be considered appropriate to use the GOALDS modelling,

originally developed for bottom grounding damages also for the modelling of the cumulative
distribution of & ... in case of side damages.

8.6.5 Damage length

The nondimensional measured damage length is defined as:

A, = (11)

where L, [m] is the measured longitudinal damage extent as reported in the database. The
definition (11) is in line with [27][7][8].

Figure 28 shows a scatter plot of 4, versus the ship length using the available data. The total

number of available samples for the analysis of this variable is 53 (Pass.: 34 ; Cont.: 19). Of
these 53 samples, 45 are contacts (Pass.: 29 ; Cont.: 16) and 8 are groundings (Pass.: 5 ;
Cont.: 3). Although the sample size is larger than in case of the analysis of X, still the

number of data is not very large, and this unavoidably leads to a relatively large uncertainty in
the outcomes from any statistical analysis performed on the dataset.
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Figure 28: Scatter plot of nhondimensional longitudinal extent (length) of damage

versus the ship length.

The analysis of available data [2] indicates that it is acceptable to apply a nondimensional
ship-size-independent probabilistic model for 4,, when the size of the vessel is measured in

terms of ship length.

The next step in the analysis is the determination of a model for the distribution of the so-
called potential damage length [8]. Indeed, following [29] and as explained in [8], it is not
possible to consider the measured nondimensional damage length 4, and the nondimensional

longitudinal position of the forward end of the damage & .., as independent random variables.

This is because, for geometrical reason, the maximum measurable nondimensional
longitudinal extent of the damage, say A depends on the longitudinal position of the

X, max /

forward end of the damage, & ., . In order to model the longitudinal positioning of the

damage and the longitudinal damage extent as independent random variables, which is the

aim herein and which is the approach used in [8], it is necessary to introduce a virtual random
variable, namely the so-called potential damage length A in such a way that the

x,p 7

distribution of 4, coming from the probabilistic modelling of & ., and 4, is in line with the

actual distribution observed from the available data. Following [8], and assuming that the
maximum nondimensional potential damage length is smaller or equal to 1 (i.e. maximum
potential damage length smaller or equal to the ship length), the relation between the
cumulative distributions of the involved random variables is (eq. (A2.4) in [8]):
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f (1 =q)cdf i
e T
o 1—cdfix(,1xzq) ”
S N
with q €[0,1]

The distributions Cdf, and cdf, _are assumed to be given, or estimated, and the distribution

Cdf&p turns out to be a consequence of the data and/or assumptions. Herein, both cdf, ~and

cdf, are obtained from the available data. The distribution of A, as estimated from the

Ax
available data is shown in Figure 29.

Mondimensional longitudinal extent of damage
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Figure 29: Cumulative distribution (CDF) of nhondimensional measured longitudinal
extent of damage.

In order to be in line with the GOALDS modelling for bottom grounding damages, the following
analytical model is assumed for the cumulative distribution of the dimensionless potential
damage length:
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2
X X 13
a .[ﬂxyp,max J +(0¢1 +a, —1).(2@1 .(/’lxyp’max J+a2] (13)
2
ﬂ'x‘p:X
A o mx -[{XJ+(0¢1 +a, —l)}
v ﬂ“x,p,max

where A is the maximum dimensionless damage length assumed in the modelling. The

X, p,max

corresponding dimensional version of (13) is:

2
“’L x J +(a1+a2—1)-[2-a1~£LxJ+az] (14)
X, p,max X, p,max

d
pdf, (L., =X) =3, . - - -
' L pmax * £j+(0{1+a2 —l)
s Lx,p,max
Lo €[ 0Ly |
From the available data 4, ., is fixed a-priori to the maximum observed dimensionless
damage length, namely:
A pmex =0.632 (fixed from available data) (15)

which corresponds to a maximum dimensional damage length equal to:
L, pmax =0.632- Ly, (fixed from available data) (16)

The determination of parameters o, and «, in (13) is, instead, carried out by means of a
nonlinear least-square fitting of the model (13), using (15), on the inferred distribution cdf,

(according to (12)). Results from the fitting are shown in Figure 30. With reference to (13),
the final model parameters are therefore as follows:
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Acomax =0632 L o =0.632- L, (fixed from available data)

a, =—0.03886 [-0.04499,-0.03272] (17)
a, =1.124 [1.116,1.132]

Intervals reported for coefficients «, and «, correspond to 95% confidence interval from the
nonlinear fit. As a result, they only reflect the fitting uncertainty, which is a small part of the
overall uncertainty. In reality, the modelling of ¢df; ~has an overall uncertainty which can be

considered to be comparable with, but, due to the additional uncertainty in Cdng‘dam , likely larger
than, the uncertainty in the estimated CdDx (see Figure 29, and see also the discussion on a

similar topic in [8]).

Mondimensional longitudinal extent of potential damage
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Figure 30: Fitted model for the distribution for nondimensional longitudinal extent of
potential damage.

At this stage, however, it is necessary to make some further qualitative consideration
regarding the modelling obtained from the available data. Indeed, available data represent
accidents leading to hull breaching, which are caused by contact with rocks, with fixed
installations and also with floating objects. Cases of contacts with fixed installations are
expected to occur at limited speed, and hence they are expected to lead to relatively small
damage lengths. In case of contacts with floating objects, it is expected that, with some
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exceptions (e.g. icebergs, offshore platforms (semi-submersible) ) the floating object will be,
usually, relatively small compared with the vessel, and it is therefore expectable that the
damage length associated with such type of contacts is relatively small as well. Relatively
larger damages are, instead, expected to occur when the vessel gets in contact with rocks,
which is something possibly occurring at speeds up to the ship service/maximum speed. In
the available database, accidents of this type are a minority. It can therefore be expected that
the modelling in Figure 30 could have been influenced by accidents associated with relatively
small damage lengths, shifting the distribution of the dimensionless longitudinal damage
extent towards smaller values.

In the course of the GOALDS project, a modelling for the nondimensional longitudinal damage
extent specific for non-full vessels was instead developed taking into account only “grounding
accidents”, i.e. accidents where the vessel got in contact with the seabed [27][7][8]. It is
therefore worth comparing the modelling developed herein, with the modelling developed in
GOALDS, in order to highlight the differences. Such comparison is reported in Figure 31. It can
be noticed that the GOALDS model is significantly shifted towards longer potential damages.
This difference, which is driven by the differences in the underlying database of damages,
could be the result of the fact that, in the GOALDS modelling, contacts with floating objects or
fixed installations were not taken into account, while herein such cases basically represent the
majority of the database. Moreover, the present modelling only addresses side damages,
while the GOALDS modelling concentrated on bottom damages (although it cannot be
completely ruled out that some of the accidents in the original GOALDS database were
actually side, or almost-side damages).
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Figure 31: Distribution for nondimensional longitudinal extent of potential damage.
Comparison between present modelling and GOALDS bottom grounding modelling
for non-full vessels.

With the presently available data it is not possible to develop a model only addressing
accident cases where the ship got in contact with rocks, i.e. a “pure grounding” model. As a
result, it might be possible that the model developed herein, being characterised by a
distribution of potential damage length shifted towards shorter damages, is not conservative.
It would therefore not be unreasonable to consider the option of applying the modelling
developed in GOALDS also for the case of side damages, or to consider the possibility of an
intermediate model between the one developed herein and the one developed in GOALDS.

8.6.6 Lower limit and vertical extent of damage

The vertical position of the lower limit of damage from the ship bottom and the vertical extent
of the damage are analysed together in this section because, as it will be described later, part
of the analysis will deal with the possible statistical dependence of these random variables.

At first, two nondimensional damage characteristics are defined as follows:
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Su=7

ship
H (18)

T

ship

9=

where z,, [m] is the measured vertical position of the lower edge of the damage (i.e. the

lower limit of the damage) as measured from the bottom of the ship, and H [m] is the
measured vertical extent of the damage, i.e. the measured vertical distance between the

lower edge and the upper edge of the damage at the ship side. These two dimensional

variables are made dimensionless by using the reference ship draught T, [m] reported in the

database. It must be underlined that the draught T, is a reference ship draught, and not the

draught at the time of accident. Although there is no complete uniformity among samples

regarding the definition of T, , it can be assumed that T is representative of a relative high

reference ship draught, such as the design/scantling/summer/maximum subdivision draught.

The main objectives of the analysis of the two damage characteristics addressed in this
section are:

e Understanding which type of approach is more appropriate for describing the observed
behaviour: a dimensional approach or a nondimensional one;

e Understanding whether it is possible to model the two considered damage
characteristics as statistically independent random variables, or whether it is necessary
to introduce a statistical dependence between them;

e Understanding whether, in the context of the analysis of these two damage
characteristics, it is appropriate or not to combine data coming from accidents occurred
to passenger vessels with data coming from accidents occurred to container vessels.

8.6.6.1 Lower limit of damage

The starting point of the analysis is the checking of the available data regarding the lower limit
of damage. Figure 32 shows a scatter plot of the available data, where z, and ¢, are
reported versus the ship length and the ship draught. Data from passenger vessels and from
container vessels are separately highlighted. The total number of available samples for the
analysis of this variable is 23 (Pass.: 17 ; Cont.: 6). Of these 23 samples, 17 are contacts
(Pass.: 13 ; Cont.: 4) and 6 are groundings (Pass.: 4 ; Cont.: 2).
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Figure 32: Scatter plot of dimensional and nondimensional vertical position of lower
edge of damage from ship bottom versus ship length and ship draught.

From the analysis of available data in Figure 32, {,, can be considered to be a more suitable
variable for a simplified modelling of the vertical positioning of the damage compared with it
dimensional counterpart z, [2]. The available data also indicate that, as a first step, a uniform
distribution for ¢, could be considered from zero, up to a maximum dimensionless value
¢ pmx =14 (the actually observed maximum value for ¢, is 1.39). However, such modelling
would provide a maximum position of the lower limit of potential damage, z, .., Which

scales linearly with the ship draught. This means that, according to such a modelling, a very
large draught can correspond to a maximum lower limit of the potential damage which is high
above the waterline. Such a situation could be considered unlikely to occur in a real grounding
accident. It is therefore worth investigating whether it could be reasonable, for practical
purposes, to limit the maximum vertical position of the lower limit of damage (z, ., ) to a

certain maximum value. To this end, Figure 33 reports a scatter plot of the difference z, -7, ,

i.e. the position of the lower limit of the damage above the waterline corresponding to the
reference ship draught, versus the reference ship draught.
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Figure 33: Scatter plot of dimensional vertical position, relative to T, of lower
edge of damage, versus ship draught.

The scatter plot in Figure 33 shows that the maximum value of z, -T,

is limited for large
ship draughts, and a limit could be identified at a value of 3.2m, corresponding to the
maximum value observed from the data. The presence of such an absolute limit could make
physical sense. Indeed, it could be reasonably considered as unlikely the fact that a vessel can
get in contact with a rock, or an installation, which is geometrically such as to damage only
the very high part of the above water hull, without damaging the lower part. Of course there
could be exceptions, such as the contact with a crane. However, being herein the interest
focussed on developing a model more suitable for grounding damages, a very high damage

fully above waterline could be considered a very unlikely event. Actually, the scatter plot also
indicates that a lower limitation could be set to z, -T,, . However, considering that a
grounding is very much expectable to damage also the very lower part of the vessel, imposing

a minimum limitation to z,, T, would likely not go in the direction of what the probabilistic

modelling is intended to represent.

According to the above considerations, it could be reasonable to consider as a physically
justifiable option, a maximum dimensionless vertical position of the lower limit of damage as:
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B, =14 ; B, =32m (19)

with T in[m]

ship

Now it is necessary to verify whether the variable ¢, , can be considered to be uniformly
distributed between 0 and ¢, . as defined in (19), and this is done in Figure 34. The

statistics for passenger vessels is well represented by the considered model. On the other
hand, the few data from container vessels seems to be less in line with the considered model.
Nevertheless, the application of a Kolmogorov-Smirnov test does not reject, at 5%

significance level, the null hypothesis that data from container vessels can come from a
uniform distribution between 0 and ¢, , . as defined in (19) (p-value: 0.102). Considering

this outcome, and considering the primary interest in developing a model for passenger
vessels, it can therefore be considered acceptable to use a uniform distribution between 0 and
¢ ome @s defined in (19).

Mormalised vertical position of lower limit of damage from bottom
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Figure 34: Cumulative distribution (CDF) of normalised vertical position of lower
limit of damage from bottom, and comparison with a uniform distribution modelling.

Eventually the distribution of the vertical position of the lower limit of the damage from the
ship bottom becomes, in nondimensional and in dimensional form:
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Nondimensional form:

cdf,, | (‘:Lw = X) =" pdf.,, (§LL,p = X)

LL, p,max é’LL,p,max

gLL,p,max = min{ﬂl,g 1 1+-€2_§

ship

1

} s B =145 B, =32m ; T, in[m]

Ciip €[0 80 g | (20)

Dimensional form:

cdf, (ZLL,p = x) X

; pdszva (ZLL,p = X) = 7

LL, p,max LL, p,max

ZLL,p,max zmin{ﬂl,g'Tship ' Tship+ﬂ2,§} 1 ﬂl,g =14 ! ﬂZ,g“ =3'2m ’ Tship in [m]

Zup€ |:0, ZLL,p,max:|

z

8.6.6.2 Vertical extent of damage

Following the analysis and modelling of the lower limit of damage, the next step is the
exploratory analysis and modelling of the vertical extent of damage. Figure 35 shows scatter
plots of the measured vertical extent of damage and of the measured nondimensional vertical
extent of damage versus the reference ship length and the reference ship draught. The total
number of available samples for the analysis of this variable is 27 (Pass.: 17 ; Cont.: 10). Of
these 27 samples, 22 are contacts (Pass.: 13 ; Cont.: 9) and 5 are groundings (Pass.: 4 ;
Cont.: 1). In addition, Figure 36 and Figure 37 show different scatter plots relating the vertical
extent of damage and the vertical position of the lower limit of damage.

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 86



[ Pass. (17 samples)
O Cont. (10 samples)
4+ Al (27 samples)

Ship length L,

ship [m]

Vertical extent of damage

“ @ c]
] @ ----- - 0 Pass. (17 samples) [
' O Cont. (10 samples)
E ) I M. ® AI@7samples) |
3 3 3 )] 3
EE@ ————————— e R
B m & & 1
0 L[ W 5 ‘ i

50 100 150 200 250 300

Ship length Lsmp [m]

05

EHIII

[0 Pass. (17 samples)
O Cont. (10 samples) |:
# Al (27 samples)

5
4

EBE' m%’
6 [ 10 16

Ship draught Tsmp [m]

Verical extent of damage

Pass. (17 samples)
Cont_ (10 samples) |:
All (27 samples)

Ship draught Tsmp [m]

Figure 35: Scatter plot of dimensional and nondimensional vertical extent of damage
versus ship length and ship draught.
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Figure 37: Scatter plot of dimensional vertical extent of damage, versus
nondimensional vertical position of lower limit of damage, and dimensional vertical
position of upper limit of damage from reference waterline versus dimensional
vertical position of lower limit of damage from reference waterline.

The available data indicate [2] that it is justifiable to proceed with a modelling of the
distribution of the vertical damage extent, which:

e Is based on a ship-size-independent approach for the distribution of H ;
e Is based on the whole sample of data (passenger vessels plus container vessels).

In addition, the available data indicate [2] that there is some dependence between the vertical
position of the lower limit of damage and the vertical extent of damage. Unfortunately, the
limited availability of samples does not allow drawing any clear definite conclusion on which
modelling approach is definitely the most suitable. However, it seems that the most
appropriate approach for modelling the vertical extent of damage is a dimensional approach,
without dependence on the ship size, but with a dependence of the vertical extent of damage
from the vertical position of the lower limit of damage. Such dependence should reflect the
reduction of the vertical extent of damage as the lower limit of damage moves upwards
towards, and above, the reference waterline. In addition, it seems appropriate to set a
maximum absolute vertical position of the upper limit of damage from the reference waterline.
Such modelling characteristics can be considered to reasonably reflect the contact with an
external object (e.g. a rock) having absolute dimensions which, to a certain extent, are
independent of the actual size of the vessel. In addition to the above, it is reasonable to
consider that data for the measured vertical extent of damage are sufficiently representative
of data for the potential vertical extent of damage.

Therefore, the first step of the probabilistic modelling for the distribution of the vertical extent
of potential damage (H,), is to enforce the above ideas through the definition of a maximum
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vertical extent of potential damage, H which depends on the lower limit of the potential

p,max /

damage, i.e.:

H pmax — H p,max (ZLL,p)

Zp € |:O1 ZLL,p,max:|

(21)

According to the above considerations 1 (7, ,) must fulfil two conditions:

e It must be lower or equal than a maximum absolute potential damage height, say H,,;

e The damage must not extent above the reference waterline for more than a specified
upper limit, say h, .

The enforcement of the two conditions mentioned before leads to:

Hp (ZLL.p)S Hp.max (ZLL.p): min{Ham ’ hLll +Tship _ZLL.p} (22)

It is very important to note that the modelling for H ) in (22) must be consistent with

p,max (ZLL. p

the modelling for z (see (20)). Indeed, the maximum vertical position of the upper limit

LL, p,max
of the damage from the ship bottom shall always be at or above the maximum value of the

vertical position of the lower limit of damage from the ship bottom. For this reason, the value
of the term h, shall always be such that:

h.ll +Tship - ZLL,p,max 20= h|.|I 2 ZLL,p,max _Tship (23)

According to (22), it is possible to provide a graphical representation for Hopmax (200, ) @S shown
in Figure 38, from which it can be seen that the limitation given by h, becomes effective only
when z, = is large enough. It is worth noting that the position of the knuckle point, in terms

of corresponding z,, ,, depends on the reference ship draught T .
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Modelling of maximum dimensional vertical extent of potential damage: Hp.max':ZLL.p]'

* H
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Figure 38: Graphical representation of maximum dimensional vertical potential
damage extent as function of the dimensional vertical position of the lower limit of
damage from the ship bottom.

Considering the available data, it is possible to set the values of the modelling parameters H,,
and h, as follows:

H,, =7.5m

h, =6.6m (24)

The modelling for the maximum vertical extent of potential damage takes, therefore, the
following form:

Hp,max(ZLL,p):min{ am ! hul shlp LL p}
H,, =75m ; h, =6.6m ; T, andz, , in[m]

ship

(25)

LL,p

The next step of the analysis is to provide a modelling for the distribution of H, . To this end,

two dimensionless variables are firstly defined, i.e.
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y _ ZLL,p
LT
ZLL,p,max (Tship)
H
_ p
T =

Hp (2005

Z,,=2 ; Hp =H (26)
Z\\ pomax (Tship ) =min {ﬂl,{ 'Tship ' Tship+ﬂ2,§} ;

H p,max (ZLL,p) = min{Ham ’ huI +Tship - ZLL,p}

B =14 p,,=32m ; H, =75m ; h, =6.6m ;

T

snipr H and z,, in[m]

The variable 7, represents the normalised vertical position of the lower limit of damage from
the ship bottom (see also Figure 34). The variable y, represents the normalised vertical

extent of the damage. The normalisation is carried out using the maximum values given by
the assumed modelling (20) and (25). Figure 39 shows a scatter plot of y,, versus 7, .
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Figure 39: Scatter plot of normalised vertical extent of damage versus normalised
vertical position of lower limit of damage from ship bottom.
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Looking at Figure 39 it can be noticed that the normalisation procedure has reduced the
observable dependence between the vertical extent of damage and the vertical position of the
lower limit of the damage. The analysis of the sample data in Figure 39 indicates that there is

no strong evidence for rejecting the hypothesis that the random variables y,, and 7, are

statistically independent [2]. From a practical point of view, and considering the limited
availability of data for drawing more sophisticated modelling, it is therefore reasonable to
consider y,, as independent of 7, . To complete the modelling, it is therefore necessary to

determine a model for the marginal distribution of y,, .

As a simplified model for the distribution of y, , a parametric trapezoidal distribution is
considered in the interval [0,1]. The generic functional form of a parametric trapezoidal

distribution in [0,1] can be written as:

cdf, (74 =x)= x-{l+6-(o¢1 —%j-(x—l)}

d 1 1
pdf, (rq =X)= 4 cdf, :1+12-(a1—§)(x—§] (27)
H =X
12
XE[O,].] X alel:g,g:|

There is only one controlling parameter of the distribution (27), namely «, as shown in (27).
Values of ¢, at the boundaries (1/3 and 2/3) correspond to triangular distributions, while the

value 0.5 correspond to a uniform distribution. A direct least square fitting of the model (27)
has been performed on the estimated cumulative distribution of y,, using a simple exhaustive

12
search in the range ale[?ﬂ' All data, i.e. passenger vessels and container vessels, have

been used. The result from the least square fitting provides, as optimum parameter, the
following value of «;:

1
A= (0{1 )fit-cdf ~3 (28)

which is on the boundary of the allowed range for «,, and actually corresponds to a triangular
distribution for y,, .

A comparison between the cumulative distribution obtained from the data and the distribution
obtained from the fitting is reported in Figure 40. It can be noticed that the modelling of the
distribution of y,, as a triangular distribution is a good representation of the actual data.
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Figure 40: Comparison between distribution of normalised vertical extent of damage
and model based on a triangular distribution.

In accordance with the reported analysis, a triangular distribution can be considered to be a
reasonably supportable model for the random variable y,, in the range [0,1] . Transforming y,

back to the dimensional vertical extent of damage, it is therefore possible to define the
conditional distribution of H  given a specified vertical position of the lower limit of damage

from the ship bottom, z, . The following modelling is then obtained for the conditional
distribution of the vertical extent of potential damage (H_), given the vertical position of the
lower limit of potential damage from the ship bottom (z, ,):
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e T A 0| e ot

pdf, . (Ho =Xz, )= e, (H,|2,)
p

e i)

/BI,H _% ; Hp,max (ZLL,p): min{Ham ’ hul +Tship _ZLL,p}
H,, =75m ; h, =6.6m
H, =X€|:0,Hp’maX(ZLLp):|

It is important to underline that the modelling in (29) represents a conditional distribution
model for the random variable H  given a specified value for the random variable z,  , and

not a marginal distribution model.

8.6.6.3 Joint distribution of lower limit and vertical extent of damage

Following the analysis and modelling of the marginal distribution of vertical position of lower
limit of damage from the ship bottom, and the analysis and modelling of the conditional

distribution of the vertical extent of damage, it is then possible to provide a modelling for the
joint probability density function of z, , and H, . Combining (20) and (29), the modelling

takes the following form:

(Hp = Y|ZLL,p)' pdszL‘p (ZLL,p = x):

pdeLL‘D'Hu (Z'-'--P =X Hy = Y|Tg, ) = pdf

HP‘ZLL‘n

20 p max (Tship): min{ﬂl,; 'Tship J Tship"‘ﬂz,g} ;

H,,,max(zLLyp):min{Ham P —zLL'p} ; o
ﬁl,g =14 ) ﬂz.; =3.2m ;

Piw =% ; H,, =75m ; h, =6.6m ;

Z € [O, Zi| pmax (TShiP )}

H, e [0, Hj max (ZLL,p (Tono ))J
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A graphical representation of Hpme (Zu,) @S given by the modelling (30) for different ship

draughts is reported in Figure 41.

—_— T, m200m
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Figure 41: Graphical representation of maximum dimensional vertical extent of
potential damage versus dimensional vertical position of lower limit of potential
damage from ship bottom, as given by the proposed modelling, for different
reference ship draughts.

8.6.7 Damage penetration

The modelling of damage penetration from the available database is particularly difficult.
Indeed, the available database contains only a few quantitative data regarding the damage
penetration suffered in the accidents. The very large majority of data, when available, is
associated with qualitative indications.

In particular, from the whole database, a total of 30 samples are present, for which some
information is available regarding the damage penetration. However, among these 30 cases,
only for 2 cases (1 passenger vessel in a grounding accident and 1 container vessel in a
contact accident), an explicit quantification of the damage penetration was given in the
accident background information. For only 3 cases (1 passenger vessel in a contact accident
and 2 container vessels both in contact accidents) it was possible to gather sufficient
background information to allow a sufficiently reliable quantification of the penetration. For all
the other 25 cases (18 passenger vessels, 17 contacts/1 grounding; 7 container vessels, 6
contacts/1 grounding) a quantification of the penetration from the available background
information was not possible, and in all such cases the damage was indicated, in the accident
reports and/or other sources, as a damage with a relatively small penetration. Typically, the
damage was qualitative referred to as “gash”, “tear”, “crack” or “*minor”. Although this type of
indication is not giving a quantitative indication of the damage penetration, it nevertheless
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inform about the fact that the damage penetration was somewhat “small”, although the
concept of “small” cannot be precisely and uniquely defined.

As a result, summarising the available 30 samples, and indicating with B, the breadth of the
vessel:

e For 25 cases the penetration can be qualitatively categorised as “small”;

e For 2 cases the penetration is clearly provided and it corresponds to 2.91m/0.082B

(passenger vessel) and 2.44m/0.061B,,, (container vessel);

ship

e For 3 cases the penetration was quantitatively estimated, corresponding to
0.7m/0.033B,,;, (passenger vessel), 0.5m/0.018B,,, (container vessel) and 0.5m/0.027B

ship

(container vessel).

It is evident that, with the reported availability of data, it is necessary to develop a modelling
based on a significant level of subjective judgement. Herein, therefore, the following
reasoning has been followed.

First of all, it is observed that damage penetration, as measured, can safely be considered to
correspond to the penetration of “potential damage”.

Then, as a first modelling step, it was assumed that a damage with “small penetration” can be

considered to be a damage with a penetration equal or smaller than a value of B, /30. Under
this assumption, the probability that a damage penetration is (equal or) smaller than B, /30
can be estimated from the available data as:
Pr{L, /B, <1/30}=0.93 [0.78,0.99] .,

31
Pr{L, /B, <1/30}=0.90 [0.73,0.98] . (31)
In one case, indeed, the penetration reported in the database is exactly equal to B, /30.

Taking a conservative approach, in the probabilistic model, it is therefore assumed that the
probability of a damage having a penetration equal to or smaller than B,, /30, can be fixed to

0.90.

ship

Regarding the extreme damage penetration, the maximum damage penetration observed

from the database is 2.91m/0.082B,,,. For the sake of conservativeness, it could be considered
appropriate to limit the maximum damage penetration to a dimensionless value close to the
maximum observed one. Herein, a relevant maximum penetration is therefore considered to

be B, /10.

ship
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Considering the limited availability of data, for damage penetrations in the range [0.B,,, /30

and ]B /30,B /10], it is assumed that a uniform distribution can be used.

ship ship

Such simplified modelling can therefore be graphically summarised as reported in Figure 42. It
is worth mentioning that the average damage penetration associated with such model

13
corresponds to 500 By, =0.0217B;, .

Mondimensional damage penetration
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Figure 42: Distribution for nondimensional potential damage penetration.
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The analytical description of the described model, as reported in Figure 42, can be given,
equivalently, in dimensionless or dimensional form. The nondimensional representation is as
follows:
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%4y forx [0, a, ]
cdf, 0!12
v (x-a,)+a, forxe[a,,a,)
a, —a,
%4 forx e [0, (32)
a,
pdf,, 1
;“1 forx e Ja,, ;|
a,—a,
1 1
a,=0.90 ; :% , asz/ly.p,maxzﬁ ! Xel:o’a"’:ﬂy'p'm‘”‘]

The dimensional representation is as follows:

9. forx e [0, a, By
Oy Bgip
cd 1-
a [ x
. -a, |[+a, forxe|a,- By, ;- By,
-, {Bship ZJ ' [ i R hp]
a1 forxe[0,a, By, | (33)
O, DBgp
pdf, 1
;‘!l' forxe ]0{2 “Byip+ 3 - By
O3 =0, DBgyip
=0.90 ; —1 X —Ly’p'max—l ; 0 B, =L
%=30 % 1o ’Xe[ 1% " Banip = y,pvmaXJ

ship

At this stage, similarly to what was done in case of analysis of damage length, it is worth
recalling that the data available in the database are associated to contacts of the vessel with
rocks, with fixed object and with floating objects, resulting in side damages. For this reason, it
might be the case that the developed modelling could be shifted towards smaller damages
compared to the case of an ideal database containing only grounding cases.

For the sake of comparison, the present modelling for side damage penetration is therefore
compared with one of the models developed in GOALDS for the damage penetration in case of
bottom grounding damages [8], and, specifically with the approach indicated as “ship-size-
dependent”. This model is indeed characterised by a ship-size-dependent maximum damage
penetration which scales nonlinearly with the ship breadth. In terms of nondimensional
damage penetration, the GOALDS model is as follows:
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a, - X
df = !
cdf,, (%) X+ A, o mae (0 —1)
Ao (e -1
pdfﬂ” (X _ Z, p,max o (0{1 )2
[X—i_j“z,p,max '(al _1):| (34)

L T,

ﬂz,p,max = /Iz,p,max (Bship)= ZB,p,max = min{Bl((lMSB) , BShlp } with Bship and Tship in [m]
ship ship ship

@, =1.170 ; a, =0.636 ; Kk, =0.503

where the dimensionless damage penetration is indicated as 4, because the GOALDS

modelling refers to bottom grounding damages having a vertical penetration, i.e. a
penetration parallel to the z-axis of the vessel. Herein, instead, it is assumed that the damage
is occurring on the side of the vessel, this meaning that the penetration is assumed to occur
orthogonal to the ship centreplane and, hence, parallel to the y-axis of the vessel.

Assuming that k,; -Bg >Tg,,, which is typically the case for non-small vessels [8], the GOALDS

modelling (34) is compared with the model in Figure 42 for three representative ship breadths,
namely 21.0m, 32.2m and 40.0m. Results of this comparison are shown in Figure 43. From
the reported results it can be seen that the present model for side damage penetration is
characterised by a smaller maximum dimensionless penetration and, as a consequence, by
overall smaller dimensionless penetrations compared to the GOALDS model developed for
bottom grounding damages.
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Mondimensional damage penetration
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Figure 43: Comparison of distribution for nondimensional potential damage
penetration. Present model versus GOALDS ship-size-dependent model for bottom
grounding.

8.6.8 Vertical position of waterline for the determination of the damage
penetration surface

In order to actually generate the damage starting from the ship geometry and the variables
characterising the damage position and extent, it is necessary to set the reference waterline
for the determination of the damage penetration surface by specifying the variable z". Such
variable cannot be determined from the database and it only plays the role of an auxiliary
variable for a proper geometrical modelling of the damage.

As a result, the specification of z" is linked with a subjective choice based on expert
judgement. Considering the typical shape of vessels, which tend to show an increase of
breadth as the draught increases, it could be considered suitable, as a first tentative, to set:

7'=7,,+H, (35)

i.e. to set the vertical position of the reference waterline at the waterline corresponding to the
upper limit of the damage. However, it might happen that the vertical position at z” is above
the top of the hull to be used for the geometrical generation of the damage (note that the
buoyant hull can differ from the hull used for the definition of the damage). For this reason, if

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 100



the uppermost ship vertical abscissa is at a position z_, it is necessary to specify appropriate

top 7

rules to handle the following cases:

e Damage completely above z, i.e.
ZLL,p > Ztop (36)
e Damage partially above z, i.e.
ZLL,p < Ztop
(37)
z,,tH, >z,

Considering all the approximations involved in the modelling, and considering the fact that the

modelling is intended to provide a tool for relative comparisons among vessels, it could be
reasonable to use a practical approach where 7" is limited to z_, i.e.:

top /

z*:min{z,_l_lp+Hp ,zmp} (38)

Such approach is reasonable especially for the case reported in (37), while it is more

questionable for cases of the type described in (36). However, for the cases described by (36),
i.e. the case of damages extending vertically completely above z it is likely that the

top /
buoyant part of the vessel is not affected or marginally affected, irrespective of the
assumption used. In addition, the probability associated with cases of the type (36) is likely
quite low, which makes likely small (or negligible) the effect of assumptions influencing the
behaviour of the method for cases of the type (36). As a result, the approach stated in (38)
could be considered as a reasonable practical tool, to be subject, however, to further
considerations and testing.

At the same time, of course, more sophisticated approaches could be used to provide a more
physical transversal positioning of the damage also in complex geometries. For instance, it
could be possible to take into account the envelope of the projection on the XY plane of the
ship side in the region of damage. However, such approaches are likely to be computationally
much more expensive due to the larger requirements of geometrical operations.

A further possibility, could be to mix the above approaches with a random generation of z" in
the range [z +H, ] for instance, according to a uniform distribution.

e ZiLp

However, for typical ship geometries, both underwater and above water, as already said, the
approach (38) could be considered as a reasonable practical tool, to be subject, however, to
further considerations and testing.
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8.6.9 Probabilistic model conditional to the occurrence of water ingress

The probabilistic model developed so far is representative of measured extent of side hull
breaches due to contact/grounding. However, the modelling does not explicitly deal with
whether water ingress occurs or not through the damaged area.

Although it is clear that water ingress occurs whenever the damage is (at least partially) below
the waterline, the situation can be less clear when the hull breach extends fully above the
waterline. Damages extending fully above the waterline are actually modelled by the
probabilistic model reported in the previous sections. In particular, the damaged area fully

extends above the waterline whenever the vertical position of the lower limit of the damage
(z,,) is higher than the ship draught T, (see (20)).

hip

In accordance with (20), the maximum value of z is z =min{1.4~T T +3.2m}. As a

LL,p ship ! ship
result, the lower limit of the damage can be at positions reaching, for sufficiently large

reference ship draughts, up to 3.2m above the waterline.

LL, p,max

The question then, is whether damages starting high above the waterline shall be assumed to
lead to water ingress or not. In general, the higher the vertical position of the lower limit of
the damage, the less likely it is the water ingress.

Of course, a deterministic limit separating cases with water ingress from cases without water
ingress cannot be uniquely identified, due to the general uncertainty, the variability of the
environmental conditions, the simplifications involved in the basic modelling. However, herein
we assume that, as a simplified practical approach, a threshold vertical position of the lower
limit of damage, say z, ,,, , can be defined for practical applications such that, whenever

2, . >1 water ingress does not occur.

LL,p LL,pwWi 7

Such type of assumption has been borrowed from the Stockholm Agreement stability
assessment [30]. Indeed, in the Stockholm Agreement, accumulation of water due to wave
effects is not to be taken into account on the ro-ro deck whenever the residual freeboard is

larger than a specified value, which is taken as 2m. Therefore, indications from the Stockholm
Agreement would suggest to take a value for z, ,,, of the order of the ship draught plus 2m*.

Assuming that a value for z,, ,, is properly defined, the event of water ingress, E,, can be

consequently defined as:

10 It should be noted that, since Stockholm Agreement considers collision damages always extending below the waterline, the 2m residual
freeboard threshold applies to the ship after flooding of the damaged compartments without accounting for water possibly accumulated on the
ro-ro deck. On the contrary, for the case considered herein of side damages due to grounding/contact extending entirely above the waterline, the
2m distance of the lower point of damage is measured from the intact waterline.
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E, = {water ingress} ={z,, / <z, .\, | (39)

The next aim is to determine the distribution of damage characteristics conditional to the
occurrence of the event “water ingress” E,, . For the specific case of the modelling developed

herein, this is straightforward because all the variables, with the exception of z and H_,
are mutually statistically independent. Therefore, the occurrence of the event E, only
influences the joint distribution of z, , and H . Furthermore, the joint distribution of z, , and

LL,p

LL,p LL,p

H, is given, in the reference model coming from historical data, in terms of the marginal

distribution of z, = and of the conditional distribution of H  given z . This situation allows

LL,p LL,p

to determine the probabilistic model conditional to water ingress, by simply defining the
conditional distribution of z, = given the occurrence of water ingress.

According to the above, the conditional distribution of z, = given the occurrence of water

ingress can be determined as:

cdf,, (2, =%)
CdszL‘p (ZLL,p =20 pwm ) (40)

cdf, e, (ZLL,p =X Ey ) = Pr{zLL_p < x| water ingress} =

X e [0, MIN{Z,, o Zit oo }J

From (40), the conditional probability density function follows as:

d

pdeLL‘p\Ewu (ZLL,p = X| S ) = &CdeLL‘p‘EWI (ZLL,p = X| Ewi ) =

pdf, (2w, =%)
Cdfzu,p (ZLL,p =2y pw ) (41)

Xe [O, min {ZLL’p’max vZi o }]

It is to be noted that the conditional distribution of vertical damage extent,
paf (Hp = y|ZLL,p) , is not affected by the conditioning.

H n‘ZLL,p

As a result, the joint distribution of vertical damage position and vertical extent of damage can
be written as:

pdeLvapr‘E\M (ZLL,p =X,H, = Y|Tgip Ew ): pdep‘ZLLp (Hp = Y| ZLL,p)' pdszL,p\Ew. (ZLL,p = X| = ) (42)
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Such considerations have general value, irrespective of the functional form of the distribution
of the vertical position of the lower limit of damage. However, for the specific probabilistic
model under consideration, the introduction of the conditioning to the occurrence of water
ingress (event E,, ) is obtained by simply replacing (20) with (in dimensional form):

1

; pdf, (2w, =XEw )=

Z | puL 2 puL
ZLL,p,max = min{ﬂl,: 'Tship ' Tship+ﬂ2,§}

Zi o :Tship+ﬂ3,§ v Lol = min{zLL,p,max ) ZLL,p,WI}

B, =14 B, =32m ; B, =20m ; T, in[m]

ship
Zp € [0’ ZLL,p,UL]

X

cdf, (ZLL,p = x| E,, ):

(43)

It is worth noticing that in (43) both parameters g,, and g,  are explicitly maintained

although, in the specific case, the presence of both the parameters is, in principle, redundant,
and it would be equivalent to just use their minimum value in defining the upper limit of z,, .

However, it has been herein decided to keep both parameters in order to keep, explicitly, the
conceptual separation between:

e The limit z

irrespective of the occurrence of water ingress;
e The limit z which controls the assumptions regarding the occurrence or not

which comes from the statistical analysis of historical data,

LL,p,max /

LL,pWI

occurrence of water ingress.

8.6.10 Summary of the probabilistic model

In this section, the probabilistic modelling of side damage characteristics is summarised. For
uniformity, in this summary, all the random variables are described, through the associated
cumulative distribution and probability density function, in dimensional form. The model is
intended to be applied to passenger vessels. It is also reminded that the modelling has been
developed considering a dataset containing accidents data from both grounding and contacts.
Moreover, the model is assumed to be a probabilistic model for side damage characteristics,
conditional to the occurrence of water ingress.

Firstly, it is recalled that the dimensional random variables describing the damage positioning
and extent are assumed to be the following ones:

e Indicator for the side of damage: indy, [-](+1 portside; —I starboard side)

¢ Longitudinal position of forward end of damage: X. [m];

e Longitudinal extent of potential damage, i.e. potential damage length: L [m];

e Transversal extent of potential damage, i.e. potential damage penetration: L, [m];

e Vertical position of lower limit of potential damage: z, , [m];
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e Height of potential damage above its lower limit, i.e. vertical extent of potential
damage: H, [m];

The following variables, in the model, are assumed to be statistically independent from the
others:

o Indicator for the side of damage: indg, [-] (+1 portside; —1 starboard side)

e Longitudinal position of forward end of damage: X. [m];

e Longitudinal extent of potential damage, i.e. potential damage length: L [m];

e Transversal extent of potential damage, i.e. potential damage penetration: L, [m];

On the other hand, the two following random variables are assumed to be statistically
dependent on each other, but statistically independent from the previous ones:

e Vertical position of lower limit of potential damage: z, , [m];

e Height of potential damage above its lower limit, i.e. vertical extent of potential
damage: H, [m];

As a result, for the variables indg,, , X., L, and L it is sufficient to provide the

corresponding marginal cumulative distribution and marginal probability density function.

On the other hand, for the variables z and H_ it is necessary to provide a modelling of the

LL,p

joint probability density function. To this end, the modelling is provided as follows:

e For z a model is provided for the marginal cumulative distribution and marginal

LL.p

probability density function;
e For H, a model is provided for the conditional cumulative distribution and conditional

probability density function, where the conditioning is with respect to z,, .

Such a description is indeed sufficient, because the joint probability density function of z
and H can be obtained by multiplying the marginal probability density function of z, ;5 and

the conditional (with respect to z,, ) probability density function of H,.

LL,p

Implicit in the model is the conditioning with respect to the occurrence of water ingress (event
E. ). Water ingress is assumed to occur whenever the lower limit of the damage is not higher

than a specified threshold above the waterline.

The distributions of the random variables describing the damage positioning and extent of a
side damage are summarized in the following (Table 37 to Table 40).
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Table 37: Probability mass function (PMF) of the variable defining the side of the damage. Passenger vessels.

Quantity Indicator for the side of the damage
indg,. [-](+1 port side damage; —1 starboard side damage)
Priind.,. =+1!=Pr{portside damage} =«
PMF(X) { side } {p - g } 1
Pr{ind,,, =-1}=Pr{starboard side damage} =1-¢,
Parameters o =05
Support indg, €{-1+1}
An equal probability is assumed for the damage
Notes to occur on the port or starboard side of the
vessel.
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Table 38: Distributions of variables defining the longitudinal position of the forward end of potential damage and of the
longitudinal extent of potential damage (potential damage length) . Passenger vessels.

Quantit Longitudinal position of forward Longitudinal extent of potential damage
Y end of potential damage (potential damage length)
Xg [m] L., [m]
2
a, 1° 2"
? L L
CDF(X) a - X +(1_al).( X J X, p,max X, p,max
F,max F,max { X J+((Z1+a2 —l)
Lx,p,max
2
X X

PDF (x) a1+a2-(1—a1)-( ] P —

xF.max XF,max X

Lx,p,max . m +(al +a2 —1)
Parameters | @ =0.325 ; a,=3.104 ; X. . =L, o, =—0.03886 ; o, =1124 ; L . =0632-L,,
Support X €[ 0, X¢ o | Lep €0 Ly |
) As a possible alternative, the GOALDS model developed

This model corresponds to the for bottom grounding damages for non-full ships [8],
Notes GOALDS model developed for could be used. The GOALDS model follows the same

bottom grounding damages for functional form, but with the following parameters:

non-full ships [8]. a,=0231 ; a,=0845 ; Lx,p,max :1'000'Lship

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 107



Passenger vessels.
Quantit Transversal extent of potential damage
i (potential damage penetration)
L, [m]

. ___________________________________________________________________________________________________________________________________________________________________________________|]
Table 39: Distribution of the variable defining the transversal extent of potential damage (potential damage penetration).

forxe [0, a,: BshipJ

Pt S

az ship

CDF (x)
l1-¢ X
| ——a, |+a, forxe|a,-B, ,o, B,
0(3—0(2 [Bsmp 2} 1 |: 2 ship * ~*3 Shlp:'
a1 fOer[O,a2~BShip

@,  DBghip

PDF (x) L 1
v, . ” forxe :laz “Banipr @3 * By
Parameters a,=090 ; a, _1 ;g _1 s Ly pmex = % By
30 10 v
Ly €[00, 5 e |

Support
The cumulative distribution is piecewise linear, while the
probability density function is piecewise constant and
discontinuous in x=a, B, .
Notes As a possible alternative, the GOALDS model developed
for bottom grounding damages for non-full ships [8],
could be used, especially in case the GOALDS model is
used for the potential damage length.
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Table 40: Distributions of variables defining the vertical position of lower limit of potential damage from ship bottom, and
of vertical extent of potential damage, conditional to the occurrence of water ingress. Passenger vessels.
Quantity Vertical position ?jf lower limit of potential Quantity Vertical extent of potential damage
amage
ZLL,p [m]

H, [m]

CDF (X Ey) ZLL,):J,UL CDF (X|z,,) (m}-[ue(ﬁw —%)[{m}—%

1 1 1 1
PDF(Xl EWI ) ZLL uL PDF(X'ZLL"J) H—(Z).ll-’_lz.(ﬁlﬂ _Ej[[%(z)J_EJ]
Py p,max LL,p p,max LL,p

ZLL,p,max = min {ﬂl,{ .Tship ' Tship+ﬂ2,§}

1 .
==, H .2 =minH,, , h, +T4, -2
Parameters 2 g = Tt Bac 5 i por = MIN{Z0 g o+ 2y | Parameters Pw=3 i Hp (20) { N+ T = 205}
B, =14 B, =32m ; f,, =2.0m ; T, in[m] Hap =7.5m 5y =6.6m ;

Support Z, 5 €[0.2 pu | Support H, 6[0, Hp‘max(ZLL,p)j|

This model provides the marginal cumulative This model provides the conditional cumulative

distribution and marginal probability density
Notes

distribution and conditional probability density
function of H , and the conditioning is with respect

to z, ,.

function of z,, , conditional to the occurrence of Notes

water ingress (event E,, ).
The joint probability density function of H  and z

.+ fOr a given ship draught T, [m], conditional to water ingress (event E, ) is given by:

Tship'EWI ) = pdep‘zLL‘p (Hp = y| ZLL,p)' pdeLva‘EWI (ZLL,p = X| EWI ) =

el et

pdf

ZLL‘P’HP‘EWI (ZLL,p = X, Hp = y
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8.7 The Probabilistic framework
8.7.1 Attained Subdivision Index

According to the probabilistic framework, the assessment of the survivability of a ship in
damaged condition is based on the comparison of an “Attained” Subdivision Index A with a
“"Required” index R, specified by the regulation for the given ship. This procedure, used for the
case of collision accidents is adopted also in the present study for the case of grounding and
contact accident. A procedure, developed for the calculation of the Attained Index for
grounding accidents will be outlined in the following.

A separate Attained Subdivision Index is calculated for each damage type: Aggr g and Agr s,

corresponding to bottom and side damages respectively. At the end, it would be possible to

come up with a single Attained Subdivision Index for grounding and contact accidents, equal
to the weighted average of Agg g and Agr g

Acr =WhAGR,B + WsAGR,S (44)

where W, and Wg are appropriate weighting factors, equal to the frequencies of occurrence of

bottom and side damages, given the occurrence of a grounding or contact accident. An
alternative procedure for the derivation of a single “Attained Survivability Index” for grounding
and contact accidents, based on the ‘preservation of risk’, expressed herein in terms of the
Potential Loss of Life (PLL), will be outlined in section 8.10 (Superposition of A-Indices).

Following SOLAS 2009, each one of the Attained Subdivision Indices, Aggr g and Agr s is
obtained by the summation of three partial indices, calculated for three draughts, ds, dp and

d:

In the above equation, index j stands for "GR,B" or "GR,S", corresponding to bottom or
side damages, while Ajs, Ajp and Aj| correspond to the partial indices at the three draughts
ds,dp and d respectively. The three draughts dg,d and d; correspond to the subdivision,

partial and light draught, as defined in SOLAS 2009 for the damaged stability calculations in
case of collision accident. In the calculation of the partial indices, the level trim shall be used
for stability calculations at the deepest subdivision draught and the partial subdivision draught.
The actual service trim shall be used for stability calculations at the light service draught.

Each partial index is a summation of contributions from all damage cases taken in
consideration, using the following formula:
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A=3 p;si (46)

where:

i represents each compartment or group of compartments under consideration;

Pj accounts for the probability that only the compartment or group of compartments

under consideration is flooded??;

§i accounts for the probability of survival after flooding the compartment or group of

compartments under consideration.

8.7.2 The probability of survival

The probability of survival §; in case of either bottom or side damage is calculated as follows:

Sj = min(sintermediate,i’ S final,i 'Smom,i) (47)

where:
Sintermediate,j IS the probability to survive all intermediate flooding stages until the final
equilibrium stage.

S final,i IS the probability to survive in the final equilibrium stage of flooding.
Smom,i IS the probability to survive heeling moments.

These probabilities are calculated according to the same procedure outlined in SOLAS 2009 for
collision accidents of passenger ships. In addition, particularly for RoPax and RoPax-Rail ships,
the possibility of calculating the s-factor according to the SLF 55 formulation, in case when a
vehicles space is flooded, is implemented.

8.7.3 Probability of flooding a specific compartment or a group of
compartments

Up to this point, the probabilistic framework, developed in Task 3 for grounding and contact

accidents, is to a large extent analogous to the one defined in SOLAS 2009 for collision

accident. The probability of flooding a particular group of compartments p; however, is

calculated according to an unconventional procedure, the so called “direct approach”, which is
completely different from the traditional “zonal approach” used in SOLAS 2009.

1 In principle, different p-factors should be calculated for each of the three draughts (subdivision, partial and light draught). However, since the

generation of the damage cases might be quite time consuming, particularly in case a very large number of hull breaches is to be generated, it
was decided to generate the damage cases and calculate the corresponding p-factors only for the subdivision draught, and use the same also for
the partial and lightest draught. The methodology, however, can be applied also by considering draught dependent p-factors.
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The ‘traditional’ zonal approach is based on the development of formulas/procedures for the
calculation of the probability of flooding of a specific compartment or group of compartments.
In addition, the development of software tools for the identification of the damage cases is
required. Following a similar procedure with the one used for the collision damages also in the
case of groundings/contacts, a subdivision table should be introduced, listing the various
boundaries (decks, transverse bulkheads, longitudinal bulkheads), used to subdivide the ship
in watertight compartments. Then, each compartment could be placed with respect to the
subdivision table, and finally the damage cases should be identified. This procedure has been
successfully applied for collision damages; however its applicability to the case of grounding
damages is expected to be considerably more complex.

An alternative to the above procedure would be to use the so-called “direct approach”.
According to this approach, a large number of hull breaches are generated each one with an
associated probability of occurrence. For each defined hull breach, the corresponding
watertight compartments that become open to the sea are identified. By grouping different
hull breaches leading to the same (set of) compartments open to the sea, it is possible to
define a limited set of flooding conditions, which are typically called “damage cases” in the
framework of probabilistic damage stability assessment in SOLAS 2009. Summing up the
probabilities associated to all breaches leading to the same damage case, it is possible to
determine the probability associated with that specific damage case, i.e. the “p-factor”.

Therefore, the determination of the “p-factor” is linked to the methodology of generation of
hull breaches. The probabilities of occurrence of such single hull breaches must be properly
linked with the underlying damage characteristics’ distributions. The generation of the hull
breaches can be either random (e.g. Monte Carlo), or deterministic (systematic discretization).
In both cases, the actual “p-factor” for each damage case is obtained from the mentioned
procedure when the number of hull breaches is large enough.

8.7.4 Zonal vs. Direct approach
Each of the two methods has a series of advantages and disadvantages:

1. Zonal approach:

e The traditional zonal approach is already used in the SOLAS regulations, therefore
is already familiar to both designers and regulators (and also to software
developers) and could be easily accepted for the calculation of the p-factors of
grounding accidents.

e The zonal approach may be applied, provided that adequate formulas for the
calculation of the p-factors are available. New formulas for the calculation of the p-
factors need to be developed, whenever improved damage statistics are available.

e Damaged stability calculations based on the zonal approach require developing of
software tools for the identification of the damage cases, i.e. all possible
combinations of watertight compartments that may become open to the sea as a
result of a hull breach.
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e The main disadvantage of the zonal approach is based on some crude simplifying
assumptions (i.e. both the hull form and the damaged compartments are assumed
to be box-shaped). As a result, its accuracy is questionable in case of realistic hull
forms. In case of collision accidents, the errors introduced by this approximation
were considered to be of acceptable magnitude. However, in case of grounding,
such errors can be quite larger and can prevent the use of such an approach.

2. Direct Approach:

e The direct approach is relatively new and scarcely used; therefore it might take
additional effort to introduce it to the designers and regulators.

e On the other hand, the direct approach is very flexible and can be readily adapted
in case that in the future new and improved damage statistics are available.

¢ No simplifications are required, regarding the shape of the hull or the damaged
compartments.

e Due to the inherent simplicity of the direct approach, there will be no need for
lengthy and complicate explanatory notes to specify the appropriate treatment of
complex, or unconventional internal geometries.

o If the direct approach is selected, then the development of software for the analysis
of grounding accidents is straightforward, since the damage cases are
‘automatically’ developed during the process. Therefore there will be no need for
developing additional software tools that would be otherwise necessary, in order to
identify the full set of damage cases.

Based on the above, it was decided that in Task 3 the direct approach will be applied for the
calculation of the p-factors, for the cases of bottom and side damages due to grounding and
contact accidents.
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8.8 Development of the Software Tool

8.8.1 General description of the tool

In order to confirm the developed models and experience the use of these during the design
process, a tool was developed for this based on the NAPA software. This tool allows a user to
generate damages and calculate an index to measure the impact on the design.

The tool developed is included in a purpose built compilation of the NAPA software that have
been distributed only among the project participants. Whether the tool will become a
permanent part of NAPA or not depends on the outcome of this project, and how the results
are received by the international community.

Designers participating to the project have the possibility to use the tool on existing designs,
with some modification, and evaluate the impact of the developed grounding analysis on their
designs. If a designer already has a compartmentation model suitable for damage calculations,
the calculation setup is fairly simple and user input limited in order to limit the variations of
the results submitted for further analysis (see Figure 44).

Grounding damage sl.ul:ly| Nutes|

Calculation setup

Ship model arrangement A M
Calculation hull DAMHULL M
Compartment connectian WTCOMP v
Opening arrangemeant DAM. OPENINGS ~
Maximum moment definition to use far s(mam) v

I Calculate s acc. to SLFSS for ROP&X

7 tanually set main dimension parameters

Lenght of the ship 234,443
Idinirmum X —8. 936

Erearth 32.2

Draught 7.2

Grounding type 500 |

300 groundings

S00 source GENERATE M
Mumber of damages to generate 10 ﬁ
500 output C3Y table C:/NAPA/TEMP/EMSA3_CSW/EZ_DEMOT.CSW J

Generate damages |

Initial condition group IALL ™

Calculate index |

Figure 44: Layout of the developed grounding calculation tool in NAPA.

8.8.2 Modelling guidelines

8.8.2.1 Arrangement and calculation hull

The calculation requires a body representing the buoyant hull (calculation hull) and a ship
model arrangement containing the watertight spaces that can provide buoyancy.
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The definition of the grounding damages is done through penetration. In order to avoid non-
contact cases, the ship model arrangement selected should match the calculation hull. In
principle there are two alternatives for this:

- Exclude all appendages from the hull, such as rudders and propeller shafts as they are
normally not modelled as rooms in the ship model arrangement

- Include all appendages that are in the calculation hull, also to the ship model
arrangement with a suitable permeability. Note that a permeability PERM=0 cannot be
used as NAPA will assume this is incorrect and switch it to PERM=1 instead. For these
cases a very small permeability should be used instead (e.g. PERM=0.0001).

From a safety point of view it is recommended to use the first of the above alternatives, so
that appendages are not allowed to provide protection to the hull from the grounding damages.

8.8.2.2 Influence of piping and valves

For cases where tanks have valves or piping connected to them which can cause a progressive
flooding as a result of the damage, the approximate location of this piping can be modelled as
a dummy room (included in the WT arrangement and connected to the tank) with a close to
zero permeability. This can then help in analysing the non-damageable zones used for normal
index calculation in SOLAS 2009. The tank will then also be made open to the sea if the piping
is damaged.

The smallest PERM value that can be given to a compartment in NAPA appears to be 0.000001.

8.8.2.3 Cross-flooding connections

For side grounding damages (type S00) a normal modelling of cross-flooding connections is
adequate. For bottom grounding (type B00) damages, a more detailed modelling may be
required to ensure that a damage that occurs between tanks can result in a damage to the
cross flooding device and flooding of the tanks/voids it connects. This could e.g. be done by
modelling the cross-flooding device as an own room, connected (one way only) to the side
tanks (Figure 45).
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Figure 45: Example of cross-flooding connections.

8.8.2.4 A-class connections

A-class bulkheads should be modelled the normal way, and the calculation will automatically
populate the A-class stages for the damages (Figure 46).

ROBOZ204
WTC1

WTC2

RO90203
ROS0204
ROS0203
ROS0205
10 ROS0204

[ o NS e R B S FE S Y B

O

WTC1

ROBOZ03
WTC1

ROB0204
ROS0203
WTCZ2

ROS0203
ROS0204
ROS0204
ROS0205

= 3

STAGE v CLASS »
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ACLASS
ACLASS

rrrrrrrrlkr

Figure 46: Example of A-class connections.

8.8.2.5 Custom setup for cross or A-class connections

As some designers do not use the conventional way of defining cross connections or A-class
bulkheads in their designs, an additional feature has been built in into the tool. The tool will
read the STAGE alternatives from the selected compartment connection (CCONN) table and

automatically include all of them in the damage generation using the following logic:

- The primary damage (caused by the distributions) is in stage 1

k

CLASS »

- All other stages found in the CCONN table, apart from stage CROSS or stage ACLASS,
are sorted alphabetically and added as optional stages to the damage after stage 1

- Stage CROSS is automatically added as an optional stage to the damage after the
previous stages if stage=CROSS is found in the CCONN table

- Stages #<nr> (if applicable) are automatically populated based on the connections
with class A in the CCONN table and included at the end of the damage definition
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8.8.2.6 Up-flooding connections

Especially for the bottom groundings (type B00), it is necessary to model all routes for up-
flooding, staircases, lift and escape trunks, hatches, etc. Otherwise, the results may be too
optimistic. The recommended way is to add these into the compartment connection (CCONN)
table. Note that possible A-class boundaries and cross-flooding connections need to be
handled separately (Figure 47).

J COMNM COMP QOPEM v STAGE  »  OPEMING »  SATCOMP » CLASS »
1 RO30101 RO30202
2 RO30202 RO30101
3 RO40101 RO40205
4 RO40205 RO40101
5 RO50101 ROS0201
5  RO50201 ROS0101

Figure 47: Example of up-flooding connections in CCONN* table, note that each
connection is defined on two rows (two way connections).

8.8.2.7 Progression of water on the bulkhead deck

When the water level reaches the bulkhead deck, the impact on the ship becomes much more
difficult to predict and time domain simulations should preferably be used for good results.
Therefore, unless a simulation is performed, the model should be equipped with unprotected
openings that are not participating in any progressive calculations on the bulkhead deck.
These openings will effectively block any progression of water from one zone to another by
setting s=0 when the opening is immersed.

8.8.3 The probabilistic model for generating damages

The grounding calculation tool in NAPA includes the probabilistic model, as presented earlier in
this report, to produce the geometric values and create the CSV source table independently.
In the tool the user is therefore presented with two alternatives for generating the damages;

- populate random damages using NAPA alone; or,

- by reading an already filled-in CSV table with the geometric values used as the base
for the damage definitions

To better support the research work in this study, if the data is populated in NAPA, the user
can change the number of damages to be generated using the tool interface.

The probability for all generated damages is the same (1/n), but damages that do not breach
any compartments are considered not part of the total nhumber of damages. The probability for
a single damage is therefore re-normalised based on the number of cases breaching one or
more compartments.
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8.8.4 Geometry and damage extents

The dimension of the damage is governed by the populated values (based on the probabilistic
model) in the CSV table. These values are then transformed into actual ship-coordinates and a
penetrating box is created for each damage (Figure 48). Using the penetrating box in a
temporary damage definition, the breached compartments are identified and recorded. Any
group of damages, breaching the same set of compartments, are then considered unique and
given the probability of all contributing damages. Only unique damage cases are then re-
generated and sorted into the database for the index calculation.

Figure 48: An example of a bottom (B00) grounding.

The side (S00) damages requires a shaped surface as the penetration limit (Figure 49), and in
order to reduce the number of surfaces generated and simplify the amount of different
geometries, a 1 cm tolerance was introduced for the waterline height and the penetration
depth. As a result, the once generated surfaces can then be reused for the following damages
and some performance boost can be gained.

Due to practical reasons in the program, the minimum penetration for the grounding damages
and minimum dimensions for the penetrating box are set to 1 or 2 mm.
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Figure 49: An example of a side (S00) grounding.

8.8.5 Damage definition and progressive flooding

To calculate an s-value according to SOLAS 2009, cross flooding connections and A-class
structures also need to be considered. The grounding damage calculation tool supports the
normal definition of these in NAPA, but also (as requested by some designers) an alternative
method for including progressive flooding constructed using multiple stages. The tool will
identify all stages named in the compartment connection, sort them alphabetically and add
them in this order to the damage after the first (primary) stage. After this, the normal CROSS
and A-class stages will be populated to the end of the damage.

8.8.6 Index calculation

Once the damages have been defined, an initial conditon group can be selected and the initial
condition / damage combinations can be calculated. Based on the calculation results, the s-
values are listed, multiplied with the probabilities and weight coefficients (as for the initial
conditions in SOLAS 2009) to produce the index contribution for each case separately. These
index contributions are then summed for the final total index and are listed. Also individual
indexes are listed for the individual initial conditions.

For RoPax ships, SDC 1 agreed on a modification to the s, formula (based on a proposal in
SLF 55) and this alternative calculation of the s-factor is also available in the tool. If this s-
formula is chosen, the designer must also name the roro cargo holds in the tool interface.
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8.9 Combined Risk Model for Grounding and Contact Accidents
to Passenger Ships

8.9.1 High-Level Event Sequence

High-level event sequences and risk models for the various accident types have been already
discussed in the first interim report of Task 1 of the present study. In Task 3, the high-level
event sequence and the risk model for grounding accidents have been revisited, in order to
take into account an additional parameter that was introduced in Task 3, with decisive impact
on the survivability of passenger ships, i.e. the type of damage:

a) bottom damage (type B0O) and
b) side damage (type S00).

The high-level event sequence for grounding and contact accidents to both Cruise and RoPax
ships (Figure 50) considers the following events:

1. Area of Operation. Two alternatives are foreseen: the accident takes place either
within or outside a Terminal Area. In the latter case, Limited Waters and Open Sea are
combined in one area (Other) and treated together, since it is expected that the
consequences of a grounding accident would be similar in both areas.

2. Area of the hull in contact with the sea bottom. The following two alternatives are
considered: the ship touches the sea bottom with the bottom or the side of the hull
surface.

3. Type of the sea bottom (Hard/Soft). In case the ship touches the sea bed with the
side of the hull surface, the sea bottom is assumed always hard; therefore the
corresponding node in the risk model is omitted.

4. Hull breach (Yes/No). In case of soft bottom, the probability of hull breach is set
equal to zero. In case of hard sea bottom, the probability of hull breach is calculated,
based on the available data from grounding accidents.

5. Water Ingress (Yes/No). In case of a hull breach due to bottom damage (type B00),
water ingress takes place with a probability of 100%, therefore the corresponding node
in the risk model is omitted. In case of a hull breach due to side damage (type S00),
water ingress might take place or not, depending on the position of the lower limit of
the breach with respect to the water line'.

6. Staying aground (Yes/No). If immediately after the accident the ship stays aground,
then no fatalities are assumed?3.

12 In 8.6.9 (Probabilistic model conditional to the occurrence of water ingress), it is assumed that no water ingress occurs in case of side damage
if the height of the lower limit of the breach from the base line exceeds a threshold limit equal to the ship’s draught plus 2.0 m. Therefore, the
probability of water ingress could be calculated from the probabilistic model, which has been developed combining grounding and contact
accidents. However, in the current Risk Model, the calculation of the probability of water ingress in case of side damage is based on the available
data from grounding accidents only. Based on the available data, the probability of water ingress has been set equal to 100% regardless of the
area of operation (either in terminal areas or in limited waters and open sea).

Even if after saying aground, the ship becomes subsequently afloat again, either by its own means or with external assistance, it is assumed
that its condition has been evaluated to ensure that there is no risk of sinking or capsizing and/or the passengers have been safely evacuated.
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7. Afloat (Yes/No). If the ship does not stay aground, two alternatives are considered: a)
it may remain afloat, with a probability assumed equal to the corresponding A-Index or,
b) it may sink or capsize, with a probability assumed equal to 1-A!*,

8. Consequences. In case the ship sinks or capsizes, the number of fatalities is
calculated as a percentage of POB (Persons on Board). The procedure for the
calculation of fatalities is described in 8.9.2.

[Level1] [Level2] [Level3] [Level4]| [Level5] [Level6] [Level7]  [Level 8]

Grounding &
Contact

Area of
Operation

@ (Side damage, Bottom damage)
@ (Hard Bottom/Structure, Soft Bottom)
aground

Figure 50: High-level event sequence for Grounding and Contact Accidents to Cruise
and ROPAX ships

(Terminal Areas, Limited waters & Open Sea)

8.9.2 Quantitative Risk Model for Grounding and Contact Accidents to
Passenger Ships
The same Risk Model for Grounding and Contact Accidents is used for both types of ships,
RoPax and Cruise ships with the following two differences:
o Initial accident frequencies are determined separately for each ship type.

e The probability of fast sinking is set equal to 18% for Cruise ships and 50% for RoPax
ships.

14 In case of a grounding in terminal areas or in limited waters, if the ship becomes afloat immediately after the accident and does not lose its

propulsion and maneuvering capability, the master may have the option of voluntary beaching the ship, in order to avoid sinking or capsizing. It
might be argued therefore, that in this case the probability of avoiding a ship loss is higher than the corresponding A-Index.
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The above probabilities of fast sinking of Cruise and RoPax ships were initially so defined in
the GOALDS project on the basis of sample simulations and considering relevant historical
data, and were also used in Task 1 of the present study ([31], [32]). Slow sinking is generally
associated with progressive flooding, while capsizing, as a result of loss of transverse stability
may take place quite fast. However, even in case of capsizing, this could also take place at a
later stage, for example as a result of wave action, shift of cargo (in case of RoPax ships), or
progressive flooding. What is of primary importance at this point is not the actual mechanism
leading to the loss of the ship, but the time available for an orderly evacuation of the
passengers and crew. The probabilities of fast sinking of Cruise and RoPax ships proposed in
GOALDS were kept unchanged also in Task 3; however, it should be noted that a 50%
probability of fast sinking of RoPax ships, particularly in case of bottom damages seems to be
quite high. For RoPax ships, with a continuous watertight subdivision deck located much
higher than the maximum possible height of bottom penetration, and with a relatively small
number of up-flooding openings, it is expected that the probability of fast sinking should be
quite small. It was decided however to keep the GOALDS values in the risk model, at least in
this phase of the study, and to investigate the impact of different probabilities of fast sinking
in the sensitivity studies.

For the calculation of consequences in case the ship sinks or capsizes, the number of fatalities
is calculated as follows:

e 80% of POB (Persons on Board) fatalities in case of fast sinking/capsizing in limited
waters or in the open sea;

e 5% of POB fatalities in case of slow sinking/capsizing, or in case the accident takes
place in terminal areas.

The percentage of fatalities (80% in case of fast sinking and 5% in case of slow sinking) were
introduced in GOALDS, regardless of the area of the accident, while in Task 1 of the present
study ([32]) it was decided to use the 5% percentage of fatalities in case the accident takes
place in terminal areas, without distinguishing between fast/slow sinking. This is because it is
considered that harbour infrastructure will enable immediate activation of emergency
response forces, and also because the limited water depth in comparison with the ship’s
dimensions will protect the ship from being completely flooded and foundered.

Initial accident frequencies are determined considering the fleet at risk data (only IACS
classed ships) for the period from 2000 to 2012 and ship losses during the same period of
time due to grounding or contact accidents, recorded in the accident database for passenger
ships described in chapter 8.4.2. Therefore, the full set of criteria for the selection of accidents,
to be used for the calculation of initial frequencies are:

e Ship types: Cruise and Pure Passenger ships, OR RoPax and RoPax-Rail;

e (Casualty time period: 2000-2012;

15 Accidents before the year 2000, or accidents to non-IACS classed ships are excluded to minimize the possibility of under-reporting.
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¢ GT =1,000;

e Length > 80 m;

e Built = 1982;

e IACS classed;

e Accident type: Groundings & Contacts - Serious;

e Froude number < 0.5 - to eliminate HSC from the study.

The results with respect to casualties and frequencies (casualties per ship-year) of grounding
and contact accidents !® are summarised in Table 41. The corresponding fleet at risk is equal
to 2673 ship-years for cruise and pure passenger ships and 5328 ship-years for RoPax and
RoPax Rail.

Table 41: Number of casualties and calculated accident frequencies for Cruise and
RoPax ships (Groundings and Contacts)

Cruise ships RoPax ships
Casualties Frequencies Casualties Frequencies
Groundings 20 7.48E-03 27 5.07E-03
Contacts 22 8.23E-03 86 1.61E-02
Total 42 1.57E-02 113 2.12E-02

The dependent probabilities within the risk model are calculated merging the available data
from both ship types (Cruise and RoPax ships) and both types of ship accidents (grounding
and contact). To this end, casualties reported in the groundings and contacts database for
passenger ships described in chapter 8.4.2 for the period of time from 1990 to 2012 are used,
including also non-IACS ships. All accidents in the database reported as non-serious have
been excluded. The full set of criteria for the selection of accidents, to be used for the
calculation of initial frequencies are:

e Ship types: Cruise and Pure Passenger ships, AND RoPax and RoPax-Rail;
e (Casualty time period: 1990-2012;

e GT = 1,000;

e Length = 80 m;

e Built > 1982;

e IACS and non-IACS classed ships;

e Accident type: Groundings & Contacts - Serious;

16 In the NTUA-SDL Casualty database used in Task 3, a grounding event is defined as an accident for which the vessel is going aground, or

hitting/touching shore or sea bottom or underwater objects (wrecks, etc.), including hitting a submerged rock, whereas contact events are
assigned to accidents when the ship had an impact on a fixed installation or object, which extends over the surface level (like a pier or higher
extending rock), or impact on a floating object (barge, container etc.). Thus, the Costa Concordia accident is herein classified as powered
grounding.
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e Froude number < 0.5 - to eliminate HSC from the study.

The risk model developed in Task 3 for grounding and contact accidents of RoPax ships is
presented in Figure 51. The corresponding risk model for grounding accidents of Cruise ships
is presented in Figure 52. In these models, the probability of sinking is estimated using the
attained subdivision index A, calculated separately for bottom or side damages.

As shown in the risk models presented in Figure 51 and Figure 52, in case a grounding
accident takes place, there is a 57.6% probability that the accident takes place in a terminal
area and respectively a 42.4% probability that the accident takes place in in limited waters or
open sea.

1. Accidents in terminal areas

1.1. Side accidents. Most accidents in terminal areas were of the side damage type (92%
probability). For these accidents, the probability of a hull breach is 81%. The
probability of water ingress in case of a hull breach is equal to 51.8% and the
probability of staying aground of 0%. The probability of surviving is set equal to Agr s
(A-index for grounding accidents of type S00), in which case no consequences are
assumed. In case the ship does not survive, the probability of fast sinking or capsizing
is set equal to 18% for cruise ships and 50% for RoPax ships. A number of fatalities
equal to 5% of POB is assumed in case of sinking/capsizing within terminal areas.

1.2. Bottom accidents. In case of bottom accidents in terminal areas, a 20% probability of
striking against a soft bottom is estimated, in which case no hull breach is assumed.
In this case no breach is assumed, and no consequences are calculated. The
corresponding probability of striking against a hard bottom or other hard obstacle is
therefore equal to 80%. In this case, based on the available data, the probability of a
hull breach is set equal to 100%. The probability of water ingress in case of sustaining
a hull breach at the bottom is always 100%; therefore the corresponding node is
omitted. The probability of staying aground is estimated equal to 50%, in which case
no consequences are assumed. If the ship does not remain aground, the probability of
surviving is set equal to Agrs (A-index for grounding accidents of type B00), in which
case no consequences are assumed. In case the ship does not survive, the probability
of fast sinking or capsizing is set equal to 18% for cruise ships and 50% for RoPax
ships. A number of fatalities equal to 5% of POB is assumed in case of
sinking/capsizing within terminal areas.
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Figure 51: Risk Model for grounding and contact accidents of RoPax ships
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Figure 52: Risk Model for grounding and contact accidents of Cruise ships
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2. Accidents in limited waters and open sea

2.1.Side accidents. The dependent probability of side damages for accidents in limited
waters and open sea is estimated equal to 48.8%. The dependent probability of a hull
breach in case of side accidents in limited waters or open sea is estimated equal to
86.4%. The probability of water ingress is set equal to 100%, based on the available
data. The probability that the ship remains aground (with no consequences to human
life) is estimated based on the available data to be equal to 33.3%. If the ship does
not remain aground, the probability of surviving is set equal to Agrs (A-index for
grounding accidents of type S00), in which case no consequences are assumed. In
case the ship does not survive, the probability of fast sinking or capsizing is set equal
to 18% for cruise ships and 50% for RoPax ships. A number of fatalities equal to 5%
(resp. 80%) of POB is assumed in case of slow (resp. fast) sinking/capsizing in limited
waters or open sea.

2.2.Bottom accidents. Based on the available data the dependent probability of bottom
damages for accidents in limited waters and open sea is set equal to 51.2%. The
dependent probability of striking against a soft bottom in case of bottom accidents in
limited waters or open sea is estimated equal to 14.3%. No consequences are
assumed in this case. In case of striking against a hard bottom or other hard obstacle,
the dependent probability of a hull breach is set equal to 100%. Since water ingress is
an inevitable result of a hull breach in case of bottom damage, no such node is
included in the risk model. The probability that the ship remains aground (with no
consequences to human life) is set equal to 80%. If the ship does not remain aground,
the probability of surviving is set equal to Agrs (A-index for grounding accidents of
type B00), in which case no consequences are assumed. In case the ship does not
survive, the probability of fast sinking or capsizing is set equal to 18% for cruise ships
and 50% for RoPax ships. A number of fatalities equal to 5% (resp. 80%) of POB is
assumed in case slow (resp. fast) sinking/capsizing in limited waters or open sea.

8.9.3 Calculation of Potential Loss of Life in case of a grounding or
contact accident

The risk models presented in Figure 51 and Figure 52 have been used in Task 3 for the
calculation of the Potential Loss of Life (PLL) for a series of six passenger ships, studied in
Task 1 ([31] and [32]) as well as for a series of variants of these designs with increased
damage stability characteristics. The probability of not sinking or capsizing has been estimated
on the basis of the attained subdivision indices Agrs and Agrs, calculated separately for
bottom or side damage types respectively.

Selected data for the six passenger ships (only the reference designs) are listed in Table 42.
The average number of passengers for each ship is calculated using annual occupancy ratios
selected in Task 1 of the EMSA 3 study ([31]). For cruise ships, the annual occupancy ratio is
set equal to 90%, both for passengers and crew, while for RoPax ships a value of 62.5% was
used for the passengers, based on the following seasonal ratios, provided by the project
partners: 100% utilisation for 12.5% of the year, 75% utilisation for 25% of the year and 50%
utilisation for the rest of the year and 100% for the crew. The resulting PLL values, calculated
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by the Risk Models for grounding and contact accidents presented in Figure 51 and Figure 52
are included in Table 42. In case of RoPax ships, the Attained Index for collision accidents
presented in this report and in Table 42 in particular, is calculated according to SOLAS 2009,
taking into account also the requirements of SLF 55.

Table 42: Overview of sample ships

Small Large Small Small Medi- Baltic
Cruise Cruise RoPax 1 RoPax 2 | terranean Ferry
Ship Ship RoPax

Length BP (m) 113.70 294.64 95.50 96.80 172.40 232.00
GT 11,800 153,400 7,900 5,040 43,000 60,000
Passengers Max 316 5135 600 600 1600 3060
Passengers Av. 285 4622 375 375 1000 1913
Crew Max 162 1595 25 10 100 220
Crew Av. 146 1435 25 10 100 220
POB 431 6057 400 385 1100 2133
R 0.6978 0.8597 0.7214 0.7214 0.778 0.830
Acn 0.7202 0.8626 0.7947 0.8412 0.8398 0.8326
AGr,B 0.8799 0.9171 0.9789 0.9987 0.9811 0.9707
AGr s 0.8312 0.9135 0.9171 0.9165 0.9475 0.9351
PLL (annual) 0.0443 0.3347 0.0464 0.0422 0.0829 0.2032
PLL (30 vyears of 1.328 10.040 1.392 1.267 2.487 6.097
service)

The results from the calculation of PLL for the six reference designs and for a number of
design variants that were evaluated in Subtask 3.c versus the corresponding number of
persons on board are plotted in Figure 53 (annual PLL) and Figure 54 (PLL calculated over a
lifetime of 30 years). For the Baltic Ferry in particular, results are presented of the reference
design and for the version optimized in Task 1 for collision accidents assuming the main car
deck to be either watertight (full circles) or non-watertight (open circles). The importance of
the watertightness of the car deck on the risk to human life in case of a grounding accident
can be readily seen from these the results.
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Figure 53: Potential Loss of Life (annual) calculated from the combined Risk Model
for Grounding and Contact Accidents vs. number of Persons on board
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Figure 54: Potential Loss of Life calculated from the combined Risk Model for
Grounding and Contact Accidents for a lifetime of 30 years vs. number of Persons on
board
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8.9.4 Sensitivity analysis of the risk model for grounding and contact
accidents

In this section the sensitivity of the risk model is analysed, based on calculations with the
small size cruise ship, the large cruise ship and the Baltic Ferry. It should be noted that in the
sensitivity analysis the results for the Baltic Ferry have been obtained assuming that the car
deck is not watertight, therefore they are not comparable to those presented in other parts of
this report, such as Table 42 or Table 86.

The risk to persons on board in terms of PLL depends linearly on the initial accident frequency
as well as on the number of persons on board (POB). Hence, an increase of the initial accident
frequency or POB by 10% would lead to 10% increase of PLL.

Two more grounding or contact accidents in terminal areas'’ would have a marginal impact on
the risk to human life. It would take ten more accidents in terminal areas to have a noticeable
impact on the PLL (2.5% decrease on average). Two more grounding or contact accidents
outside terminal areas (i.e. in limited waters or in open sea) would result in a small increase
of the PLL (0.7% on average). It would take ten more accidents outside terminal areas to
have a noticeable impact on the PLL (3.2% increase on average). The corresponding results
are summarized in the following table:

Table 43: Impact on PLL of additional accidents in or outside terminal areas

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
Two more accidents in terminal 4.64E-02 3.33E-01 4.32E-01
Ten more accidents in terminal 4.57E-02 3.27E-01 4.21E-01
Two more accidents outside terminal 4.69E-02 3.37E-01 4.39E-01
Ten more accidents outside terminal 4.79E-02 3.44E-01 4.53E-01

One or two more accidents in terminal areas resulting to bottom damage would have a
marginal impact on the risk to human life. Even with ten such accidents, the impact on PLL
would be quite small (less than 1% on average). This is partly because fatalities in terminal
areas in case of sinking or capsizing are always assumed equal to 5% of POB. Ten more side
damages in terminal area would have practically no impact on the PLL. The corresponding
results are summarized in the following table:

Table 44: Impact on PLL of additional side/bottom damages in terminal areas

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more bottom damage in Terminal Area 4.66E-02 3.35E-01 4.34E-01
Two more bottom damages in Term. Area 4.65E-02 3.34E-01 4.34E-01
Ten more bottom damages in Term. Area 4.60E-02 3.34E-01 4.31E-01

1

7 Whenever the sensitivity analysis is performed adding or subtracting a number of accidents of a certain type, the dependent probabilities

within the Risk Models for Cruise or RoPax ships are updated accordingly, however, the initial frequency of grounding accidents remains

unaffected.
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Ten more side damages in Term. Area 4.67E-02 3.35E-01 4.35E-01

Two more grounding or contact accidents resulting to a hull breach, assuming terminal areas
and side damage would have no practical impact on the risk to human life. Even ten more
such accidents would hardly have a noticeable impact on the PLL (approximately 0.7%
increase on average). Two (resp. ten) more grounding or contact accidents not resulting to a
hull breach, assuming terminal areas and side damage would result in approximately 0.7%
(resp. 3.1%) increase of PLL on average. The corresponding results are summarized in the
following table:

Table 45: Impact on PLL of additional accidents resulting or not to a hull breach,
assuming terminal areas and side damage

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 | 4.35E-01
Two more accidents resulting to a hull breach, assuming terminal areas and 4.67E-02 3.356-01 | 4.35E-01
side damage
Ten more accidents resulting to a hull breach, assuming terminal areas and 4.70E-02 3.38E-01 | 4.37E-01
side damage
Two more accidents not resulting to a hull breach, assuming terminal areas 4.63E-02 3.32E-01 | 4.33E-01
and side damage
Ten more accidents not resulting to a hull breach, assuming terminal areas 4.49E-02 3.23E-01 | 4.26E-01
and side damage

Two (resp. ten) more grounding or contact accidents resulting to water ingress, assuming
terminal areas, side damage and hull breach would result to an increase of 1.5% (resp. 6%)
of the PLL on average. Two (resp. ten) more grounding or contact accidents resulting to no
water ingress, assuming terminal areas, side damage and hull breach would result to a
decrease of 1.7% (resp. 6.5%) of the PLL on average. The corresponding results are

summarized in the following table:

Table 46: Impact on PLL of additional accidents resulting or not to water ingress,
assuming terminal areas, side damage and hull breach

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
Two more accidents resulting to water ingress, assuming terminal areas, side 4.75E-02 3.41E-01 4.39E-01
damage and hull breach
Ten more accidents resulting to water ingress, assuming terminal areas, side 5.0E-02 3.58E-01 4.52E-01
damage and hull breach
T_wo more accidents resulting to no water ingress, assuming terminal areas, 4.57E-02 3.28E-01 4.30E-01
side damage and hull breach
T_en more accidents resulting to no water ingress, assuming terminal areas, 4.30E-02 3.10E-01 4.16E-01
side damage and hull breach

The impact of one or two more accidents in terminal areas, assuming bottom damage and soft
bottom (therefore no water ingress and zero consequences) or hard bottom/obstacle is
considered next. The result would be a marginal change of PLL for all three ships. The
corresponding results are summarized in the following table:
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Table 47: Impact on PLL of additional accidents in terminal areas, assuming bottom
damage and soft/hard bottom/obstacle

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
Plus one accident in terminal areas + bottom damage and soft bottom 4.65E-02 3.33E-01 4.34E-01
Plus two accidents in terminal areas + bottom damage and soft bottom 4.64E-02 3.33E-01 4.34E-01
Plus one accident in terminal areas + bottom damage and hard bottom 4.67E-02 3.35E-01 4.35E-01
Plus two accidents in terminal areas + bottom damage and hard bottom 4.67E-02 3.35E-01 4.35E-01

The impact of one or two additional accidents resulting to no hull breach in case of accidents
in terminal areas, assuming bottom damage and hard bottom or obstacle is considered next.
The reduction of the PLL is very small in all cases that have been tested. The corresponding
results are summarized in the following table:

Table 48: Impact on PLL of additional accidents in terminal areas, assuming bottom
damage, hard bottom/obstacle and no hull breach

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more accident in terminal areas, assuming bottom damage, hard 4.65E-02 3.33E-01 4.34E-01
bottom/obstacle and no hull breach
Two more accidents in terminal areas, assuming bottom damage, hard 4.64E-02 3.32E-01 | 4.34E-01
bottom/obstacle and no hull breach

The impact of one or two additional accidents with the ship staying aground or not, in case of
accidents in terminal areas, assuming bottom damage, hard bottom or obstacle and hull
breach is considered next. The impact on the PLL is very small in all cases that have been
tested. The corresponding results are summarized in the following table:

Table 49: Impact on PLL of additional accidents in terminal areas, assuming bottom
damage, hard bottom/obstacle and hull breach with the ship staying aground or not

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 | 4.35E-01
One more accident in terminal areas, assuming bottom damage, hard B _ B
bottom/obstacle, hull breach, with the ship staying aground 4.65E-02 3.338-01 4.34E-01
Two more accidents in terminal areas, assuming bottom damage, hard B _ B
bottom/obstacle, hull breach, with the ship staying aground 4.64E-02 3.32E-01 4.34E-01
One more accident in terminal areas, assuming bottom damage, hard _ ) )
bottom/obstacle, hull breach, with the ship not staying aground 4.68E-02 3.36E-01 4.356-01
Two more accidents in terminal areas, assuming bottom damage, hard _ ) )
bottom/obstacle, hull breach, with the ship not staying aground 4.69E-02 3.37E-01 4.36E-01

The relative frequency of side / bottom damage in the risk model is equal to 92% side - 8%
bottom in the terminal areas and 48.8% side — 51.2% bottom in limited waters and open seas.
If a common (averaged) frequency of side — bottom damage would be used in both areas, the
corresponding values would be 76.3% side — 23.7% bottom. The impact on risk would be a
considerable increase, ranging from 21% to 33%. The results for the three ships are
summarized in the following table:

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 132




Table 50: PLL values based on a common (averaged) frequency of side — bottom
damage for all accidents (both in and outside terminal areas)

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
Common side-bottom freq. in all areas 5.78E-02 4.06E-01 5.79E-01

The impact of one or five more accidents with side or bottom damage assuming limited waters
or open sea is considered next. The average increase of the PLL is 1.1% (resp. 5.3%) in case
of one (resp. five) more accident(s) resulting to side damage. The average reduction of the
PLL is 1.1% (resp. 5.1%) in case of one (resp. five) more accident(s) resulting to bottom

damage. The corresponding results are summarized in the following table:

Table 51: Impact on PLL of additional accidents with side or bottom damage
assuming limited waters or open sea

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more accident with side damage, assuming limited waters or open sea 4.71E-02 3.38E-01 4.41E-01
Five more accidents with side damage, assuming limited waters or open sea 4.90E-02 3.49E-01 4.64E-01
(s)enae more accident with bottom damage, assuming limited waters or open 4.61E-02 3.32E-01 | 4.29E-01
Five more accidents with bottom damage, assuming limited waters or open 4.44E-02 3.21E-01 4.07E-01

Se€a

The impact of one or five more accidents with or without hull breach assuming limited waters
or open sea and side damage is considered next. The average increase of the PLL is practically
zero (resp. 1.4%) in case of one (resp. five) more accident(s) with hull breach. The average
reduction of the PLL is 3.3% (resp. 12.1%) in case of one (resp. five) more accident(s)

without hull breach. The corresponding results are summarized in the following table:

Table 52: Impact on PLL of additional accidents with/without hull breach, assuming
limited waters or open sea and side damage

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more accident with hull breach, assuming limited waters or open sea 4.66E-02 3.35E-01 4.35E-01
and side damage
Five more accidents with hull breach, assuming limited waters or open sea 4.73E-02 3.39E-01 4.42E-01
and side damage
One more accident without hull breach, assuming limited waters or open sea 4.52E-02 3.256-01 | 4.18E-01
and side damage
Five more accidents without hull breach, assuming limited waters or open 4.13E-02 2.99E-01 | 3.73E-01

sea and side damage

The impact of one or two accidents without water ingress, assuming limited waters or open

sea, side damage and hull breach is considered next. The average reduction of the PLL is 4.4%

(resp. 8.3%) in case of one (resp. two) more accident(s) without water ingress. The

corresponding results are summarized in the following table:
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Table 53: Impact on PLL of additional accidents without water ingress, assuming
limited waters or open sea, side damage and hull breach

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more accident without water ingress assuming limited waters or open 4.47E-02 3.22E-01 4.12E-01
sea, side damage and hull breach
Two more accidents without water ingress assuming limited waters or open 4.30E-02 3.10E-01 3.93E-01
sea, side damage and hull breach

The impact of one more accident in limited waters or open sea, assuming side damage, hull
breach, water ingress and staying aground or not is considered next. The average reduction of
the PLL is 6.2% in case of one more accident with the ship not staying aground. The average
increase of the PLL is 3.1% in case of one more accident with the ship staying aground. The
corresponding results are summarized in the following table:

Table 54: Impact on PLL of one more accident in limited waters or open sea,
assuming side damage, hull breach, water ingress and staying aground or not

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 | 4.35E-01
Plus one accident in lim. waters or open sea + side damage, hull breach, 4.39E-02 3.17E-01 | 4.03E-01
water ingress and staying aground
Plus one accident in lim. waters or open sea + side damage, hull breach, 4.80E-02 3.44E-01 | 4.51E-01
water ingress and no staying aground

The impact of one or five more accidents with hard or soft bottom/obstacle assuming limited
waters or open sea and bottom damage is considered next. The increase of the PLL is very
small in case of one or even five more accident(s) with hard bottom/obstacle. The average
reduction of the PLL is 0.6% (resp. 2.6%) in case of one (resp. five) more accident(s) with

soft bottom. The corresponding results are summarized in the following table:

Table 55: Impact on PLL of additional accidents with hard or soft bottom/obstacle
assuming limited waters or open sea and bottom damage

Small Large Baltic
cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 | 4.35E-01
One more accident with hard bottom/obstacle assuming limited waters or 4.67E-02 3.356-01 | 4.35E-01
open sea and bottom damage
Five more accidents with hard bottom/obstacle assuming limited waters or 4.68E-02 3.36E-01 | 4.36E-01
open sea and bottom damage
One more accident with soft bottom assuming limited waters or open sea 4.64E-02 3.32E-01 | 4.33E-01
and bottom damage
Five more accidents with soft bottom assuming limited waters or open sea 4.55E-02 3.24E-01 | 4.25E-01
and bottom damage

The impact of one or five more accidents without a hull breach, assuming limited waters or
open sea, bottom damage and hard bottom/obstacle is considered next. The average
reduction of the PLL is 0.8% (resp. 3.1%) in case of one (resp. five) more accident(s) without
a hull breach. The corresponding results are summarized in the following table:
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Table 56: Impact on PLL of additional accidents without a hull breach, assuming

limited waters or open sea, bottom damage and hard bottom/obstacle

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more accident without a hull breach assuming limited waters or open _ } )
sea, bottom damage and hard bottom/obstacle 4.63E-02 3.31E-01 4.32E-01
Five more accidents without a hull breach assuming limited waters or open _ _ _
sea, bottom damage and hard bottom/obstacle 4.53E-02 3.22E-01 4.236-01

The impact of one or five more accident with the ship staying aground or not in case of
accidents in limited waters or open sea, assuming bottom damage, hard bottom/obstacle and
hull breach is considered next. Assuming more accidents with the ship staying aground results
in a relatively small decrease of PLL (on average 0.8% in case of one accident and 3.3% in
case of five accidents). Assuming more accidents with the ship not staying aground on the
other hand, results in a comparatively more significant increase of PLL (on average 3.2% in
case of one accident and 13.1% in case of five accidents). The corresponding results are
summarized in the following table:

Table 57: Impact on PLL of additional accidents in limited waters or open sea,
assuming bottom damage, hard bottom/obstacle and hull breach with the ship
staying aground or not

Small Large Baltic

cruise ship | cruise ship | Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
One more accident with the ship staying aground (limited waters or open sea _ _ _
+ bottom damage, hard bottom/obstacle and hull breach) 4.63E-02 3.31E-01 4.32E-01
Five more accidents with the ship staying aground (limited waters or open _ _ _
sea + bottom damage, hard bottom/obstacle and hull breach) 4.52E-02 3.21E-01 4.23E-01
One more accident with the ship not staying aground (limited waters or open _ _ _
sea + bottom damage, hard bottom/obstacle and hull breach) 4.80E-02 3.48E-01 4.478-01
Five more accidents with the ship not staying aground (limited waters or _ _ _
open sea + bottom damage, hard bottom/obstacle and hull breach) >:22E-02 3.89E-01 4.84E-01

Finally, the impact of setting the probability of fast sinking equal to 10% or 30% is considered.
It should be noted that for the cruise ships the probability of fast sinking used so far is 18%,
therefore setting this probability to 30% corresponds to a 66.7% increase. On the other hand,
for the RoPax ships the probability of fast sinking used so far is 50%, therefore both 10% and
30% probabilities correspond to a drastic reduction. Setting the probability of fast sinking
equal to 10% would result in a reduction of PLL by 23% for the two cruise ships and by 59%
for the RoPax ship. On the other hand, setting the probability of fast sinking equal to 30%
would result in an increase of PLL by 34% for the two cruise ships and a reduction by 29% for
the RoPax ship. The corresponding results are summarized in the following table:

Table 58: Impact of the probability of fast sinking on PLL values

PLL values
Small cruise ship Large cruise ship Baltic Ferry
Reference value 4.66E-02 3.35E-01 4.35E-01
10% probability of fast sinking 3.61E-02 2.58E-01 1.79E-01
30% probability of fast sinking 6.24E-02 4.49E-01 3.07E-01
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8.9.5 Historical data of total losses due to groundings

In the following, a series of historical data of total losses due to groundings and associated
consequences are described:

Year 2000 - EXPRESS SAMINA: On Tuesday September 26, 2000, late afternoon, the
Greek Passenger/Ro-Ro ferry Express Samina left the port of Piraeus heading to the
island of Paros, the first on her route to the island of Lipsi. The vessel was reported
carrying 533 persons on-board (472 passengers and 61 crewmembers), 17 trucks and
34 cars. While approaching the island of Paros, the ship deviated from the actual route
and hit the rocks of Portes, located outside the entranceways to the port of Paros. The
impact of the ship with the rocky islet was on the starboard side, resulting to three
raking damages on the ship's outer shell, below and above the waterline level. Two of
these damage openings were of particular significance for the flooding process, and the
later sinking of the ship. The vessel sunk within half an hour, leading to death 80
passengers and crewmembers. The impact to regulatory framework was an extension
of Stockholm Regional Agreement to the South European Waters. EU Directive
2003/25/EC. This accident is not included in the data used for the development of the
Risk Model, since the ship was built before 1982.

Year 2007 - SEA DIAMOND: On April 5, 2007, the Passenger ship SEA DIAMOND ran
aground on a volcanic reef east of Nea Kameni, within the caldera of the Greek island
of Santorini. Because of the impact, there was loss of watertight integrity, resulting to
ship's listing up to 12 degrees, starboard side. The accumulation of water led to the
ship sinking after 27 hours from the initial hitting, leaving two (2) passengers missing
and presumed dead.

Year 2008 - PRINCESS OF THE STARS: The RoPax ship PRINCESS OF THE STARS (built
in year 1984) left the port of Manila on June 20, 2008, en route to Cebu City. While en
route, the ship encountered the fierce winds and massive waves of Typhoon
"Fengshen", which had been sweeping through the region, but were not expected to
cross the ferry’s path. There was a reference that the vessel sustained engine failure
and stranded. As a result, there was a loss of watertight integrity below the waterline
and the ship capsized in South China Sea, with 523 reported fatalities and 308 missing
persons. The circumstances of this accident are unclear with contradictory or
controversial information being collected from various sources, whereas also the
weather conditions were abnormal; therefore it may not be suitable to draw
conclusions on the impact of grounding accidents on human life on the basis of this
accident.

Year 2009 - ARIAKE: The RoPax Ariake, travelling from Tokyo in high winds, developed
a 22 degree list due to a large scale cargo shift induced by large rolling in stern
quartering waves, ran aground and subsequently capsized at Mihama, Mie, Japan. All
persons on board (7 passengers and 21 crewmembers) were safely rescued.

Year 2012 - COSTA CONCORDIA: The Cruise vessel Costa Concordia, built in year
2004, struck on January 13, 2012, at about 9.45pm, a submerged rock in the Secca di
Mezzo Canal, off the Isola del Giglio. It sustained severe damage to the port side of the
hull near the engine room, took water leading to a black-out and complete power loss;
she developed list to starboard side and in view of favourable weather conditions she
drifted back to the shore and finally grounded, resting on her starboard side.
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Eventually, out of 3,229 passengers and 1,023 crew members known to have been on-
board, merely 32 lives were lost in the accident.

The review of accidents identified only one ship loss as a result of a contact accident:

e Year 2007 - EXPLORER: On 23 November 2007, the Liberian registered, passenger
vessel EXPLORER, sank in a position 25 miles southeast of King George Island. All 54
crewmembers and 100 passengers abandoned the ship safely. The vessel sank after
striking ice and sustaining damage to the hull.
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8.10Superposition of A indices

Due to the two different types of damage considered in case of a grounding or contact
accident, there are two different A-indices calculated by the developed probabilistic model:

e one index calculated for bottom damages: Acr s
and
e one for side damages: Acrs

There can be various ways to combine those two A indices to derive a single A-index for
grounding accidents. For example, (see section 8.7.1) the combined A-Index may be derived
as the weighted average of the bottom and side index, based on the frequencies of occurrence
of bottom and side damages respectively, given the occurrence of a grounding or contact
accident. An alternative procedure for the derivation of a single Attained Survivability Index
for grounding and contact accidents could be based on the “preservation of risk to human life”,
expressed herein in terms of the Potential Loss of Life (PLL). The term Attained Survivability
Index is introduced for the combined Agr index calculated in this section based on the
“preservation of risk” principle instead of the well-known Attained Subdivision Index, in order
to emphasize the fact that its calculation is based on data within the Risk Model regarding the
depended probabilities of the various events, which is beyond the subdivision characteristics of
each particular design. At the same time, the usual term “Attained Subdivision Index” is used
for the combined A-index calculated in 8.7.1, since it is calculated directly from the two
subdivision indices Agrs and Acrs, averaged by the relative frequencies of bottom and side
damage respectively.

The Potential Loss of Life resulting from grounding and contact accidents may be expressed as
a function of Agzp and Agg s as follows:

PlLLgg = POB(CB (1_ Acr B )+ Cs (1_ Acr,s )) (48)

where POB is the number of persons on board (considering assumptions with respect to
occupancy given in previous section) and Cgz and Cq are appropriate weighting factors,

depending only on the ship type (RoPax or cruise ships), directly calculated from the
developed risk model.

The so-called Attained Survivability Index for grounding and contact accidents Asgz can be

calculated by setting:

PLLgr = POB(cg +Cs )'(1_ AGR,B) (49)

Based on the above equations, Agz can be expressed as follows:
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(cg +C5)-(1- Ag)=Cg (1_ AcrB )+Cs (1_ Acr,s )<:>

(50)

< Agr =

Cg Cs
“Agrp t
Cg +Cs Cg +Cs

“Acrs

The values of Cgz and Cg may be calculated from the corresponding Risk Models. Using the

combined Risk Model developed for grounding and contact accidents, the following values are
obtained:

Table 59: C; and Cg values for RoPax and Cruise ships, derived from the combined
Risk Model for Grounding and Contact accidents

c c
CB C B S
Cg +Cs Cg +Cs
RoPax 3.5407E-04 1.3082E-03 0.2130 0.7870
Cruise 1.2255E-04 5.2131E-04 0.1903 0.8097

Based on the above values, the Attained Survivability Index for grounding and contact
accidents may be approximated by the following equation for both types of ships (RoPax and
Cruise):

Acr =0.2:- Agrg +0.8- Agrs (51)
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8.11 Sample ship results

New designs of 6 passenger ships have been developed in Task 1 to form the basis for the
optimization and benchmark for the subdivision index for collision accidents, as well as for
grounding and the effect of open water tight doors.

All designs comply with the current statutory rules and regulations, e.g. SOLAS2009 including
SRtP where applicable. The designs have been selected in close cooperation between the
designers and ship operators in such a way that the world fleet will be well represented.

Each design has been optimized with regard to the attained index for collision taking into
account the agreed limits for cost effectiveness. In this task the reference design as well as
the optimized design has been evaluated against grounding. For two of the designs, the large
cruise ship and the Mediterranean RoPax, risk control options have been developed to increase
the survivability after grounding within the limits of cost effectiveness. The same approach for
the cost calculations has been made as in Task 1.

Table 60: List of passenger ships developed in Task 1

No Type Length bp Breadth Draught Gross Number
Tonnage of Persons
1 Large Cruise 300,00 m 40,80 m 8,75m 153400 6730
2 Small Cruise 113,70 m 20,00 m 5,30 m 11800 478
3 RoPax Baltic | 232,00 m 29,00 m 7,20 m 60000 3280
4 RoPax Med 172,40 m 31,00 m 6,60 m 43000 1700
5 RoPax Ferry 95,95 m 20,20 m 4,90 m 7900 625
6 Double End 96,80 m 17,60 m 4,00 m 6245 610

Each sample ship is presented in detail with its reference design in the second interim report
of Task 1. During this task for each of the designs modifications have been investigated to
increase the attained subdivision index A for grounding and performing a cost benefit analysis
to check if the design variations are cost effective with regard to the proposed CAF limits.

The detailed designs are worked out by design teams consisting of a shipyard/designer and an
operator for each ship. In the following pages for each sample ship the design modifications
are described more in detail.
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8.11.1 Ship #1 Large Cruise Ship

8.11.1.1 General Approach

The applied approach for defining design variations with higher attained index is twofold. One
way is to perform a systematic variation of breadth and freeboard as this may have significant
impact on the damage stability results, while maintaining the inner subdivision generally
constant. This way may have significant impact on the life cycle costs, as the annual fuel
consumption may change significantly.

The second approach considers this possibly negative effect and is modifying the watertight
subdivision and location or function of rooms to achieve an optimized design within the
boundary of the hull dimensions. The following table shows an overview of the applied design
variations, which will be described in the following sections one by one in more detail.

Table 61: Design variations

Version Description
G2 Reference design
G3 as G2

with deck 3 made watertight as far as possible

Selected optimized version for collision

K3 change internal subdivision as K1
Freeboard increased by 0.4m
K4 as K3
with deck 3 made watertight as far as possible
double hull
M1 increased DB height
lengthened by 1 web frame
M2 as M1

with deck 3 made watertight as far as possible

8.11.1.2 Results of grounding calculations

The calculation of the attained index for bottom and side grounding damages has been
performed for the described versions using the provided software tool in the software system
NAPA. For the reference version a number of variations with regard to number of breaches
have been made and detailed results will be shown later.

For the comparison of the different design variants the mean values of 5 repetitions for 10000
breaches have been used.

In comparison with the calculations according to SOLAS the data model has been amended to
reflect any up-flooding correctly along the decks below the bulkhead deck and the bulkhead
deck itself. This has been made assuming the decks as A-class boundaries resulting in a new
stage of flooding, where not any possible combination of flooding has been modelled, but the
most likely one, how the water would spread along.

For the calculation of the attained index according SOLAS a part of the ship, close to midships,
has not been considered to contribute to A. In this area usually those piping and ducting
including valves are located, which must not be damaged but may be flooded. The systems
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located in this area may cause progressive flooding if they get damaged, but the watertight
integrity is maintained as long the space is flooded only.

To reflect this vulnerable area in the grounding calculations correctly a virtual room has been
defined without any permeability. In any damage case, where this virtual room is penetrated
the damage will not be survived and s=0 is set. The figure below illustrates the virtual room.

N N

Space for unprotected
pipesand ducts

Figure 55: Location of virtual room for open pipes and ducts

8.11.1.3 Investigated design variations
The effect of design variations to improve the attained index for grounding has been made in
several steps.

Following the calculation of the reference version G2 the optimized version K2 for collision
from task 1 has been analyzed.

The third step was a more drastic design change in version M2 introducing a double hull and
increased double bottom height.

Finally for all three steps a larger area of watertight decks has been assumed.

The following table shows the overview of the investigated design variations.

Table 62: Overview of variations

Version G2 G3 K3 K4 M1 M2
L. reference as G2 opt. Version as K3 ‘double hull a.s M1
Description . . . . increased DB with wt
version with wt decks | for collision | with wt decks .
height decks

The detailed results and description of the modifications are shown in the following pages.
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8.11.1.4 Reference version G2
The results of the reference version are as follows:

Table 63: Attained indices, reference version G2

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 316.542 m
Breadth at the load line 40.800 m
Breadth at the bulkhead deck 40.800 m
Number of persons N1 5422
Number of persons N2 1308
Required subdivision index 0.85969
SOLAS 2009
A-
A A-light A-partial subdivision
1 0.8626 0.1735 0.3418 0.3474
mean A 0.8626 0.8673 0.8545 0.8684
Bottom damages B00
A-
repetition A A-light A-partial subdivision
1 0.9136 0.1829 0.3654 0.3653
2 0.9190 0.1840 0.3676 0.3674
3 0.9204 0.1842 0.3682 0.3680
4 0.9161 0.1834 0.3664 0.3663
5 0.9166 0.1836 0.3666 0.3664
mean A 0.9171 0.9180 0.9171 0.9167
Side damages S00
A-
repetition A A-light A-partial subdivision
1 0.9107 0.1824 0.3624 0.3659
2 0.9158 0.1835 0.3649 0.3675
3 0.9133 0.1830 0.3637 0.3666
4 0.9132 0.1829 0.3640 0.3664
5 0.9144 0.1831 0.3641 0.3673
mean A 0.9135 0.9149 0.9095 0.9168

The obtained results are presented in the diagrams below.
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G2 Bottom damages
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Figure 56: Attained index for bootom damages
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Figure 57: Attained index for side damages
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Figure 58: comaprison of attained index with SOLAS 2009

It can be seen that the attained index for grounding, both for bottom and side damages is
significantly higher than for collision according SOLAS2009.
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8.11.1.5 Version G3, reference version with watertight decks

The most obvious risk control option to improve the survivability after grounding is the
introduction of a second horizontal watertight boundary. Based on the statistics many bottom
damages have a vertical penetration height of more than the required double bottom height.
To accommodate this fact large part of deck 3 which is located approximately at the same
height as the subdivision draught has been assumed to be watertight.

Figure 59: Extend of watertight decks

The application of a watertight deck in areas where spaces below are accessible via stair cases
requires that these staircases are made watertight up to the bulkhead deck. The figure below
shows the principle of this requirement.
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Figure 60: watertight staircases

Due to the additional staircases on deck 3 and 4 approximately 20 crew cabins are lost.
However it is assumed that it can be compensated by new nesting of the cabins and different
distribution of single and double cabins.

The additional steel work will be considered as a ball park figure of 90,000 Euro, and the more
complex routing of piping due to the watertight deck is estimated to involve costs of 150,000
Euro

The modifications have hardly any influence on weight and GM, so the same initial conditions
have been used as for version G2.

The results of the damage calculations are:
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Table 64: Attained indices, version G3

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 316.542 m
Breadth at the load line 40.800 m
Breadth at the bulkhead deck 40.800 m
Number of persons N1 5422
Number of persons N2 1308
Required subdivision index 0.85969
SOLAS 2009
A-
A A-light A-partial subdivision
1 0.8643 0.1741 0.3427 0.3476
mean A 0.8643 0.8703 0.8568 0.8689
Bottom damages B0O
A-
repetition A A-light A-partial subdivision
1 0.9294 0.1859 0.3718 0.3718
2 0.9298 0.1860 0.3720 0.3718
3 0.9261 0.1852 0.3705 0.3704
4 0.9265 0.1854 0.3706 0.3705
5 0.92027 0.1841 0.3681 0.3681
mean A 0.9264 0.9265 0.9264 0.9263
Side damages S00
A-
repetition A A-light A-partial subdivision
1 0.9345 0.1875 0.3725 0.3745
2 0.9347 0.1878 0.3727 0.3743
3 0.9357 0.1877 0.3732 0.3748
4 0.9377 0.1883 0.3736 0.3757
5 0.9343 0.1877 0.3727 0.3740
mean A 0.9354 0.9389 0.9323 0.9366

The obtained results are presented in the diagrams below.
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Figure 61: Attained index for bottom damages
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Figure 62: Attained index for side damages
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The results show in comparison with the reference version a slight improvement for the
attained index. Surprisingly the effect is more pronounced for the side damages as for the
bottom damages. The reason cannot be assessed due to the applied method to generate the
damages with Monte Carlo.

8.11.1.6 Version K3, optimized for collision
This version is the selected optimized version from task 1, resulting in the best increase of A
while staying within the limits of cost effectiveness.

Following changes have been applied compared to the reference version:

e Raise of deck 4 from 11.8m to 12.2m

e Relocation of heeling tanks one deck upwards

e Relocation of main switchboard rooms to centre line

e Shift of bulkhead at frame 378 to frame 382 to recover space for loss of crew cabins
due to shift of heeling tanks

e Lengthening of potable water tanks forward of frame 404 to compensate the loss of
potable water capacity due to the shift of bulkhead frame 378.

The modifications to the design together with the changes to weight, loading conditions and
GM limit values are shown in the final report of task 1.

Following attained indices are calculated:
Table 65: Attained indices, version K3

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 316.467 m
Breadth at the load line 40.800 m
Breadth at the bulkhead deck 40.800 m
Number of persons N1 5422
Number of persons N2 1308
Required subdivision index 0.85969
SOLAS 2009
A-
A A-light A-partial subdivision
1 0.8747 0.1745 0.3474 0.3528
mean A 0.8747 0.8727 0.8684 0.8820
Bottom damages B0O
A-
repetition A A-light A-partial subdivision
1 0.9627 0.1919 0.3842 0.3866
2 0.9609 0.1916 0.3835 0.3859
3 0.9636 0.1921 0.3845 0.3871
4 0.9611 0.1916 0.3835 0.3861
5 0.9641 0.1921 0.3847 0.3873
mean A 0.9625 0.9592 0.9601 0.9664
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Side damages S00
repetition A A-light A-partial subdivision
1 0.9517 0.1898 0.3796 0.3823
2 0.9535 0.1902 0.3803 0.3829
3 0.9521 0.1897 0.3798 0.3826
4 0.9497 0.1893 0.3790 0.3814
5 0.9541 0.1903 0.3804 0.3833
mean A 0.9522 0.9494 0.9496 0.9562

The obtained results are presented in the diagrams below.
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Figure 64 Attained index for bottom damages
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Figure 65 Attained index for side damages
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Figure 66 Comparison of attained index with SOLAS2009

As well as for the reference version also in this design t the attained index for grounding, both
for bottom and side damages is significantly higher than for collision according SOLAS2009.

8.11.1.7 Version K4, optimized collision version with watertight decks
The application of watertight decks has been made in the same way as for the version G3.

The results of the damage calculations are:

Table 66: Attained indices, version K4

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 316.542 m
Breadth at the load line 40.800 m
Breadth at the bulkhead deck 40.800 m
Number of persons N1 5422
Number of persons N2 1308
Required subdivision index 0.85969
SOLAS 2009
A-
A A-light A-partial subdivision
1 0.8792 0.1761 0.3488 0.3543
mean A 0.8792 0.8803 0.8721 0.8858
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Bottom damages B0O

A-
repetition A A-light A-partial subdivision
1 0.9625 0.1918 0.3841 0.3866
2 0.9623 0.1919 0.3839 0.3865
3 0.9609 0.1915 0.3832 0.3862
4 0.9617 0.1917 0.3835 0.3866
5 0.96325 0.1921 0.3843 0.3869
mean A 0.9621 0.9589 0.9595 0.9663
Side damages S00
A-
repetition A A-light A-partial subdivision
1 0.9538 0.1902 0.3804 0.3832
2 0.9520 0.1899 0.3798 0.3823
3 0.9528 0.1900 0.3800 0.3827
4 0.9545 0.1903 0.3808 0.3834
5 0.9543 0.1903 0.3807 0.3833
mean A 0.9534 0.9506 0.9509 0.9575

The obtained results are presented in the diagrams below.
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Figure 67: Attained index for bottom damages
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K4 Side damages
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Figure 68: Attained index for side damages
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Figure 69: Comparison of attained index with SOLAS2009

The results show in comparison with the version K3 nearly no improvements. The reason is
the already well optimized subdivision and limited unsymmetrical flooding where the additional
watertight decks do not contribute to the index anymore.

8.11.1.8 Version M1, applied RCOs for grounding

This version reflects the attempt to change the design in such a way that the survivability
after grounding will be improved while staying inside the limits of cost effectiveness.

Based on the experiences from task 1 an increase of breadth has been avoided to minimize
the impact on fuel costs.

Following modifications based on the original version G2 have been applied:
e Increasing the double bottom height from 2.0m to 2.6m
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To comply with the height requirements in the engine rooms the freeboard has been
increased by 0.4m. All decks have been raised by 400mm.

Extension of the existing double hull in engine rooms through the ship length except
for the most forward two compartments and the most aft compartment.

Increasing the width of the double hull from 1.4m to approximately 2.0m normal to the
hull.

As a result of the double hull in crew areas a large nhumber of crew cabins has been lost.
To compensate this, the ship has been lengthened by one web frame in the forward
main vertical zone. The space gained in the superstructure can be used for passenger
cabins and crew cabins can be allocated on deck 5 where passenger cabins have been
deleted.

The figures below show the basic modifications on the GAP.
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Figure 70: location of lengthening
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With these changes the following loading conditions have been created resulting in the GM

limiting curve shown below.

Table 67: Loading conditions

NAME TEXT DW BW HFO PW T TR GM
LD20 100% Consumables max. Draught | 14569t 0t 3643 t 3861t | 875m | 0.10m | 2.89m
LD23 50% Consumables 10194 t 734t 1868 t 1224t | 835m | 0.05m | 2.61m
LD25 10% Consumables 9643 t 2339t 411t 433t | 830m | 0.05m | 2.71m
LD30 Contractual Deadweight 11494 t Ot 2786t 2988t | 843m | 0.63m | 2.65m
LD33 20% HFO, 100% PW, 20%GW 11195t 7341 757t 3852t | 844m | 0.11m | 2.56m
LD35 100% HFO, 20% PW, 100%GW 14427 t 1096t 3644 t 750t | 873m | 0.15m | 3.04m
LD200 100% Consumables max. Draught | 14771t 0t 3643 t 3861t | 874m | 047m | 2.77m
LD230 50% Consumables 12339t 1379t 1868 t 1224t | 855m | -0.04m | 2.69m
LD250 10% Consumables 12309t 2954 t 411+t 433t | 856m | -0.19m | 2.82m
LD330 20% HFO, 100% PW, 20%GW 12695 t 734t 757t 3852t | 857m | 0.11m | 2.56m
LD350 100% HFO, 20% PW, 100%GW 14830t 250t 3644 t 750t | 873m | 0.69m | 2.95m
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——GM Limit SOLAS Ch.lI-1 Reg.7
3,3 GM Limit Curve Intact, Tr=0
GM
* ——GM limit Curve Reg-8
°
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Draught
Figure 74: GM limiting curve

With these GM limiting values the attained index has been calculated.
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Table 68: Attained indices, version M1

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 319.143 m
Breadth at the load line 40.800 m
Breadth at the bulkhead deck 40.800 m
Number of persons N1 5422
Number of persons N2 1308
Required subdivision index R 0.85970
SOLAS 2009
A-
A A-light A-partial subdivision
1 0,8529 0,1693 0,3380 0,3456
mean A 0,8529 0,8464 0,8450 0,8640
Bottom damages B0O
A-
repetition A A-light A-partial subdivision
1 0,9378 0,1875 0,3748 0,3755
2 0,9419 0,1883 0,3765 0,3770
3 0,9394 0,1878 0,3755 0,3761
4 0,9422 0,1884 0,3766 0,3772
5 0,9420 0,1883 0,3766 0,3771
mean A 0,9406 0,9402 0,9401 0,9414
Side damages S00
A-
repetition A A-light A-partial subdivision
1 0,9817 0,1961 0,3921 0,3936
2 0,9834 0,1965 0,3928 0,3941
3 0,9823 0,1962 0,3923 0,3938
4 0,9805 0,1958 0,3915 0,3932
5 0,9814 0,1961 0,3923 0,3930
mean A 0,9818 0,9806 0,9805 0,9838

The obtained results are presented in the diagrams below.
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Figure 76: Attained index side damages
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Figure 77: Comparison of attained index with SOLAS2009
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Although these changes show a significant improvement for the survivability after grounding
the applied changes are not suitable as the required index for SOLAS 2009 could not be
reached anymore. The main reasons may be the increased double bottom height, which
means that the damages with lesser extent have less stability in those cases where the double
hull will not flood the double bottom and secondly the double hull, which increases the heel in

intermediate stages, as the double hull cannot be flooded instantaneously.

8.11.1.9 Version M2, optimized grounding version with watertight decks
The application of watertight decks has been made in the same way as for the version G3.

The results of the damage calculations are:

Table 69 Attained indices - Version M2

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 319.143 m
Breadth at the load line 40.800 m
Breadth at the bulkhead deck 40.800 m
Number of persons N1 5422
Number of persons N2 1308
Required subdivision index 0.85970
SOLAS 2009
A-
A A-light A-partial subdivision
1 0,8747 0,1745 0,3474 0,3528
mean A 0,8747 0,8727 0,8684 0,8820
Bottom damages B0OO
A-
repetition A A-light A-partial subdivision
1 0,9437 0,1891 0,3776 0,3769
2 0,9418 0,1888 0,3770 0,3761
3 0,9404 0,1886 0,3763 0,3755
4 0,9395 0,1885 0,3760 0,3751
5 0,9428 0,1890 0,3773 0,3764
mean A 0,9416 0,9440 0,9421 0,9400
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Side damages S00
repetition A A-light A-partial subdivision
1 0,9771 0,1947 0,3900 0,3924
2 0,9789 0,1953 0,3908 0,3928
3 0,9775 0,1952 0,3902 0,3921
4 0,9782 0,1952 0,3907 0,3924
5 0,9785 0,1952 0,3907 0,3926
mean A 0,9780 0,9755 0,9762 0,9811

The obtained results are presented in the diagrams below.

M2 Bottom damages

1,0000
0,9000 -
0,3000 -
0,7000 -
0,6000 -
0,5000 -
0,4000 -
0,3000 -
0,2000 -
0,1000
0,0000

m A-subdivision

W A-partial
W A-light
T T T T
1 2 3 4 5

Figure 78: Attained index for bottom damages
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Figure 79: Attained index for side damages
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Figure 80: Comparison of attained index with SOLAS2009

The results show in comparison with the version M1 only small changes in the attained index
but at least the required index according SOLAS2009 has been fulfilled. The same tendency
appears as for the versions K2 and K3, that the additional watertight decks are contributing
much less for an already optimized design.

8.11.1.10 Comparison of results
The different design variations show a significant change in the attained index for grounding.

Table 70: Overview results

Version G2 G3 K3 K4 M1 M2
as G2 opt. as K3 double hull as M1
L reference . . . . .

Description version with wt Version with wt increased with wt
decks for collision decks DB height decks

SOLAS2009 0,8626 0,8643 0,8747 0,8792 0,8529 0,8747

A Bottom

Damages 0,9171 0,9264 0,9625 0,9621 0,9406 0,9416

A Side Damages 0,9135 0,9354 0,9522 0,9534 0,9818 0,9780

It can be observed that the attained index for all design variations is significantly higher than
the attained subdivision index for collision according to SOLAS2009.

The introduction of watertight decks is only contributing to the index for the initial design,
while optimized designs cannot be further improved by the watertight deck option.
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Figure 81: Comparison of attained index for design variations

8.11.1.11 Convergence of attained indices

Due to the basic principle of the methodology, using the Monte Carlo approach, the
calculations require a certain size of the data sample to achieve a consistent result. To
validate the accuracy for bottom and side grounding damages the number of generated
damage breaches has been varied between 1000 and 50000. It can be seen that for 1000 and
5000 breaches the variation of the attained index is quite significant, while for 10000 and
more breaches the results show small dispersion. The results for version G2 are listed below.
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Table 71: Results of repetitions - bottom damages

No of Breaches A A-light A-partial A-subdivision
1000 0.91863 0.18397 0.36742 0.36724
1000 0.9169 0.18333 0.36669 0.36687
1000 0.90418 0.18102 0.36156 0.36159
1000 0.93298 0.18659 0.37307 0.37332
1000 0.898 0.17982 0.35932 0.35887
5000 0.91818 0.18379 0.36732 0.36708
5000 0.911 0.1825 0.36433 0.36417
5000 0.92152 0.1845 0.35858 0.36844
5000 0.91424 0.18295 0.36535 0.36594
5000 0.91281 0.18276 0.36516 0.36489

10000 0.91358 0.18287 0.3654 0.36531
10000 0.919 0.18395 0.36763 0.36742
10000 0.92035 0.18423 0.36817 0.36795
10000 0.91607 0.18335 0.36643 0.36628
10000 0.91662 0.18358 0.36664 0.3664
50000 0.91687 0.18354 0.3669 0.36663
50000 0.91543 0.1833 0.36615 0.36598
50000 0.91535 0.18331 0.36611 0.36594
50000 0.9161 0.18341 0.3664 0.36629
50000 0.91641 0.1835 0.36655 0.36636

Table 72: Results of repetitions - side damages

No of Breaches A A-light A-partial A-subdivision
1000 0.91127 0.1829 0.36399 0.36497
1000 0.91753 0.18386 0.36563 0.36803
1000 0.91552 0.18377 0.36476 0.36699
1000 0.92006 0.18463 0.36682 0.3686
1000 0.92309 0.18472 0.36814 0.37022
5000 0.9126 0.18277 0.36324 0.36659
5000 0.91472 0.18338 0.36421 0.36713
5000 0.92051 0.18427 0.36681 0.36943
5000 0.91254 0.18274 0.3635 0.36631
5000 0.91781 0.18395 0.36566 0.3682

10000 0.9107 0.18244 0.36238 0.36588
10000 0.91584 0.18352 0.36487 0.36745
10000 0.91329 0.18301 0.3637 0.36657
10000 0.91322 0.18287 0.36396 0.36639
10000 0.91441 0.18308 0.36406 0.36727
50000 0.91353 0.18292 0.36392 0.36669
50000 0.91272 0.18292 0.36348 0.36631
50000 0.91207 0.18279 0.36348 0.3658
50000 0.91393 0.18311 0.36395 0.36687
50000 0.91372 0.18308 0.36393 0.36671
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Figure 82: Spread of results for variation of number of breaches

With increasing number of breaches also the number of damage scenarios resulting in the
same flooding extent increases as well, which means that the number of different damage
cases is not linear with the number of generated breaches (see Figure 83).
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Figure 83: Relation between number of damages and nhumber of breaches
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Based on the results it has been decided to use the 10000 breach calculations with 5
repetitions for comparison of the different design variations.

8.11.1.12 Cost Benefit Assessment

For the cost benefit analysis the assessment of the life-cycle costs is based on the same
assumptions as described in Task 1 for the investigation of collision.

Using the assumptions above following costs presented as net present values are achieved for
the different design variations:

Table 73: Summary of costs

Version G2 G3 K3 K4 M1 M2
as G2 opt. as K3 double hull | as M1
reference with wt Version with wt increased | with wt
description version decks for collision decks DB height | decks
Loa 320 320 320 320 323 323
Lbp 294.6 294.6 294.6 294.6 297.2 297.2
L subd 315.67 315.67 315.67 315.67 318.27 318.27
B 40.8 40.8 40.8 40.8 40.8 40.8
T 8.75 8.75 8.75 8.75 8.75 8.75
Height BHD 11.8 11.8 12.2 12.2 12.2 12.2
DW 11500 11500 11500 11500 11500 11500
Gross Tonnnage 153400 153400 155000 155000 156103 156103
Number Pass 5135 5135 5135 5135 5135 5135
Number Crew 1595 1595 1595 1595 1595 1595
Lifeboat capacity 5422 5422 5422 5422 5422 5422
N1 5422 5422 5422 5422 5422 5422
N2 1308 1308 1308 1308 1308 1308
Change of FOC 0 0 0 0 532 532

At the same time, the changes of the attained index for bottom and side damages that can be
achieved with the design modifications are summarized in Table 74. The resulting change of
PLL is based on the risk model developed for grounding and contact accidents taking into
account the different contribution of side and bottom damages to the risk. Due to the
contribution of both kinds of damages to the overall risk a joint diagram of the maximum
allowable costs to stay within the limits of cost effectiveness cannot be produced, but the delta
PLL needs to be calculated for each design option separately as shown below.
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Table 74: Cost effectiveness

Version G2 G3 K3 K4 M1 M2
as G2 ) double hull as M1
A reference . opt. version as K3 . .
description version with wt for collision | with wt decks increased with wt
decks DB height decks
attained index A 0,9171 0,9264 0,9625 0,9621 0,9406 0,9416
bottom
:it;:'"e"' index A 0,9135 0,9354 0,9522 0,9534 0,9818 0,9780
mean attained 0,9142 0,9336 0,9543 0,9551 0,9736 0,9707
index A grounding
delta PLL bottom 0,0000 0,2072 1,0114 1,0025 0,5235 0,5458
delta PLL side 0,0000 2,0696 3,6573 3,7707 6,4547 6,0955
Delta A 0,0000 0,0193 0,0400 0,0410 0,0594 0,0565
delta PLL Total 0,0000 2,2768 4,6687 4,7732 6,9782 6,6413
NetCAF = 4 Mio $ 0s$ 9.107.314 $ 18.674.864 $ 19.092.842 $ 27.912.707 $ | 26.565.348 $
NetCAF = 8 Mio $ 0$ 18.214.627 $ 37.349.728 S 38.185.684 S 55.825.415$ | 53.130.695 $
:itvpresent Value 0s$ -879.757 $ 5.327.520 $ 5.614.569 $ 10.967.455$ | 11.512.731$

The mean value of the attained index for grounding shown in Table 74 is calculated according
to the equation (51) given in sub-chapter 8.10 of this report.
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50.000.0008 )
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It can be seen all the investigated risk control options are within the limits of the assumed
NetCAF values. The negative NPV for version G3 results from the change of revenue due to
the reduced probability of a total loss coming from the higher attained index.

Due to the rather high attained indices no further options have been investigated, as it may
become technically extremely difficult to find further improvements within the design
constraints.

8.11.1.13 Conclusion and selection of optimized design

The analysis of the different RCOs shows a significant potential to improve the survivability
after grounding. It is remarkable, that the most obvious options, like application of a double
hull and an increase of the double bottom height result in an increase of the attained index for
grounding, but at the same time reduce the attained index according SOLAS II-1 for collision
accidents.

The options selected in Task 1 to improve the survivability against collision show also for
grounding a huge improvement and this implies that for this ship type any improvement for
the required index for collision will also improve the survivability after grounding.

The use of watertight decks in the optimized versions, either from collision or grounding, do
not have any significant positive influence on the attained index.
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8.11.2 Ship #2 Small Cruise Ship

8.11.2.1 General Approach
The calculation of the attained index for bottom and side grounding damages on the small
cruise have been performed using the provided software tool in the software system NAPA.

For the comparison of the different versions the mean values of 5 repetitions for 10000
breaches have been used.

In comparison with the calculations according to SOLAS the data model has been amended to
reflect any up-flooding correctly along the decks below the bulkhead deck and the bulkhead
deck itself.

See below figure showing an example of the added connections.

Figure 85: Vertical connection example

The calculation for bottom grounding have been carried out considering an “unsafe” room as
shown in the below figure.

-

Figure 86: Location of virtual room for open pipes and ducts

All damage cases involving that room have not been considered to contribute to A. In this
area usually those piping and ducting including valves are located, which must not be
damaged but may be flooded. The systems located in this area may cause progressive
flooding if they get damaged, but the watertight integrity is maintained as long as only the
space is flooded.
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To reflect this vulnerable area in the grounding calculations correctly, a virtual room has been
defined without any permeability. In any damage case, where this virtual room is penetrated,
the damage will not be survived and s=0 is set.

Then it must been noted that the SOLAS 2009 calculations for this vessel have been carried
with only one zone for each compartment containing tanks. This means that the area limited
longitudinally by two consecutive transversal bulkheads and transversally by the side
bulkhead of the tank under consideration is used to arrange valves, pipes and systems
connected with that tank.

In order to maintain the same approach in the grounding calculation, for each tank a virtual
room called “VA_[room name]” has been defined with permeability equal to zero and a
connection has been added between the tank and the virtual room. In that way, as soon as
the virtual room is damaged, the tank will be flooded.

The figure below shows an example of this virtual room connected to a structural tank.

K-.
x-\_\\x

K

90 108 g 18

T

_,-—-"’_'_’f

VA_R0908

|

CONN ~ » COMP > OPEN  » STAGE »
39 VA_ROS08 ROS08 h4 1

Figure 87: Example of virtual room coonected to tank

8.11.2.2 Results of grounding calculations

For the small cruise the initial design version and the redesigned ship according to Task 1
have been used to calculate the attained index due to bottom and side grounding. The
following table shows an overview of the two versions calculated, which will be described in
the following sections in more detail.
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Table 75: Design variations

Version

Description

00

Initial design

09

Redesigned ship according to Task 1 that has the following
improvements compared to version 00:
- Sillincreased on external weathertight aft doors
- Deck 3 made watertight for comp n.2 and n.3
- Cross flooding section within DB void spaces improved
adding pipes
- Two weathertight doors added and a watertight door
added on the bulkhead deck
- Increased Beam by 0.1m (new B=20.1m)

8.11.2.3 Version 00

The following figure shows the GM values of the loading conditions and those used for the
collision and grounding calculation for the three draughts:
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Figure 88: Example GM vs Draught of virtual room coonected to tank

With these GM limiting values the attained index has been calculated and the obtained results
are summarized in the following:
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Table 76: Attained indices, version 00

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 125.8 m
Breadth at the load line 20.0 m
Breadth at the bulkhead deck 20.0 m
Number of persons N1 478
Number of persons N2 0
Required subdivision index 0.6978
SOLAS 2009
A A-light A-partial A-subdivision
1 0.7202 0.1456 0.2883 0.2864
mean A 0.7202 0.1456 0.2883 0.2864

Bottom damages B00

repetition A A-light A-partial A-subdivision
1 0.8790 0.1773 0.3532 0.3484

2 0.8853 0.1787 0.3559 0.3507

3 0.8780 0.1772 0.3528 0.3479

4 0.8762 0.1770 0.3525 0.3466

5 0.8808 0.1779 0.3542 0.3486
mean A 0.8799 0.1776 0.3537 0.3485

Side damages S00

repetition A A-light A-partial A-subdivision
1 0.8242 0.1636 0.3271 0.3336

2 0.8292 0.1647 0.3292 0.3354

3 0.8311 0.1654 0.3300 0.3357

4 0.8363 0.1662 0.3319 0.3382

5 0.8352 0.1660 0.3316 0.3376
mean A 0.8312 0.1652 0.3299 0.3361

Table 77 Attained index

The obtained results are presented in the diagrams below.
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Figure 89: Attained index for bottom damages (version 00)
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Figure 90: Attained index for side damages (version 00)
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Figure 91: Comaprison of attained indices with SOLAS 2009 (version 00)
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The attained indices for grounding, both for bottom and side damages are significantly higher
than for collision according SOLAS2009.

8.11.2.4 Version 09, redesigned ship according to task 1

Using the same approach showed for the initial design the grounding calculations have been
carried out on the redesigned ship for collision in Task 1. With reference to the reference
version, the following modifications have been applied on the redesigned ship:

- Sillincreased on external weathertight aft doors

- Deck 3 made watertight for comp n.2 and n.3

- Cross flooding section within DB void spaces improved adding pipes

- Two weathertight doors added and a watertight door added on the bulkhead deck
- Increased Beam by 0.1m (new B=20.1m)

The above modifications, and in particular the last one (increase of Beam) resulted in a GM
limit curve as shown in the below figure:
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Figure 92 GM vs Draught (version 09)

The GM values for the three initial conditions have been increased of about 10 cm. The results
of the damage calculations are listed below:
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Table 78: Attained indices, version 09

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 125.8 m
Breadth at the load line 20.1m
Breadth at the bulkhead deck 20.1m
Number of persons N1 478
Number of persons N2 0
Required subdivision index 0.6978
SOLAS 2009
A A-light A-partial A-subdivision
1 0.7789 0.1552 0.3106 0.3131
mean A 0.7789 0.1552 0.3106 0.3131

Bottom damages B00

repetition A A-light A-partial A-subdivision
1 0.9153 0.1846 0.3662 0.3645

2 0.9188 0.1851 0.3677 0.3661

3 0.9198 0.1852 0.3680 0.3665

4 0.9124 0.1838 0.3650 0.3635

5 0.9130 0.1838 0.3652 0.3640
mean A 0.9159 0.1845 0.3664 0.3649

Side damages S00

repetition A A-light A-partial A-subdivision
1 0.8555 0.1712 0.3393 0.3450

2 0.8608 0.1723 0.3415 0.3470

3 0.8570 0.1712 0.3398 0.3460

4 0.8603 0.1721 0.3412 0.3468

5 0.8612 0.1721 0.3413 0.3477
mean A 0.8589 0.1718 0.3406 0.3465

The obtained results are presented in the diagrams below.
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Figure 93: Attained index for bottom damages (version 09)
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Figure 94: Attained index for side damages (version 09)
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Figure 95: Comparison of attained indices with SOLAS2009 (version 09)
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The results show in comparison with the initial version an improvement of the attained index
for grounding by abt.4.0% for bottom damages and abt. 3.3% for side damages while the
increase of A index for collision (SOLAS 2009) is abt.8.1%.

8.11.2.5 Comparison of results

The increase of the attained index for bottom and side grounding of version 09 is summarized
in Table 79, where the PLL for grounding and the NPV for version 09 calculated in Task 1 are
showed also.

Table 79: Overview results and PLL calculation

Version Vs. 00 Vs. 09
Description Ini’FaI sfizdaisécgjrji:g Diff.
design task 1

Crew 162 162 0
Passengers max 316 316 0
Persons Tot. 478 478 0
R SOLAS 2009 0.6978 0.6978 0
A SOLAS2009 0.7202 0.7789 0.0587
A Grounding Bottom 0.8799 0.9159 0.0360
A Grounding Side 0.8312 0.8589 0.0278
Net Present Value NPV 0$ 617'889 S 617'889 S
PLL Grounding Side 0.0379 0.0317 -0.0062
PLL Grounding Bottom 0.0063 0.0044 -0.0019
PLL Grounding TOTAL 0.0443 0.0361 -0.0081

It can be observed from Table 79 that the attained index of version 09 for both side and
bottom grounding is higher than the attained index obtained for version 00. However, the
increase of the attained index, both for side and bottom grounding obtained by version 09 is
smaller than the corresponding increase of the attained index for collisions, calculated
according to SOLAS2009.
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Figure 96: Comparison of attained indices

8.11.2.6 Convergence of attained indices

Due to the basic principle of the methodology using the Monte Carlo approach, the calculations
require a certain size of the data sample to achieve a consistent result. To investigate the
accuracy of the calculations for bottom and side grounding damages, the number of generated
damage breaches has been varied between 1000 and 50000. For bottom damages it can be
seen that with 1000 and 5000 breaches the variation of the attained index is quite significant,
while for 10000 and more breaches the results show small dispersion. For side damages, on
the other hand, a good accuracy has been found even with 5000 breaches. The results of
version 00 (reference version) are listed below:
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Table 80: Results of repetitions for bottom damages

No of Breaches
1000
1000
1000
1000
1000
5000
5000
5000
5000
5000
10000
10000
10000
10000
10000
50000
50000
50000
50000
50000

A
0.8801
0.8706
0.8859
0.8830
0.8797
0.8801
0.8847
0.8770
0.8813
0.8890
0.8790
0.8853
0.8780
0.8762
0.8808
0.8809
0.8800
0.8813
0.8776
0.8789

A-light
0.1776
0.1752
0.1802
0.1789
0.1781
0.1773
0.1787
0.1769
0.1779
0.1793
0.1773
0.1787
0.1772
0.1770
0.1779
0.1778
0.1776
0.1779
0.1771
0.1773

A-partial
0.3535
0.3498
0.3603
0.3541
0.3542
0.3534
0.3557
0.3524
0.3547
0.3576
0.3532
0.3559
0.3528
0.3525
0.3542
0.3541
0.3538
0.3542
0.3527
0.3534

A-subdivision
0.3489
0.3455
0.3554
0.3498
0.3473
0.3493
0.3503
0.3476
0.3487
0.3521
0.3484
0.3507
0.3479
0.3466
0.3486
0.3490
0.3485
0.3491
0.3477
0.3481

Table 81: results of repetitions for side damages

1000
1000
1000
1000
1000
5000
5000
5000
5000
5000
10000
10000
10000
10000
10000
50000
50000
50000
50000
50000

No of Breaches

A
0.8230
0.8247
0.8364
0.8179
0.8138
0.8287
0.8303
0.8317
0.8301
0.8266
0.8242
0.8292
0.8311
0.8363
0.8352
0.8303
0.8294
0.8306
0.8295
0.8310

A-light
0.1630
0.1632
0.1650
0.1622
0.1613
0.1645
0.1648
0.1654
0.1645
0.1636
0.1636
0.1647
0.1654
0.1662
0.1660
0.1648
0.1646
0.1650
0.1646
0.1651

A-partial
0.3256
0.3269
0.3315
0.3251
0.3229
0.3287
0.3298
0.3302
0.3295
0.3279
0.3271
0.3292
0.3300
0.3319
0.3316
0.3295
0.3291
0.3297
0.3292
0.3298

A-subdivision
0.3343
0.3345
0.3398
0.3305
0.3295
0.3354
0.3357
0.3360
0.3360
0.3350
0.3336
0.3354
0.3357
0.3382
0.3376
0.3358
0.3356
0.3358
0.3356
0.3360
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Figure 97: Spread of results for variation of number of breaches

With increasing number of breaches also the number of damage scenarios resulting in the
same flooding extent increases as well, which means that the number of different damage

cases is not linear with the number of generated breaches (Figure 98).
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Figure 98: Relation between number of damages and nhumber of breaches

Based on the results it has been decided to use the 10000 breach calculations with five

repetitions for the comparison of the different design variations.
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8.11.2.7 Conclusion

The analysis of the initial design and the redesigned ship according to collision shows that the
attained index due to grounding, both for bottom and side damages, is significantly higher
than attained index due to collision (SOLAS 2009). Furthermore, the improvement for the
attained index due to collision, according to Task 1, results in an increase of the attained index
of bottom and side grounding even if that increase is lower than the increase obtained for
collision.

As in the redesigned ship for collision no modification have been applied to the double bottom
height, neither side hull cofferdam have been added, it can be assumed that the increase of
the attained index has been obtained for the following improvements essentially:

- Up-flooding reduction due to watertightness of deck 3 in compartments n.2 and n.3

- Increase of GM for the three initial condition (DS, DP, DL) obtained with the increase of
the Beam by 0.1m

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 181



8.11.3 Ship #3 Baltic Cruise Ferry
8.11.3.1 Results of grounding calculations

The calculation of the attained index for bottom and side grounding damages has been
performed for the reference and optimized version for collision using the provided software
tool in the software system NAPA. For the reference version a series of repetitive calculations
varying systematically the number of breaches has been made and detailed results will be
shown in the following.

In comparison with the calculations according to SOLAS, the data model has been amended to
reflect any up-flooding correctly along the decks below the bulkhead (=car) deck. The car
deck is assumed to be watertight and according to SOLAS the unprotected openings shall be
located at a minimum distance of 2.5 m above bulkhead deck. For the grounding calculations
the hull and internal arrangement are modelled up to the boat deck (5. deck). Figure 99
shows an example, how the progressive flooding will occur below the bulkhead deck in case of
a grounding accident resulting to bottom damage. If unprotected openings located 2.5 m
above the car deck will immerse, then s-value will be set equal to zero.

All closing valves (scuppers etc.) leading into car space should be located just below the deck.
This area is shown with yellow colour in the transverse section shown in Figure 99. If in case
of a side grounding the breach extents just below the car deck (with the yellow area
damaged), then the space above the deck is assumed to be damages during the subsequent
stage.

Longitudinal and transversal subdivision according to SOLAS have been so defined that valves
of each tank are located beyond the subdivision lines, in order to protect the tanks assumed to
be intact against any unallowed progressive flooding in case of collision accidents damaging
the ship’s side.

When grounding cases are assumed to occur randomly along ship’s length it was necessary to
define virtual spaces with permeability of 0.001 around the tanks.
If any closing valve located in these virtual spaces is damaged, then it is assumed that this
will result to the progressive flooding of the intact tank. An example of virtual space around
LNG tank is shown in Figure 100.
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The following table shows an overview of the reference design and the optimized version for

collision accidents:

Table 82: Design variations

Version

Description

A Reference design with watertight car deck

Selected optimized version for collision
with watertight car deck

L Breadth increased 0.8 m

Freeboard increased by 0.4m
Subdivided double hull on car deck

8.11.3.2 Reference version A

The results of the calculations for the reference version (version A) are as follows:

Table 83: Attained indices, version A

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 250.96 m
Breadth at the load line 29.00 m
Number of persons N1 984
Number of persons N2 2296
Required subdivision index R 0.830
Attained subdivision index A SOLAS2009 0.85270
Draft / GM: 6.35/ 2.6 6.86/ 2.35 7.2/2.5

A sifss 0.83261

Draft / GM: 6.35/ 2.6 6.86 / 2.45 7.2/2.7

SOLAS 2009+SLF55
A-
A A-light A-partial subdivision
1 0.8326 0.1772 0.3278 0.3233
mean A 0.8326 0.8859 0.8196 0.8082
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Bottom damages B0O

repitition A A-light A-partial A-subd.
1 0,97094 0,19539 0,38854 0,38701
2 0,97064 0,19543 0,38845 0,38676
3 0,97134 0,19533 0,38883 0,38718
4 0,96846 0,19501 0,38777 0,38568
5 0,97224 0,19572 0,38892 0,38760
mean A 0,97072 0,97690 0,97126 0,96712
Side damages S00

repitition A A-light A-partial A-subd.
1 0,93265 0,18442 0,36743 0,38080
02 0,93274 0,18438 0,36729 0,38107
3 0,93755 0,18501 0,36940 0,38314
4 0,93559 0,18493 0,36876 0,38190
5 0,93699 0,18501 0,36926 0,38271
mean A 0,93510 0,92375 0,92107 0,95481

Table 2 - Attained index - version A

The obtained results are presented in the diagrams below:

Reference Design - Bottom Damages
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Figure 101: Attained index for bottom damages - version A
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Reference Design - Side Damages
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Figure 102: Attained index for side damages - version A
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Figure 103: Comparison of attained indices with SOLAS 2009+SLF55 - version A

It can be seen that the attained indices for grounding, both for bottom and for side damages
is significantly higher than the attained index for collision accidents, calculated according to

SOLAS 2009 and SLF 55.
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8.11.3.3 Redesigned L, selected optimized version for collision

The differences between version L, optimized for collisions and the reference design are shown

in Figure 104:

Freeboard +20 cm|

‘Br‘eadth +80 cm

QO]

Subdivided Double Hull on Car Deck
breadth 900 mm

Figure 104: Redefined — Breadth + 80 cm Freeboard + 20 cm + subdivided double
hull on car deck - version L

The results obtained for version L are as follows:

Table 84: Attained indices, version L

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length

Breadth at the load line
Number of persons N1
Number of persons N2
Required subdivision index R

A siess
Draft / GM: 6.35/ 3.35 6.86 / 3.20

SOLAS 2009+SLF55

250.96 m
29.00 m
984

2296
0.830

0.9152
7.2/ 3.30

mean A 0.9152
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Bottom damages B0O

repitition A A-light A-partial A-subd.
1 0,97527 0,19657 0,39020 0,38850

2 0,97276 0,19620 0,38919 0,38737

3 0,97405 0,19610 0,38988 0,38807

4 0,97247 0,19587 0,38901 0,38759

5 0,97379 0,19615 0,38952 0,38812
mean A 0,97367 0,98089 0,97390 0,96983

Side damages S00

repitition A A-light A-partial A-subd.
1 0,96885 0,19063 0,38650 0,39172

2 0,97038 0,19113 0,38705 0,39220

3 0,96904 0,19086 0,38642 0,39176

4 0,96995 0,19073 0,38714 0,39207

5 0,97033 0,19108 0,38702 0,39223
mean A 0,96971 0,95443 0,96707 0,97999

The obtained results are presented in the diagrams below:

Redefined - Bottom Damages
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0,7 W A-partial

m A-light

0,6

0,5
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Figure 105: Attained index for bottom damages - version L
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Figure 106: Attained index for side damages - version L
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Figure 107: Comparison of attained index with SOLAS2009+SLF55 - version L

It can be seen from these results that the differences between the attained indices for
grounding accidents (both for bottom and for side damages) and for collision accidents
according to SOLAS 2009 and SLF 55 are smaller than those observed for the reference

version.
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With these changes for the redefined version L, the following loading conditions have been

created resulting in the GM limiting curve shown below.

Table 85: Loading conditions - version L

NAME TEXT DW BW LNG PW T TR GM
L1 Trailers + Cars Specified 5500t 100t | 350t | 750t | 7,00m | -0,18 m | 3,60 m
L2 Trailers + Cars Specified Arrival 42181t 550t 35t 75t | 6,79m | -0,05m | 3,43 m
Departure, passengers no
L3 cargo, 100% bunkers 2950t 100t | 350t | 750t | 6,56m | -0.20m | 3,64 m
Arrival, passengers, no cargo,
L4 10% bunkers 1956t 6131t 35t 75t | 6,39m | -0,06 m | 3,58 m
L5 As L1 + Ice load 5921t 300t | 350t| 750t | 7,08 m 0,04m | 3,46m
L6 As L2 + Ice load 4975t 861t 35t 75t | 6,92 m 0,05m | 3,40m
L7 As L3 + Ice load 3698 t 628t | 350t | 750t | 6,70m | -0.07m | 3,54 m
L8 As L4 + Ice load 2498 t 1084 t 35t 75t | 6,47m | -0,03m | 3,42 m
L9 50% Cargo/Bunkers/Stores 3323t 50t 175t | 375t | 663m | -0,17m | 3,50m
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Figure 108: GM limiting curve - version L
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8.11.3.4 Comparison of results

The different design variations show a significant change in the attained index for grounding.

Table 86: Overview of results

Version Reference Redesigned
A version L version
Required Index 0,8300 0,8300
Attained Index A soras2009 0,8527 0,9195
Attained Index A g¢ss 0,8326 0,9152
A Bottom Damages 0,97072 0,97367
A Side Damages 0,93510 0,96971
g\.gjzgzg?gﬂ:ta' 0,94222 0,97050
Change in A (Agr tot~ Asiess) 0,11343 0,05486
PLL side 0,18109 0,08455
PLL bottom 0,02213 0,01986
PLL total 0,20322 0,10441

The mean value of the attained index for grounding shown in in Table 86 and Figure 109 is
calculated according to the equation (51) given in sub-chapter 8.10 of this report.

Attained Index

0.98
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0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8
0.78
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Redeigned - L

B SOLAS2009 Inc. SLF55
B Bottom Damages
1 Side Damages

B Mean Grounding

Figure 109: Comparison of attained index for reference and redesigned versions
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8.11.3.5 Convergence of attained indices

Due to the basic principle of the methodology using the Monte Carlo approach, the calculations
require a certain size of the data sample to achieve a consistent result. To investigate the
accuracy for bottom and side grounding damages, the number of generated damage breaches
has been varied between 1000 and 50000. It can be seen that for 1000 and 5000 breaches
the variation of the attained index is quite significant while for 10000 and more breaches the
results show small dispersion. The results of version A - Reference are listed below. It should
be noted that these results have been calculated by assuming that the car deck is not
watertight. Therefore the attained indices for bottom and side damage are quite smaller than

those listed in Table 86.

Table 87: Results of repetitions - bottom damages

No of Breaches A
1000
1000
1000
1000
1000
5000
5000
5000
5000
5000

10000
10000
10000
10000
10000
50000
50000
50000
50000
50000

0,94867
0,93388
0,92408
0,92426
0,93107
0,93002
0,93351
0,93447
0,93144
0,93706
0,93124

0,9317
0,93022
0,93147
0,93287
0,93144
0,92961
0,18847
0,93054
0,93083

A-light

0,1916
0,18904
0,18691

0,1868
0,18834
0,18824

0,1888

0,1888
0,18862

0,1894
0,18834
0,18844
0,18823
0,18856
0,18864
0,18833
0,18821
0,37236
0,18833
0,18826

A-partial
0,37926
0,37355
0,36936
0,36957
0,37242
0,37178
0,37329
0,37373
0,37235

0,3747
0,37229
0,37252
0,37176
0,37242
0,37304
0,37236

0,3716
0,37067
0,37196
0,37213

A-

subdivision

0,37782
0,37129
0,3678
0,3679
0,37031
0,37
0,37142
0,37193
0,37047
0,37296
0,37062
0,37073
0,37022
0,37049
0,3712
0,370074
0,36981
0,37067
0,37054
0,37044
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Table 88: Results of repetitions - side damages

No of breaches

A-
No of Breaches A A-light A-partial subdivision
1000 0,88497 0,1806 0,35025 0,35412
1000 0,85419 0,17528 0,33795 0,34097
1000 0,87426 0,1788 0,3458 0,34965
1000 0,87167 0,17836 0,34478 0,34852
1000 0,85318 0,17513 0,33673 0,34132
5000 0,87308 0,17823 0,34493 0,34992
5000 0,85845 0,17707 0,33912 0,34227
5000 0,86846 0,17886 0,3438 0,34581
5000 0,86768 0,17852 0,34312 0,34603
5000 0,86716 0,17856 0,34247 0,34613
10000 0,86266 0,17731 0,34109 0,34425
10000 0,8623 0,17739 0,34087 0,34404
10000 0,86193 0,17734 0,34079 0,34379
10000 0,8606 0,17711 0,34008 0,34341
10000 0,86602 0,17813 0,34274 0,34515
50000 0,86059 0,17702 0,34032 0,34325
50000 0,85979 0,17673 0,33992 0,34314
50000 0,861 0,17708 0,34036 0,34356
50000 0,86136 0,1773 0,34346 0,34356
50000 0,86232 0,17733 0,34092 0,34407
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Figure 110: Spread of results for variation of number of breaches
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With increasing number of breaches also the number of damage scenarios resulting in the
same flooding extent increases as well, which means that the number of different damage
cases is not linear with the number of generated breaches.
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7000
M Bottom damages
6000 |
+ Side damages
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g
g 4000
3
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2
| |
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)
0 T T T
0 10000 20000 30000 40000 50000
No of breaches

Figure 111: Relation between number of damages and number of breaches

Based on the results it has been decided to use the 10000 breach calculations with five
repetitions for the comparison of the different design variations.

8.11.3.6 Conclusion

In general it can be concluded that the attained index for grounding damage both for bottom
and side damage cases will increase, if the ship is optimized for collision according SOLAS2009.
This difference is shown in Figure 109.

The Car deck is in general watertight and therefore this will have a huge impact on
survivability of RoPax ships in grounding cases, which will protect the car space above the
bulkhead decks.

Special attention should be paid in the future on large cargo hatches located on the car deck.
According to the International Load Line Convention these hatches shall be weathertight at the
moment. Therefore the required pressure head to sustain large grounding cases should be
investigated for these hatches, if real watertightness of car deck is assumed.
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8.11.4 Ship #4 Mediterranean RoPax
8.11.4.1 General Approach and assumptions
The following table shows an overview of the applied design variations, which will be described

in the following sections one by one in more detail.

Table 89 design variations

Version Vo vVi4 V15 vV1ie

Optimized for
original collision: Internal
design subdivision +
Breadth increased

Cross flooding devices |Additional
+ watertightness of watertight parts of
longitudinal bulkheads |decks

Description

The calculation of the attained index for bottom and side grounding damages has been
performed for the described versions using the provided macros in the software system NAPA.

In addition, weathertight openings have been taken into account for each stage, intermediate
and final. This has been realized by adapting the macro as follows:

» Before: + After:
@if shs(sfactype,1,3)="FIN' then @afa=min(afawe, afaun)
@afa=max(fawe, faun)/ro
@else
@afa=afaun
@endif

Where the flooding time is not estimated to be less than 600s, the final s-factor has been
applied. The same principle applies for upflooding through non watertight parts of decks.

No “safe zone” with s = 0, has been introduced. It is far too penalizing, as most of the
damages are survivable. The impact of the progressive flooding from damaged pipes to
connected tanks is low.

For the reference version a number of iterations with regard to the number of damages have
been made and detailed results will be shown later.

For the comparison of the different design variants the mean values of 5 repetitions for 10000
breaches have been used.

In comparison with the calculations according to SOLAS the data model has been amended to
reflect correctly any up-flooding along the decks below the bulkhead deck. This has been
made assuming that:

- the non-tight decks and bulkheads may lead to progressive flooding.

- where these non-tight boundaries are not fitted with flooding devices, the final s-factor
formula is used before and after the progressive flooding.
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Calculations have been made according to SLF55 for final S factor calculated with 0.20m for

GZmax and 20° for Range for damages involving Roro spaces.

8.11.4.2 Reference version V0O

The results of the reference version are as follows:

Table 90 Attained indices - Reference version VOO

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length for collision 184.997 m
Subdivision length for grounding

Breadth at the load line 31.000 m
Breadth at the bulkhead deck 31.000 m
Total persons on board used for R calculation 1700

Total persons in lifeboats used for R calculation 568

Collision SOLAS 2009 + Criteria SLF 55

179.150 m (at maximal draught)

A A-light A-partial A-subdivision
1 0.8398 0.1907 0.3295 0.3196
mean A 0.8398 0.9535 0.8237 0.7991

Bottom damages BOO
10000 generated damages

repetition A A-light A-partial A-subdivision
1 0.9810 0.1978 0.3921 0.3911
2 0.9827 0.1981 0.3927 0.3919
3 0.9767 0.1973 0.3903 0.3891
4 0.9808 0.1980 0.3919 0.3909
5 0.9842 0.1980 0.3935 0.3927
mean A 0.9811 0.9892 0.9802 0.9779
Side damages SO0
10000 generated damages
repetition A A-light A-partial A-subdivision
1 0.9471 0.1944 0.3753 0.3774
2 0.9440 0.1939 0.3738 0.3763
3 0.9463 0.1941 0.3750 0.3772
4 0.9484 0.1943 0.3760 0.3781
5 0.9517 0.1950 0.3773 0.3795
mean A 0.9475 0.9716 0.9387 0.9442
The results are presented in the diagrams below:
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Figure 112: Attained index for bottom damages - Reference version VOO
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Figure 113: Attained index for side damages - Reference version VOO
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Figure 114: Comparison of attained indices with SLF 55 - Reference version VOO
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It can be seen that the attained index for grounding, both for bottom and side damages is
significantly higher than for collision according SOLAS2009.

This is mainly due to watertight car deck. For bottom damages, there is ho damage involving
the car-deck and for side damages, only 10% of the cases are involving the car deck.

8.11.4.3 Reference version V14, optimized for collision

This version is the selected optimized version from Task 1, resulting in the best increase of A
while staying within the limits of cost effectiveness.

The following changes have been applied compared to the reference version:

e Increase of breadth from 31.00m to 31.20m

e Addition of a Watertight zone in the aft part (addition of a watertight bulkhead at
Frame 11 and shift of the watertight bulkhead from Frame 5 to 2)

e Addition of a Watertight zone in the fore part (addition ofa watertight bulkhead at
Frame 134, shift of watertight bulkheads from Frame 128 to 125 and from Frame 140
to 143)

The modifications to the design together with the changes to weight, loading conditions and
GM limit values are shown in the final report of Task 1.

The following attained indices are calculated:
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Table 91: Attained indices - version V14

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 185.321 m
Subdivision length for grounding

Breadth at the load line 31.200 m
Breadth at the bulkhead deck 31.200 m
Total persons on board used for R calculation 1700

Total persons in lifeboats used for R calculation 568

Collision SOLAS 2009 + Criteria SLF 55

179.34 m (at maximal draught)

A A-light A-partial  A-subdivision
1 0.8718 0.1936 0.3446 0.3336
mean A 0.8718 0.9678 0.8615 0.8340

Bottom damages BOO:
10000 generated damages

repetition A A-light A-partial  A-subdivision
1 0.9848 0.1983 0.3939 0.3926
2 0.9811 0.1978 0.3923 0.3910
3 0.9850 0.1984 0.3937 0.3929
4 0.9814 0.1979 0.3923 0.3912
5 0.9822 0.1981 0.3926 0.3915
mean A 0.9829 0.9905 0.9824 0.9796
Side damages SO0
10000 generated damages
repetition A A-light A-partial  A-subdivision
1 0.9501 0.1945 0.3773 0.3784
2 0.9555 0.1954 0.3796 0.3805
3 0.9507 0.1948 0.3775 0.3784
4 0.9523 0.1949 0.3780 0.3795
5 0.9507 0.1946 0.3776 0.3785
mean A 0.9519 0.9742 0.9450 0.9476

The results are presented in the diagrams below:
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Figure 115: Attained index for bottom damages - version V14
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Figure 116: Attained index for side dam

ages - version V14
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Figure 117: Comparison of attained indices with SLF 55 - version V14
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As observed for the reference version, the attained index for grounding, both for bottom and
side damages is significantly higher than for collision, calculated according to SOLAS 2009 and
SLF 55.

The increase in attained indices in grounding is not significant, compared to the reference
version V0O0. This is most likely due to the high indices in grounding reached for the reference
version

1.0000
0.9500 -
0.9000 mSLF55
m Bottom Damages
0.8500 - Side Damages
B mean grounding
0.8000 -
0.7500 -
V0O V14

Figure 118: Comparison of attained index for design variations

8.11.4.4 Optimization method for grounding

Among 1000 damages, analysis of all damages with SFAC < 0.5

- Rooms frequently involved (>20 times) in these damages are listed: Car deck, heeling
tanks, forward symmetrical spaces, machinery spaces, unsymmetrical engine stores,
ECR.

- Geometrical changes are identified, where it seems possible to reduce the flooded
volume or limit the asymmetry of the damages. This lead to our optimized version V15

o Addition of cross-flooding devices between store on PS and ECR on SB.
o Watertight boundaries for engine workshop on PS and engine store on SB

— For our RoPax ship, increasing the height of the double bottom would have the
following adverse effects:

o Raise the freeboard deck => Increase the KG

o Increase the flooded volume bellow bulkhead deck for all bottom damages
extending higher than the double bottom

— In order to restrict the volume of flooded water, the addition of some watertight parts
of decks is more effective. It plays the role of an extended double bottom. This leads to
our optimized version V16
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8.11.4.5 Version V15, applied RCOs for grounding

Main characteristics:

Addition of cross-flooding devices between store on port side and ECR (engine control
room) on starboard side.

Watertight boundaries for engine workshop on port side and engine store on starboard
side.

Addition of two watertight doors in the watertight bulkheads.

r
r
3

Ve
STORE

FILTER/METER
FUEL

CONTROL ROO®

F vC
44 K3

Figure 119: Version V15

Cost of the modification:

Depending on the initial scantling of the bulkhead, some steel reinforcement may be
added to ensure the watertightness of the bulkheads.

Addition of two WTD, and two flooding devices.

The Net Present Value (NPV) has been calculated as in Task 1. Over the ship’s life,
some additional costs for fuel are expected, but they should be very low as the addition
of weight is very low for this solution.

The cost benefit assessment is presented in the following (sub-section 8.11.4.9).

The following attained indices are calculated:
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Table 92: Attained indices - version V15

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 185.321 m

Subdivision length for grounding 179.34 m (at maximal draught)
Breadth at the load line 31.200 m

Breadth at the bulkhead deck 31.200 m

Total persons on board used for R calculation 1700

Total persons in lifeboats used for R calculation 568

A-light
0.1936

A-partial A-subdivision
0.3446 0.3336

SLF 55
A
1 0.8717
mean A 0.8717

Bottom damages BOO

repitition A A-light A-partial A-subdivision
1 0.9835 0.1983 0.3930 0.3921
2 0.9821 0.1980 0.3926 0.3915
3 0.9809 0.1980 0.3922 0.3908
4 0.9845 0.1983 0.3937 0.3925
5 0.9807 0.1978 0.3920 0.3909
mean A 0.9823 0.9904 0.9817 0.9789
Side damages S00
repitition A A-light A-partial A-subdivision
1 0.9599 0.1956 0.3817 0.3826
2 0.9613 0.1958 0.3824 0.3831
3 0.9567 0.1953 0.3799 0.3815
4 0.9565 0.1952 0.3800 0.3813
5 0.9574 0.1954 0.3804 0.3815
mean A 0.9584 0.9775 0.9522 0.9550
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Figure 120: Comparison of attained index with SLF 55 - version V15
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Figure 121: Comparison of attained index for design variations

The Side grounding Index is increased by 0.003, compared with V14, optimized for collision.

8.11.4.6 Version V16, applied RCOs for grounding

Main characteristics:

Addition of watertight parts of decks, reducing the volume of flooded water. These additional
watertight parts of decks act like an extended double bottom.

Cost impact of this modification:

Additional escape trunks. Increased complexity for circulation and networks integration
Addition of some reinforcement for watertight boundaries: depending on initial scantling
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Figure 122: Version V16

The following attained indices are calculated:
Table 93: Attained indices - version V16

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length 185.321 m

Subdivision length for grounding 179.34 m (at maximal draught)
Breadth at the load line 31.200 m

Breadth at the bulkhead deck 31.200 m

Total persons on board used for R calculation 1700

Total persons in lifeboats used for R calculation 568

SLF 55
A A-light A-partial A-subdivision
1 0.8809 0.1936 0.3495 0.3377
mean A 0.8809

Bottom damages B0O

repitition A A-light A-partial A-subdivision
1 0.9955 0.1994 0.3982 0.3978

2 0.9945 0.1993 0.3979 0.3973

3 0.9943 0.1992 0.3978 0.3973

4 0.9945 0.1992 0.3979 0.3974

5 0.9951 0.1994 0.3983 0.3975
mean A 0.9948 0.9965 0.9951 0.9936
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Side damages S00
repitition A A-light A-partial A-subdivision
1 0.9691 0.1971 0.3855 0.3864
2 0.9681 0.1969 0.3849 0.3863
3 0.9679 0.1970 0.3847 0.3862
4 0.9680 0.1971 0.3848 0.3861
5 0.9669 0.1969 0.3845 0.3855
mean A 0.9680 0.9850 0.9622 0.9652
1.0200
1.0000
0.9800 -
0.9600 mSLF 55
0.9400 -
0.9200 - m Bottom damages
0.9000 - BOO
0.8800 m Side damages S00
0.8600 -
0.8400 -
0.8200 -
Version V16

Figure 123: Comparison of attained index with SLF 55 - version V16

1.0000
0.9800
0.9600
0.9400
0.9200
0.9000
0.8800
0.8600
0.8400
0.8200
0.8000

V14 V15 V16

BSLF55
H Bottom Damages
 Side Damages

B mean grounding

Figure 124: Comparison of attained index for design variations

The index increase in collision and grounding is significant for this version, compared to V14.
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8.11.4.7 Comparison of results

Table 94: Comparison of attained indices for design variations

Version Voo V14 V15 V16
Optimized for collision: | Cross flooding devices + Additional
original design | Internal subdivision + watertightness of watertight parts of
Breadth increased longitudinal bulkheads decks

Collision SOLAS2009

+SLF55 0.8398 0.8718 0.8717 0.880855
Bottom Damages 0.9811 0.9829 0.9823 0.99478
Side Damages 0.9475 0.9519 0.9584 0.967974
Mean attained index A
. 0.954 0.958 0.963 0.973
grounding Agr
Change in A 0,0000 0.0039 0.0051 ¥ 0.0152 @

() compared to V14

The Attained Survivability Index for grounding and contact accidents Agz in Table 94 is
calculated according to equation (55), presented in section 8.10.

The original design VO gives very good results in bottom and side grounding. This is mainly
due to watertight car deck. For bottom damages, there is no damage involving the car-deck
and for side damages, only 10% of the cases are involving the car deck. This probably
explains that the attained indices in grounding are not much higher for the optimized version
V14, than for the original version V0. Starting with an already quite high index of 0.947, it
becomes quite difficult to further increase the index with the proposed enhancements.

Both design variants V15 and V16 bring some enhancement, with relatively light modifications.
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Figure 125: Comparison of attained index for design variations

8.11.4.8 Convergence of attained indices

Due to the basic principle of the methodology using the Monte Carlo approach, the calculations
require a certain size of the data sample to achieve a consistent result. To investigate the
accuracy for bottom and side grounding damages the number of generated damage breaches
has been varied between 1000 and 50000. It can be seen that in this case even with a small
number of breaches (as low as for 1000 and 5000 breaches) the variation of the attained

index is quite small.

0.99

0.988

0.986
0.984

Attained index A

0.976

.
0.982 =
0.98 ——]—‘F
-

0978 =

B Bottom damages

[ | = Mean bottom

0.974

0.972

0.97

0

10000 20000 30000 40000 50000 60000
Number of generated damages

Figure 126: Convergence of Results for Reference Version

The number of the different damages cases increases with the number of generated damages,

but not in a linear way.
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Figure 127: Number of identified damage cases vs. number of hull breaches

Despite the fact that the results were quite stable even with a smaller humber of breaches,
based on the experience from the other designs it was decided to use the 10000 breach
calculations with 5 repetitions for comparison of the different design variations.

8.11.4.9 Cost Benefit Assessment

The cost analysis is based on the same assumptions as described in Task 1 for the
investigation of collision. Using these assumptions the following costs presented as net
present values are achieved for the different design variations:

The V14, optimized for collision, is compared to the reference version VO, whereas the V15
and V16, optimized for grounding, are compared to the V14, which is the basic version used
to study the grounding optimization.

Table 95: Main characteristics of tested RCOs

Version Vo vi4 V15 V16
original V14 - Internal Cross flooding devices Additional

description degsi n subdivision + + watertightness of | watertight parts

9 Breadth increased | longitudinal bulkheads of decks

Loa 185 185 185 185

B 31 31.2 31.2 31.2

T 6.6 6.65 6.65 6.65

Height BHD 9.6 9.6 9.6 9.6

Gross 43000 43270 43270 43270

Tonnnage

Change of_fuel 0 194 2 10

consumption

net Present

Value NPV 0s% 5228 185 % 37 169 $ 262 925 $
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At the same time, the changes of the attained index that were achieved with the design
modifications are presented in Table 96. The resulting change of PLL is based on the combined
risk model developed for grounding and contact accidents, taking into account the different
contribution of side and bottom damages to the risk.

Table 96: Comparison of results for the tested RCOs

Version Vo vVi4g V15 V16

A - bottom 0.9811 0.983 0.982 0.995

A - side 0.9475 0.952 0.958 0.968
delta PLL bottom 0 0.021 -0.007 0.139
delta PLL side 0 0.190 0.280 0.693
Delta PLL total 0 0.211 0.273 0.832
NetCAF = 4 Mio $ 0$ 842833$ | 1092494% | 3327384$
NetCAF = 8 Mio $ 0s 1685666% | 2184987 % | 6654768 $
net present Value 0% 5165191$ | -117745$ -43 228 $
zzmgrgrput revenue 0% 5232879% | 41656% 284 187 $

These results show that the V14 version, optimized for collision is not cost effective for
grounding. This is due to the fact that the increase in the A-index for grounding is low,
compared to the initial version V0. The version V15 and V16, optimized for grounding, are
cost effective as the extra costs are relatively low compared to the increase in A-index for
grounding.

$7,000,000

$6,000,000

$5,000,000

$4,000,000 mNetCAF=4 Mio $

$3,000,000 M NetCAF = 8 Mio $

net Present Value NPV
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$1,000,000

Sl
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Figure 128: Comparison of NPVs for the tested RCOs
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8.11.4.10 Conclusion and selection of optimized design

For this sample ship, the initial grounding indices of the reference version were relatively high
and much higher than the A-index for collision.

It is to be noted that the selected RCO for collision does not improve much the result in
grounding. Therefore the optimized version for collision is not cost-effective for grounding.

However it has still been possible to find cost-effective solutions to increase the A-index for
grounding by optimizing the internal subdivision of the ship and in particular by adding some
watertight parts of decks below the bulkhead deck.

The proposed optimized version for grounding is the V16. At the same time, the A-index for
collision according to SOLAS 2009 is also improved for this version.
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8.11.5 Ship #5 Small RoPax

8.11.5.1 General Approach

The following table shows an overview of the applied design variations, which will be described
in the following sections one by one in more detail.

Table 97: Overview of design variations

Version Description

Reference Reference design

RCO1 Selected optimized version for collision
Raised main deck by 0.3m

Note that for this vessel the project work package did not require any further optimisation for
grounding damage to be carried out.

8.11.5.2 Reference Design Characteristics

The main characteristics of the reference design are as follows:

Table 98: Main characteristics of the reference design

Length over all 100.596 m
Length between perpendiculars 95.50 m
Subdivision Length 98.526 m
Breadth 20.20 m
Subdivision Draught 490 m
Height of Bulkhead Deck 7.10m
Number of Passengers 600
Number of Crew 25
Gross Tonnage 7900
approx.
Deadweight 1487 tonnes
Trailer Lane Metres 400 approx.
Service Speed 18 knots
Installed power main engines 2 x 3600
kW
Installed power auxiliary engines 2 X 632 kW
Attained Index SOLAS 2009 + SLF55 0.79473

The General Arrangement is as follows:
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Figure 131: General arrangement deck 1 - 4

8.11.5.3 Results of grounding calculations

The calculation of the attained index for bottom and side grounding damages has been
performed for the described versions using the provided macros in the software system NAPA.
For the reference version a humber of variations with regard to number of breaches have been
made, i.e. 1000, 5000, 10000 & 50000, and detailed results will be shown later. For
comparison between versions the mean value of 5 repetitions for 10000 breaches has been
used.

As in the collision damage the vehicle deck has been assumed watertight except where access
trunks are located. Such access spaces located above the vehicle deck have been modelled as
part of the lower compartment as shown by the shading in the diagram below. Furthermore,
where these access points above the vehicle deck would allow further up/transverse flooding
this has been accounted for in the openings defined in the assessment.

Calculations have been made according to SLF55 for final S factor calculated with 0.20m for
GZmax and 20° for Range for damages involving Roro spaces.
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Figure 132: Modelling of access trunks

8.11.5.4 Reference Version
The results of the reference version are as follows:

Table 99 Attained indices - reference version

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length for collision 98.528 m
Subdivision length for grounding 96.56 m (at maximum draught)

Breadth at the load line 20.200 m
Breadth at the bulkhead deck 20.200 m
Number of persons N1 200
Number of persons N2 425

mean A

repetition

mean A

Collision SOLAS 2009 + Criteria SLF 55

A A-light A-partial
0.79473

A-subdivision

0.79473

Bottom damages BOO
10000 generated damages

A A-light A-partial A-subdivision
0.97889 0.19645 0.39174 0.3907
0.97976 0.19648 0.39202 0.39126
0.97961 0.19644 0.39191 0.39127
0.97795 0.19639 0.39124 0.39031
0.97844 0.19616 0.39131 0.39097
0.97893 0.19638 0.39164 0.39090
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repetition

mean A

Side damages S00
10000 generated damages
A A-light A-partial A-subdivision
0.91622 0.18110 0.36616 0.36896
0.91848 0.18175 0.36721 0.36951
0.91163 0.18019 0.36446 0.36698
0.91914 0.18199 0.36745 0.36971
0.91982 0.18189 0.36772 0.37021
0.91706 0.18138 0.36660 0.36907

The results are presented in the diagrams below
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Figure 133: Results from five repetitions for Reference Version - Bottom Damage
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Figure 134: Results from five repetitions for Reference Version — Side Damage
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Figure 135: Attained Subdivision Indices for Reference Version

It can be seen that the attained index for grounding, both for bottom and side damages, is
significantly higher than for collision according SOLAS2009. It can also be seen that the
bottom damage generates a higher attained index than side grounding damage.

8.11.5.5 Version RCO1
This is the version optimised for collision, selected from Task 1.

The following change has been made compared to the reference vessel:
e Main Deck raised by 0.3m

The modifications to the design together with the changes to weight, loading conditions and
GM limit values are shown in the final report of Task 1.

The following attained indices are calculated:
Table 100 Attained indices — Version RCO1
ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length for collision 98.528 m
Subdivision length for grounding 96.56 m (at maximum draught)

Breadth at the load line 20.200 m
Breadth at the bulkhead deck 20.200 m
Number of persons N1 200
Number of persons N2 425

Collision SOLAS 2009 + Criteria SLF 55

A A-light A-partial A-subdivision

mean A 0.84257
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Bottom damages B0O:
10000 generated damages

repetition A A-light A-partial  A-subdivision
1 0.97759 0.19577 0.39108 0.39075
2 0.97506 0.19530 0.39012 0.38964
3 0.97732 0.19589 0.39099 0.39044
4 0.97621 0.19564 0.39070 0.38986
5 0.97730 0.19584 0.39104 0.39042
mean A 0.97670 0.19569 0.39079 0.39022
Side damages S00
10000 generated damages
repetition A A-light A-partial  A-subdivision
1 0.89099 0.17579 0.35584 0.35936
2 0.88255 0.17387 0.35220 0.35648
3 0.88844 0.17538 0.35491 0.35815
4 0.88228 0.17413 0.35245 0.35570
5 0.88192 0.17367 0.35218 0.35607
mean A 0.88524 0.17457 0.35352 0.35715

The results are presented in the diagrams below:

Version RCO1 Bottom Damages
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Figure 136: Results from five repetitions for RCO1 - Bottom Damage
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Figure 137: Results from five repetitions for RCO1 - Side Damage
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Figure 138: Attained Subdivision Indices for RCO1

As in the case of the reference design the attained index for grounding, both for bottom and
side damages, is greater than that for collision according to SOLAS2009.

8.11.5.6 Comparison of results
The attained indices for collision and grounding achieved by the different design variations can
be summarised as follows:

Table 101: Summary of obtained results

version Reference RCO1

Collision SOLAS2009 Incl SLF55 0.79473 0.84257
Bottom Damages 0.97893 0.97670

Side Damages 0.91706 0.88524

Mean Grounding 0.92943 0.90353
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The comparison is shown graphically below:
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Figure 139: Comparison of reference vessel with RCO1

It can be seen that while the Attained Index for Collision damage (SOLAS 2009 including
SLF55) improves between the reference version and RCO1, the attained indices for grounding
(both for bottom and side damages) are seen to reduce. The grounding assessment uses as
the Initial GM values those limiting GM values derived from the Task 1 collision damage
assessment and therefore this reduction in Attained index for grounding can be explained by
looking at the factors driving collision damage GM limits for the different versions assessed, as
illustrated in the diagram below.
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Figure 140: Limiting GM values

The limiting GM values generated from the collision analysis for the reference design were
driven by the requirements of SOLAS Reg. II-1/8.2. These were more onerous than those
required to satisfy the SOLAS Reg. 7 aspects of SOLAS and are therefore the limiting GM
values from the collision damage stability analysis of the initial design.

Then, as the Task 1 assessment shows, for RCO1, with the raised main deck, the effect of the
modification is such that the damage stability aspects of Reg. 8 are improved to the extent
that the GM limit values derived from this are now less than those derived from the Reg. 7
requirements. In the collision assessment the Reg. 7 GM limits have been kept constant
between the designs to allow the increase in attained index to be assessed. Therefore the
limiting GM values for RCO1 are less than those for the reference design and it is these lower
GM values that have been used in the grounding assessment of the optimised ship, RCO1.
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From the results it appears that the grounding assessment is more sensitive to the changes in
initial GMs used than the benefits gained from the RCOs, this is especially the case for side
grounding damage where the reduction is more evident.

The results show that the calculated attained indices from grounding, for both the reference
design and the design optimised for collision with the reduced initial GM values, are greater
than those derived from the collision assessment according to SOLAS2009 including SLF55.

8.11.5.7 Convergence of attained indices

Due to the basic principle of the methodology using the Monte Carlo approach, the calculations
require a certain size of the data sample to achieve a consistent result. To investigate the
accuracy for bottom and side grounding damages the number of generated damage breaches
has been varied between 1000 and 50000. It can be seen that for 1000 breaches the variation
of the attained index is quite significant while for 5000 and more breaches the results show
small dispersion.
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Figure 141: Convergence of Results for Reference Version

As the number of breaches increases so does the number of different damages cases assessed
but this relationship is not linear.
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Figure 142: Number of identified damage cases vs. number of hull breaches

Based on the results it has been decided to use the 10000 breach calculations with 5
repetitions for comparison of the different design variations.

8.11.5.8 Cost Benefit Assessment

As the design optimisation chosen from the collision damage task showed a reduction in
Attained Index for grounding damage when compared to the reference design no cost benefit
analysis has been carried out.
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8.11.6 Ship #6 RoPax Double End Ferry

8.11.6.1 General Approach

The following table shows an overview of the applied design variations, which will be described
in the following sections one by one in more detail.

Table 102: Overview of design variations

Version

Description

Reference

Reference design

RCO1

Selected optimized version for collision
Raised main deck by 0.3m

Note that for this vessel the project work package did not require any further optimisation for

grounding damage to be carried out.

8.11.6.2 Reference Design Characteristics

Main characteristics of the reference design as follows:

Table 103: Main characteristics of the reference design

Length over all 102.22 m
Length between perpendiculars 96.80 m
Subdivision Length 102.219 m
Breadth 17.60 m
Subdivision Draught 4.3 m
Height of Bulkhead Deck 5.70 m
Number of Passengers 600
Number of Crew 10

Gross Tonnage

6100 approx.

Deadweight

1580 tonnes

Trailer Lane Metres 278 approx.
Car Lane Metres 322 approx.
Service Speed 16 knots
Installed power main engines 5840 kW
Installed power auxiliary engines 500 kW
Attained Index SOLAS 2009 + SLF55 0.84123

The General Arrangement is as follows:
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Figure 143: Profile and deck 4 & 5

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com Page 225



= U I o uFt EMERGENCT I [Evcve] oI
e [ ] o | B S iy o
r

MOORING_— \'-l_)duunw;
- 72 LM T

B9 LM
LAHDR AR

B3 LM

~__ 72 M
MOORING ™,

-

AN [ Y mm> Jmnmm\"”“”” |“”|~“f?u|:mnm ommm | o] = ) 7

DECK 3

u i [ u ],
oI Eml Lccxza =<|\ [I]]ll]]]]]ll |u<a‘ |LIFT|V‘RENFHE? r| | ' WI' U]WU

77 LM

LM

= |

[— |u‘rr|,}ﬂ| Mﬁ [I]]II]]]]];l-l_ :_43.\411, JLcmza |va1 voIR

| DITaeel T T ]
BATTERY
et | L] = p
THRU I'E WED: ITF(N\SE Gl . FWED TRANSE; THPUSTE?
NG 2 lf e = Be
[ENGINE CTR _ROOM /l)

5 wa
T T T T T T
- - PN : s T
s . p

Figure 144: General arrangement double bottom - deck 3

GGl T
BTN

DECK 2

DECK 1

2
=]
@

DOUBLE BOTTOM

8.11.6.3 Results of grounding calculations

The calculation of the attained index for bottom and side grounding damages has been
performed for the described versions using the provided macros in the software system NAPA.
For the reference version a humber of variations with regard to nhumber of breaches have been
made, i.e. 1000, 5000, 10000 & 50000, and detailed results will be shown later. For
comparison between versions the mean value of 5 repetitions for 10000 breaches has been
used.

As in the collision damage the vehicle deck has been assumed watertight except where access
trunks are located. Such access spaces located above the vehicle deck have been modelled as
part of the lower compartment as shown by the shading in the diagram below. Furthermore,
where these access points above the vehicle deck would allow further up/transverse flooding
this has been accounted for in the openings defined in the assessment.

Calculations have been made according to SLF55 for final S factor calculated with 0.20m for
GZmax and 20° for Range for damages involving Roro spaces.
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Figure 145: Modelling of access trunks

8.11.6.4 Reference Version
The results of the reference version are as follows:

Table 104 Attained indices - reference version

ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length for collision 102.219 m

Subdivision length for grounding  93.63 m (at maximum draught)
Breadth at the load line 17.189m

Breadth at the bulkhead deck 17.600 m

Number of persons N1 0

Number of persons N2 610

mean A

repetition

mean A

Collision SOLAS 2009 + Criteria SLF 55

A A-light A-partial A-subdivision

0.84123

Bottom damages BOO
10000 generated damages

A A-light A-partial A-subdivision
0.99874 0.19981 0.39954 0.39939
0.99870 0.19977 0.39956 0.39936
0.99883 0.19979 0.39963 0.39941
0.99877 0.19979 0.39961 0.39937
0.99863 0.19975 0.39956 0.39932
0.99873 0.19978 0.39958 0.39937
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Side damages S00

10000 generated damages
repetition A A-light A-partial A-subdivision
1 0.91790 0.18018 0.36690 0.37082
2 0.91814 0.18066 0.36741 0.37006
3 0.91671 0.18063 0.36662 0.36946
4 0.91152 0.17904 0.36469 0.36780
5 0.91832 0.18083 0.36727 0.37022
mean A 0.91652 0.18027 0.36658 0.36967

The results are presented in the diagrams below:

Reference Bottom Damages
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Figure 146: Results from five repetitions for Reference Version — Botto
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Figure 147: Results from five repetitions for Reference Version — Side Damage

DNV GL - Report No. 2015-0168, Rev. 2 - www.dnvgl.com

Page 228



Reference Design

B SOLAS 2009 Incl SLF55

M Bottom Damages B0O

Side Damages SO0

Figure 148: Attained Subdivision Indices for Reference Version

It can be seen that the attained index for grounding, both for bottom and side damages, is
significantly higher than for collision according SOLAS2009. It can also be seen that the
bottom damage generates a higher attained index than side grounding damage.

8.11.6.5 Version RCO1
This is the version optimised for collision selected from Task 1.

The following change has been made compared to the reference vessel:
e Main Deck raised by 0.3m

The modifications to the design together with the changes to weight, loading conditions and
GM limit values are shown in the final report of Task 1.

The following attained indices are calculated:
Table 105 Attained indices - Version RCO1
ATTAINED AND REQUIRED SUBDIVISION INDEX

Subdivision length for collision 102.219 m
Subdivision length for grounding 93.63 m (at maximum draught)

Breadth at the load line 17.189m
Breadth at the bulkhead deck 17.600 m
Number of persons N1 0
Number of persons N2 610

Collision SOLAS 2009 + Criteria SLF 55

A A-light A-partial A-subdivision
1 0.86005
mean A 0.86005
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Bottom damages BOO
10000 generated damages

repetition A A-light A-partial A-subdivision
1 0.99798 0.19967 0.39929 0.39903
2 0.99832 0.19971 0.39936 0.39924
3 0.99826 0.19975 0.39936 0.39915
4 0.99843 0.19976 0.39947 0.39920
5 0.99815 0.19971 0.39932 0.39912
mean A 0.99823 0.19972 0.39936 0.39915
Side damages S00
10000 generated damages
repetition A A-light A-partial A-subdivision
1 0.90697 0.17818 0.36195 0.36684
2 0.91103 0.17906 0.36359 0.36838
3 0.91009 0.17864 0.36324 0.36820
4 0.91214 0.17894 0.36407 0.36914
5 0.90885 0.17822 0.36266 0.36797
mean A 0.90982 0.17861 0.36310 0.36811

The results are presented in the diagrams below

RCO1 Bottom Damages
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Figure 149: Results from five repetitions for RCO1 - Bottom Damage
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Figure 150: Results from five repetitions for RCO1 - Side Damage
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Figure 151: Attained Subdivision Indices for RCO1

As in the case of the reference design the attained index for grounding, both bottom and side
damages, is greater than that for collision according to SOLAS2009.

8.11.6.6 Comparison of results
The attained indices for collision and grounding achieved by the different design variations can
be summarised as follows:

Table 106: Summary of obtained results

version Reference RCO1

Collision SOLAS2009 Incl SLF55 0.84123 0.86005
Bottom Damages 0.99873 0.99823

Side Damages 0.91652 0.90982

Mean Grounding 0.93296 0.92750
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The comparison is shown graphically below:
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Figure 152: Comparison of reference vessel with RCO1

It can be seen that while the Attained Index for Collision damage (SOLAS 2009 including
SLF55) improves between the reference version and RCO1, the attained indices from the
various grounding damages are seen to reduce. The grounding assessment uses as the Initial
GM values those limiting GM values derived from the Task 1 collision damage assessment and
therefore this reduction in Attained index for grounding can be explained by looking at the
factors driving collision damage GM limits for the different versions assessed, as illustrated in
the diagram below.
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Figure 153: Limiting GM values

The limiting GM values generated from the collision analysis for the reference design were
driven by the requirements of SOLAS Reg. II-1/8.2. These were more onerous than those
required to satisfy the SOLAS Reg. 7 aspects of SOLAS and are therefore the limiting GM
values from the collision damage stability analysis of the initial design.

Then, as the Task 1 assessment shows, for RCO1, with the raised main deck, the effect of the
modification is such that the damage stability aspects of Reg. 8, whilst still the driving
requirement, are improved and the derived limiting GM values less than those for the
reference design. However, they are still more onerous than the Reg. 7 GM limits which have
been kept constant between the reference and optimised designs. Therefore the limiting GM
values for RCO1 are less than those for the reference design and it is these lower GM values
that have been used in the grounding assessment of the optimised ship, RCO1.
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From the results it appears that the grounding assessment is more sensitive to the changes in
initial GMs used than the benefits gained from the RCOs.

The results show that the calculated attained indices from grounding, for both the reference
design and the design optimised for collision with the reduced initial GM values, are greater
than those derived from the collision assessment according to SOLAS2009 including SLF55.

8.11.6.7 Convergence of attained indices

Due to the basic principle of the methodology using the Monte Carlo approach the calculations
require a certain size of the data sample to achieve a consistent result. To investigate the
accuracy of the calculations for bottom and side grounding damages the number of generated
damage breaches has been varied between 1000 and 50000. It can be seen that for 1000 &
5000 breaches the variation of the attained index is quite significant while for 10000 and more
breaches the results show small dispersion.
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Figure 154: Convergence of Results for Reference Version

As the number of breaches increases so does the number of different damages cases assessed
but this relationship is not linear.
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Figure 155: Number of identified damage cases vs. humber of hull breaches

Based on the results it has been decided to use the 10000 breach calculations for comparison

of the different design variations.

8.11.6.8 Cost Benefit Assessment

As the design optimisation chosen from the collision damage task showed a reduction in
Attained Index for grounding damage when compared to the reference design no cost benefit

analysis has been carried out.
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8.11.7 Summary of results

The software tool, developed for the damaged stability calculations in case of contact or
grounding accidents has been applied on a series of passenger ship designs. More specifically,
two cruise ships and four RoPax ships, developed in Task 1 (reference designs) along with a
series of variants of these designs, developed to maximize safety in damaged condition have
been assesed, and the atained indices corresponding to bottom and side damages due to
grounding accidents have been calculated. The software tool was proved to be very robust and
easy to use.

Due to the random nature of the applied procedure for the generation of the damage cases
and the calculation of the p-factors, there is a dispersion in the obtained results for the A-
indices (A-bottom and A-side). The obtained A-indices from each single run is an estimator of
the “limit” (which is commonly referred as “true” in statistics) A-index. Because of this, a
series of calculations with increasing number of hull breaches (with five repetitions for each
number of hull breaches) and the results were compared and analyzed. It turned out that the
average of five repetitions using 10,000 breaches for each calculation is a very good
approximation for engineering purposes of the “true” A-index.

For all variants of the six passenger ships that were assesed, the A-indices for bottom and
side damage was quite high (see Figure 156), much higher than the A-index for collisions,
with the A-Bottom values being higher than the A-Side, with the exception of some variants of
the large cruise ship (Figure 157). However, due to the large initial frequencies of grounding
and contact accidents, the resulting risk to human life (the PLL calculated by the
corresponding risk models) is comparative, or even higher than that for collision accidents.
The design variants with improved survivability in case of collision accidents, generaly exhibit
improved survivability in case of grounding and contact accidents as well. Further risk control
options considered to improve survivability in case of grounding and contact accidents had a
considerable impact on the A-indices for bottom and/or side damage and on the corresponding
PLL values (see Figure 156, Figure 53 and Figure 54). Particularly effective is the use of the
double hull concept, applied to protect selected compartments such us the engine room or the
car deck.
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9 CONCLUSIONS

The harmonized probabilistic framework for ship survivability assessment following a damage
- SOLAS 2009 - has represented an important step towards a more rational assessment of
ship safety, compared to the previous deterministic damage stability regulations for passenger
and cargo ships. At the same time, however, the SOLAS 2009 probabilistic framework
explicitly addresses only side damages caused by a collision. Bottom damages caused by
grounding are implicitly assumed to be dealt with by the deterministic approach in Chapter II-
1, Regulation 9, “Double bottoms in passenger ships and cargo ships other than tankers”,
where minimum double bottom requirements are provided, and where deterministic bottom
grounding damage characteristics are specified, to be used for survivability assessment in
case of vessels with unusual bottom arrangements. As a result, side damages due to collision
are addressed in a probabilistic way, while, at the same time, bottom grounding is addressed
in a deterministic framework.

Such a situation could benefit from a harmonization, where bottom grounding damages are
addressed in a probabilistic framework as well. To respond to this need, the EU-funded
GOALDS project developed a probabilistic modelling for bottom grounding damage
characteristics, with some preliminary indications for an actual implementation. Such
modelling has then been re-evaluated and adapted in the framework of the present project, in
order to develop a practically applicable tool for the determination of the probability of
flooding of (groups of) compartment(s). Such tool can be combined with the assessment of
survivability following a specific damage based on, e.g., the present SOLAS 2009 s-factor. The
resulting framework is, therefore, able to address survivability after a bottom grounding
damage through a fully probabilistic approach.

Nevertheless, as both historical data and also recent accidents show, grounding damages can
result also in a damage on the side of the vessel. Damages on the side of the vessel can also
be the result of the contact with fixed or floating objects. Presently, side damages within the
SOLAS 2009 probabilistic framework, are associated only with the result of a collision.

Continuing on the line previously initiated in case of bottom grounding damages, the present
analysis has been aimed at developing a fully probabilistic model for the geometrical
characteristics of side damages due to grounding and contact. To this end, use has been made
of historical data, some of them collected in the framework of previous projects, while others
were added during the elaboration of the present project. Data have been scrutinised through
exploratory data analysis, and analytical models for the distributions of the involved random
variables have been developed. Probabilistic models have been provided, in particular, for:

e The side where the damage occurs;
e The longitudinal position of forward end of damage;
e The longitudinal extent of potential damage, i.e. potential damage length;

e The transversal extent of potential damage, i.e. potential damage penetration;
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e The vertical position of lower limit of potential damage from the ship bottom;

e The height of potential damage above its lower limit, i.e. the vertical extent of potential
damage;

It is important to note that, similarly to what was done also in the framework of the GOALDS
project, in case of damages characterised by multiple holes, the variables referred above
represent the overall extent of the part of the vessel affected by the damage, and not the
extent of the single hole. Indeed, before analysing the data, multiple-hole damages have been
substituted by “equivalent” damages, corresponding to the envelope of the damaged region of
the vessel. Such approach has been considered to be an acceptable “equivalent” simplification
for the determination of the probability of flooding of different compartments and when static
ship stability is considered.

In the development of the models, attention has been given to try developing tools balancing
simplicity and representativeness of the available data. Also, when possible, the functional
form of the developed distribution models have been chosen in order to harmonize them with
the models developed in GOALDS for bottom grounding damage.

The resulting modelling can be directly implemented in a procedure where damages are
automatically generated, and an example procedure on how to perform this generation has
been provided. This means that the model has direct practical applicability.

The distributions in the modelling have been kept in a parametric form, with characterising
parameters appearing explicitly, in order to simplify possible
modifications/corrections/tuning/updating. The scope, indeed, is to provide models which can
be easily update as soon as new, better information are gathered.

The developed probabilistic model for damage characteristics has been embedded into an
envisioned procedure for the determination of an “Attained Index”, similar to that already
available in SOLAS 2009, but specific, now, for grounding accidents resulting in bottom or side
damage. In such an envisioned procedure, p-factors are calculated by means of a “direct
approach” (as a more flexible and updatable alternative to the more usual “zonal approach”
utilised in the framework of SOLAS 2009), where a large number of hull breaches are
generated in order to determine the probability of flooding a (group of) compartment(s), i.e.
the p-factors. The conditional survival probability, “s-factor”, is then determined following the
standard approach from SOLAS 2009 (or, as an alternative, the s-factor formulation from SLF
55 for RoPax ships).

It is thought that the present probabilistic modelling for survivability assessment to side and
bottom grounding/contact damages, can help in filling the gap between the SOLAS 2009
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probabilistic framework for survivability assessment following a side damage due to collision,
and the deterministic requirements set in SOLAS Ch.II-1, Reg.9.

Based on the developed formulation for the determination of an "“Attained Index” for
grounding and contact accidents, a dedicated software tool has been developed within the
NAPA package, facilitating the evaluation of survivability of passenger ships considering both
types of damages (i.e. bottom and side damages). These two types of damages are treated
sequentially, resulting in two different A-indices. An option has been added, allowing the use
of SLF 55 proposal for the calculation of the “s-factor” for the case of RoPax ships. This tool
allows a user to generate damages and calculate an index to measure the impact on the
design. The developed tool is included in a purpose built compilation of the NAPA software that
have been distributed among the project participants.

In Task 3, the high-level event sequence and the risk model for grounding accidents have
been revisited, in order to take into account an additional parameter that was introduced in
Task 3, with decisive impact on the survivability of passenger ships, i.e. the type of damage:
(a) bottom damage (type B00) and (b) side damage (type S00). The corresponding Risk
Models have been subsequently developed: (a) Risk Model for Grounding Accidents to cruise
ships, (b) Risk Model for Grounding Accidents to RoPax ships, (c) Combined Risk Model for
Grounding and Contact Accidents to cruise ships, (d) Combined Risk Model for Grounding and
Contact Accidents to RoPax ships. Based on the A-indices calculated by the developed
software tool for bottom and side damages, these risk models enable the calculation of the
risk to human life due to grounding accidents or the combined risk due to grounding and
contact accidents to passenger ships in terms of the Potential Loss of Life (PLL). Sensitivity
and uncertainty analyses have been performed in accordance with the IMO FSA Guidelines.

The software tool has been applied for the damage stability analysis of a series of passenger
ships. More specifically, two cruise ships and four RoPax ships, developed in Task 1 (reference
designs) along with a series of variants of these designs, developed to maximize safety in
damaged condition have been assesed, and the atained indices corresponding to bottom and
side damages due to grounding accidents have been calculated. The software tool was proved
to be very robust and easy to use. Due to the random nature of the applied procedure for the
generation of the damage cases and the calculation of the p-factors, there is a dispersion in
the obtained results for the A-indices (A-Bottom and A-Side). The obtained A-indices from
each single run is an estimator of the “limit” (which is commonly referred as “true” in statistics)
A-index. Because of this, a series of calculations with increasing number of hull breaches (with
five repetitions for each number of hull breaches) and the results were compared and
analyzed. It turned out that the average of five repetitions using 10,000 breaches for each
calculation is a very good approximation for engineering purposes of the “true” A-index.

For all variants of the six passenger ships that were assesed, the A-indices for bottom and
side damage was quite large, much larger than the A-index for collisions. However, due to the
large initial frequencies of grounding and contact accidents, the resulting risk to human life
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(the PLL calculated by the corresponding risk models) is comparable, or even higher
than that for collision accidents.

The design variants with improved survivability in case of collision accidents, generaly exhibit
improved survivability in case of grounding and contact accidents as well. Further risk control
options considered to improve survivability in case of grounding and contact accidents had a
considerable impact on the A-indices for bottom and/or side damage. Particularly effective is
the use of the double hull concept, applied to protect selected compartments such us the
engine room or the car deck.
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