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Abstract

It has often been said that, from a fundamental Naval Architecture perspective, the primary
design objective to be achieved is for a ship to remain afloat and upright (safetglated
objectives). This is particularly true in case of vesd flooding, where this objective becomes
harder still. The traditional risk control option adopted in Naval Architecture to meet safety
related objectives is by rules and regulations, targeting damage limitation, nominally instigated
in the wake of maritime accidents claiming heavy loss of life. The first Merchant Shipping Act of
1854 is theearliest known legal requirement addressing safety at sea and concerning watertight
bulkheads, i.e., permanent (passive) reconfiguration of the internal ship environemt to enhance
safety. This has been the most common measure, manifesting itself in the wake of every serious
flooding accident since the beginning, back in the 19th century. Notably, with accidents providing
the main motivation, emphasis has primarily bee placed on reducing consequences, i.e., on cure
rather than prevention. The key reason for this, derives from the fact that the residual risk post
flooding accidents is unacceptably high, meaning that the mosbst-effective way to reduce
flooding risk is to target the residual risk. This being the case, the prevailing situation can be
drastically improved through understanding of the underlying mechanisms leading to vessel loss
and to identification of governing design and operational parameters to taeg flooding risk
reduction more costeffectively. On one hand, this necessitates the development of appropriate
methods, tools and techniques capable of meaningfully addressing the physical phenomena
involved. On the other hand, this nurtures wider undersinding and wisdom. Safety is normally a
compromise to vessel earning potential and, as public demand for higher safety standards grows,
industry is forced to choose between viability of business and safety of customers. Unfortunately,
in any such compromi®, safety loses. However, the key reason for this is strongly linked to the
traditional myopic focus on only permanent, designedelated safety measures, pertaining in
particular to flooding incidents. Traditional flooding protection through watertight subdivision
is largely dictated by IMO regulationsand has a physical limit which, if exceeded, a safety plateau
is reached. This is currently the case and with damage stability standards progressively
increasing, the safety gap between existing and new s is dangerously widening Adding to
the problem is the progressive erosion oflesign stability margins,making stability management
unsustainableand leading to loss of earnings at best. The need for monitoring and managing the
residual risk through active intervention/protection over the life-cycle of the vessel driveshe
industry in searchingto adopt a new normal. This new normal is the innovatioibeing explored
in this thesis, by addressing safety enchantment through a systematic reconfiguration of the ship
environment for passive and active protection in flooding (and to some extent fire) accidents. In
3



OEEO OAOPAACOEIEA odarhgedadl alvessel, is adapted and reconfigured,
using passive and active containment systems for flooding/fire incidents, in the form of high
expansion foam products. Several case studies are being presented to explain and explore the
safety-enhancenent potential. This demonstrates transformational reduction in flooding/fire

risk, in the most costeffective way available.
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Chapter 1: Introduction

1.1 Problem Definition, Innovation and Impact
1.1.1 The Problem

Shipsare fundamentally designed to carry payload fromone location toanother, supported by
the provision of buoyancy, dictated by hull shape internal volume and superstructure
(permeable volume). In case of flooding accidents, depending on the amount and distribution of
permeable volume, a ship may sink from inadequate buoyancy aapsize from inadequate
stability in a manner that is either fast/transient loss or slow/progressive flooding loss.
Traditional flooding protection in the maritime industry entails watertight subdivision to an
extent dictated by IMO regulations BUT this lma physical limit which, if exceeded, a safety
plateau is reached. This is currently the case with most ships in the maritime industry. Moreover,
with damage stability standards progressively increasing, the safety gap between existing and
new ships is dangerously widening Furthermore, with design stability margins progressively
eroding, stability management is unsustainable, leading to loss of earnings and, more importantly,

life.

1.1.2 The Innovation
The idea of anO51 OET EAAI A6 OEED E & th® @Aahulndy &f the draridme i EOT T 1
industry, particularly after the Titanic disaster, whichtainted the idea for ever. However, Titanic
was designedwith consideration of just a single damage scenariayhilst the designof modern
megaships today necessitats consideration of tens of thousands of scenario§his leads toa
wealth of additional knowledge, ranging from general arrangements to forensic detail of the ship
internal environment. This, combined with recent technological developments derived fronive
years of research and application at the Department of Naval Architecture, Ocean and Marine
Engineering, enables a systematic consideration of all loss modalities in a damaged ship and
restoration of loss buoyancy posfflooding casualties Thisis made feasible either though the
deployment of high expansion foam in selected vulnerable spaces as a means of passive/active
protection or in the form of deployable barriers to curtail and control the process of flooding.
Both approaches have been tested inrmumber of feasibility studies with industry, involving new
designs and existing ships and are currently undergoing approvals with class and administration.
The latter is shiptype and ship-designspecific,but the process is generi@and therefore, widely

applicable. Moreover, the same concept being used to address design of newbuilditgs also
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be used to attend toexisting ships, which are currently operating at inferior stability standards,
resulting from a hiccup in maritime legislation known agshe ® OAT AZAOEAO #1 AOOAG 8

1.1.3 The Impact

Being able to solve the damage stability problem for ships will lead to a transformational change
in ship design and operation with immeasurable impact on the whole maritime industry. Given
that damage stability failure represents 90% of the risk to human lives in maritime accidents
(Papanikolaou, Zaraphonitis, & Vassalos, 2010dhis affects over 2 billion people who travel on
passenger ships each year and around 100,0@0mmercial vessels, operated by 1.5 million crew
(UNCTAD, 2017) Inadequate damage stability has been the cause of 53% of all vessel losses over
the past decade and was the primary cause of 65% of losses in 2¢&fianz, 2019). For passenger
ships, the maximum number of passengers carried by the largest cruise ships each year has risen
dramatically, almost doubling to 6,800 in 2019 compared to 1999Clarkson, 2020).This means
that there is now a far greater risk of passenger fatality from any given single accident. Similarly,
passenger ferries are responsible foapproximately 1,000 damage stability-linked fatalities per
year, with 163 reported passenger ferry accidnts occurring between 2002-2016, resulting in
over 17,000 deaths(Lloyds Register Foundation, 2018)Moreover, raising the bar on maritime
safety has a direct benefit to the UK insurance sector with reductions in claims aadonomic loss

to the industry. The UK has a 35% share of global marine insurance premiums and 60% of
protection and indemnity insurance, with 26% of total global shipbroking being undertaken in
the UK (Maritime UK, 2016). Analyss of 230,000 marine insurance industry claimswith a value

of almost $10bn between July 2013 and July 2018hows that ship flooding incidents are the most
expensive cause of loss for insurers, accounting for 16% of the value of all claipsquivalent to
more than $1.5bn over this period/Allianz, 2019).

1.2 Background
1.2.1 The First Steps

Notwithstanding the paramount importance of ship stability and safety today, theoretical
treatment of these essential properties for ship design and operation are less than three centuries
old. The mathematical properties of the metacentre, GM, one of tlessential ship stability
parameters, was explained for the first time by Pierrd8ouger (Bouger, 1746), whilst Leonhard
Euler (Euler, 1749) introduced the restoring moment for small angles of heelln the UK George
Atwood developed a formula in 1796 for the calculation of the righting lever GZ for the whole
range and in 185Q Canon Moseley introduced the concept of dynamical stability referring to the
area under the GZ curve. It is interesting to note, however, that the great majority of ship
designers and shipbuilders at the beginning of the 19th Century regarded these devatoents as
19



highly theoretical and, hence, they were initially ignored. In fact, the first criteria involving

-T OAT AU O AT T AADPO xAOA AAT POAA AU 1@HCknturyl ApEAAT
criteria in use were based on experience and it véaclear that experiential knowledge was a poor

guide, since, in severe storms of 1821822 some 2,000 vessels perished with the loss of about
20,000 lives in the North Sea aloneFollowing this, the value of GM was increasingly used as a
criterion and for many years it was assumed (in some circles, this is still true today) that adequate
metacentric height could be used as the sole measure of stability (intact amthmage.
Furthermore, it was thought that this was sufficientfor all angles of heel and foall conditions of

loading, even though GM is an indicator of only static upright stability. Indeed, the first specific
criterion on residual stability standards at the 1960 SOLAS Convention did not deviate from this

imposing arequirement for a minimum residual GM of 0.05m.

1.2.2 The Birth & Reign of Subdivision z A Record of Disasters

Focus did not broaden from metacentre and static stability considerationsntil the introduction

of the first merchant shipping act in 1854. Here, it was sought to mitigate floaay risk through
mandatory reconfiguration of the internal ship environment by way of watertight bulkheads.
Hence, the first legal requirements for subdivision were bornpwith ships covered by the standard
required to possess a collision bulkhead along wit transverse bulkheads around the engine
room. The placement of these was predominantly intuitive and not based on calculations of any
kind, but it could certainly be saidthis was a step in the right direction.Unfortunately, however,
what followed was aseries of many hardlearned lessons as safety standards improved in a
OAAAOEOA AT A AAAEAAT O AOEOAT 1 ATTAOh 14deAET C AC
x OEOOAT Eventudlly thid Idd doghe adoption of the first internationally agreed sytem of
subdivision in SOLAS 1929%amidst other key developmert listed within Table 1-1.

Table1-1: A Record of Disasteend Related Legislation/Reconfiguration

Date Disaster

1854 The first Merchant Shipping Act of 1854 is the first known legal requirement addressing safet
at sea and concerningvatertight bulkheads. It was enacted as a direct result of the rapi
foundering of the Birkenhead in 1852 after striking a rock off Soutifrica drowning some 500
women and children. The loss was rapid because the cavalry officers on board had holes cu
the transverse bulkheads in order to exercise theihorses,(Lancaster, 1997)

1862 Pressure in Parliamen by the ship owners succeeded in repelling the Act because it was simg
AAGAA 11 OI EOAEEAOI 006 AAEAOEI 608 7EOQEEI
the same storm because of inadequate subdivision with 233 people drowning in the Londc
alone. It is frightening that from 18761892, 10,381 vessels belonging to the UK were totall
110060 xEOQOE c¢xhmnpmn OAAT AT AT A ohuvto DAOOAT C/
)y O EO A1 O x1 OOE 11 OET ¢ OEAOQO néatly 4p0yiveslos( as the
ship was caught by a strong squall unprepared with some of her upper hadbrts on the main
deck open for ventilation and as she heeled under the force of the wind, water entered the op
ports causing a sudden and complete &3 of the ship.
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1883

1891

1895

1913

1914

1928

1929

1948

1948

1954

1955

1956

1974

1974

1987

1987

The Daphne capsized with the loss of 124 lives immediately after being launched in the Clyi
Sir Edward Reed, the Commissioner of inquiry into the accident recommended thi
consideration should be given of the extent to whicktability entered into design, construction,
stowage, load line and freeboard of ships.

The Bulkhead Committee of the British Board of Trade recommended ac®mpartment
standard for passenger ships but the recommendations were not adopted. Unbekély, in
many parts of the world, onecompartment ships still exist, in spite of clear understanding today
OEAO OEA OEOE EO Aii bl AOAIT U O ££2 OEA OAAI

Germany introduced a 2compartment standard, following the rapid loss of the Elbe with the
death of 340 people.

Following the Titanic catastrophe in April 1912 with a loss of 1,430 lives, the first Internationa
Conference on the Safety of Life at Sea (SOLAS) takes place in London to consider proposa
UK, Germany and France. Thegulations formulated did not come into effect due to World War
l.

The Empress of Ireland capsized in the Gulf of St. Lawrenainking in 14 minutes,with 1,012

1 EOAO 11 008 4EA TAAA &£ O OOAAEOEOEITh EO

when a full International Conference was convened to consider this matter. However, tt
system of subdivision devised, falls short of that agreed in 1913yidence that IMO regulations
reflect not experiential knowledge as it is widely believed but the compromise reached in eac
convention.

Loss of the Vestrisnspired proposals at the SOLAS Conference in 1930 for more secure eng
room deck openings.

United States ratifies the 1929 SOLAS Convention but only after the loss of the Mohawk
collision and of Morro Castle by fire.

Loss of the Sankey with all hands and the Flying Enterprise in 1952 inspired legislation
prevent shifting cargoes.

SOLAS Convention and the first specific criterion on residual stability standards with th
requirement for a minimum residual GM 0f0.05m. This represented an attempt to introduce &
margin to compensate for the upsetting environmental forces.

Princess Victoria capsized and sank when large waves burst open the stern door in rou
weather with the car deck and starboardengine room flooding (134 died).

Fire in the engine room of the Empire Windrush, with large loss of life, inspired the dispersal «
fire pump controls.

The Andrea Doriabuilt under SOLAS 1948 requirements, which were a slight improvement ¢
the 1929 Conference capsizes in heavy seas and this alerts the profession to the fact that
effect of waves on safety ought to be considered. This accident strongly influences pwsals
made to SOLAS 1960.

Straitsman capsized and sank whilst approaching its berth with its vehicle door partly open ¢
a result of squat, flooding the vehicle deck.

IMO published Resolution A.85 (VIII) - regulations dealing with subdivision and damage
stability on a probabilistic basis- as equivalent to SOLAS deterministic rules.

Herald of Free Enterprise capsized when the bow wave and betim combined to bring the
open bow door underwater, flooding the vehicle deck.

Santa Margarita Dos capsized in port in Venezuela due to heeling while loading vehicles a
result of flooding of the vehicle deck.
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1987/  Following the Herald of Free Enterprise accident in 1987 with the loss of 193 lives and a publ

1988 1 OOAOUh 3/ ,!'3 dwnm AAIT A ET O AEEAAO £ O 1A
increase in damage stability standards(Spouge J. , 1989) Proposals by UK to phasi
OPCOAAET C T £ AGEOOET ¢ OEEDPO O 3/,!3 dwm
by the North West European Nations.

1991 1991: After a madman set fire on the Scandinavian Starausing the death of 169 people
OAOOT OPAAOGEOA 1 ACEOI AGETT xAO ET 001 AGAAA ,
001 OAAOGEIT 168

1994 The Estonia is lost involving the loss of 852 lives. IMO rejects proposals for capability
withstanding water on deck of ReRo Passenger Ships. Regional agreement is reach
j 0301 AEET 11 ' COAAI AT 66q AU OEA .1 00E 7A0«
Australia and Canada(T. E. Svensen, 1998)

1995 )1 OEA pwwu 3/,!3 S$EDPITIAOGEA #11 £ZAOAT AA 3
damage stability. A proposal to IMO of a new damage stability framework based on probabilist
methods by the North West European Nations, following intensive resezh in the wake of
Estonia was tabled as an item for long term discussion. The proposal considers explicitly t
effect of waves and water on deck (performancbased criteria) deriving from the work
undertaken by the Strathclyde Stability Research Groupnd allows for various safety nets
aiming to ensure that the Estonia disaster will never happen again. A probabilistic framewor
was also developed and proposedRusaas, 1996)which formed the foundation for the EU
Project HARCER (HARDER, 2003) where the foundation of the probabilistic regulations for
damage stability was developed and brought to IMO, leading eventually to SOLAS 2009.

2000 Express Samina: Flooding of the engine room and spreéad of floodwater through open
watertight doors, leading to 81 fatalities.

2006 !'1 3AT Ai "TAAAAAETl Owyd &I 11T xETC AEEOA 1
floodwater being accumulated on the vehicle deck because of blockideing ports, leading to
the vessel capsizing with 1,002 dead.

2012 Costa Concordia: Side grounding damage, leading to-fipoding and capsize with 32 casualties

2014 MV Sewol: Overloading and inadequate stability, leading to vessel listihgavily following a
turn and eventually capsizing with 295 casualties, mostly children.

Most of the accidents referred to above have led to improved legislationnly in regards to
subdivision, which is evidence not only of the disasteitriggered mode ofregulation but also of

the incident-specific approach religiously adoptedThat is to say, focus was very often placed on

fixing what had gone wrong as opposed to what could go wron@bviously, subdivisiondid work

to a point and the maritime industry norm of 0) £ O1 | AOBREN @ Ox IEEEBAR A EO06
Perhaps another reason for bulkheads having lasted so lonmcontested was that they were

never employed very effectively in the first instancewhich left a lot of room for improvement.
Consequently over a century has been spenin this direction, squeezing every last drop out of
bulkheads which are still to this daybeing pursued as the primary risk control option for flooding

risk mitigation and control. It is interesting however, to delveinto the detail of its development

and evolutionin an effortto discern learning outcomes.
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1.2.3 Forces Driving Regulatory Development

As mentioned previously, evolutionary safety developmentshave undoubtedly been accident

driven and such incidents havduelled a process of gradual improvement over the yeargjgure

1-1.

SOLAS 74 SOLAS '80
SOLAS '92 SOLAS '90 =
SOLAS2020 0 | g e e s mmmsm— =

7. [l I Ay

! Range '74 P angle of inclination | | !

Range '80 i I i

Heel angle :__1 Range '92 =: i
* ’ [ Range 50 ' _ !
L Range 2020 i

Figure 1-1 - Damagestability evolutionary changes based on diagram shown i(Hutchinson & Scott, 2016)

However, there are undoubtedly other forces at play in shaping regulatory development and

science can often loose to political dictate or industrial pressures. This sterfrem the prevailing

opinion that safety lies in antithesis to profitability, which generates strong resistance to

legislative change and limits the degred¢o which standards may be raised at any given time.

Consequently, it can take a multitude of accidésof similar profile before significant changes are

made, as demonstrated by thefollowing series of RoPax vessetasualtiesdue to the effects of

water on deck:

1953

1974

1987

1987

1994

Princess Victoria capsized and sank when large waves burst open the stern door in
rough weather with the car deck and starboard engine room flooded (134 died).

Straitsman capsized and sank whilst approaching its berth with its vehicle door partly
open as a result of squat, flooding the vehicle deck.

Herald of Free Enterprise apsized when the bow wave and bowrim combined to bring
the open bow door underwater, flooding the vehicle deck.

Santa Margarita Dos capsized in port in Venezuela due to heeling while loading vehicles
as a result of flooding of the vehicle deck.

Estonia capsized and sank due to flooding of the vehicle deck.

The fact of the matter is that, whilst accidents with water on deck ascommon loss mechanism

have contributed to the evolutionary change of legislation, recurrence of such accidents clearly
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demonstrated that lessons learned did not go far enough. The HRo concept in RoPax ship
designs provides perhaps one of the clearest examples of safety objectives clashing with
functional/operational objectives. These spaces arieindamental to the econonic viability of such
concepts, thus triggering a struggle in this evolution between safety of passengers and viability
of business. Therefore, whilst large open spaces in RoPax vessale an obvious design
vulnerability , reconfiguring this space to enhagce safety is not favoued and often resisted. The
key reasons for this inertiastem primarily from the shortcomings of reconfiguration in the form

of watertight partitioning , which:

1 Consume deck and hull spaceffecting ergonomy
1 Erodeearning potential (cargo space, internal logistics, deadweighturn-around times)

9 lead toloss of income

Ultimately, regulations should acto provide the operator with a safety net anchot a noosefrom
which he can hang his businessAs such, it is importanthat as we stive to improve safety,we
also seek cost-effective means to do soGherwise, any attempt to raise safety standards will
inevitably be met with resistance, in which instance we magnce again end u@waiting the next

disaster to awaken us.

1.2.4 Reconfiguration Going into Overdrive

Building on the previous section,tihas takenone of thelargestmodern-day catastrophes, namely
the Estonia disaster, claiming853 lives, to shake the foundations of the industry Such was the
scale of the disaster; it hadhe effect ofbringing economic and other barriers down, leading to &
onslaught ofhull space reconfiguration, both external and internal to the lsp hull. Driving this
process was a new regulatory instrument knawn as the Stockholm Agreement, which was
reached in 1996 and required thaEU RoPaxesselsbe assessedtonsidering the accumulation of
500mm of water on the vehicle deckRelaxations to this value could be made depending dghe
vessel area of operation ad if a residual freeboard of 2m could be demonstrated, no water on
deck effects needed to be assumed, thus encouragihg design of higher freeboard shipgglobal
reconfiguration). As an alternative route to compliance, the Stockholm Agreement also allaidve
for model testing to be conducted with consideration ofhe worst damage case defined f0oBOLAS
®0 compliance Additionally, alevel keel midship damagehad also to be consideredf the worst
damage location according to SOLAS &y outside the ranget+ 10% Lpp from thevesselmidship.
This represented the first performance-based standard, accounting for water on deck and
environmental conditions in the area of operationas well as the dynamitehaviour of the vessel,
the environment and their interaction. Perhaps most significantly the Stockholrgreement was

the first regulation pertaining to damage stability that has been applied retrospectivelyn the
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maritime industry, this was highly unprecedental asnew legislation generally applies only to
newbuildings, thus leaving the majority of ships (90% of all the ships are already in operation)
operating at inferior standards. Tis is known as the GrandfatheClause, a serious drawback in
maritime safety and its evolution (Grandfather Clause is the legal term used to describe a
situation whereby an old rule continues to apply to some existing situations, while a new rule will
apply to all future situations). In any case, the effect of the regulation wa® fuel an extensive
process of vessel reconfiguration in order to bring old and new vessels up to standard. Examples
of the various solutions adopted are outlinedn Table 1-2, pertaining to the North West European
Nations RaRo fleet,(Vassalos & Papanikolaou, 2002)

Table1-2: Reconfiguration of theship environmentadopted by thesample ofretrofitted Ro-Ropassengeships
for Stockholm Agreementompliance (Vassalos & Papanikolaou, 2002)

Modification (RCO) Design Impact

Transverse Doors on the Car Deck Major modification as iteffects the overall cost,
survivability and operation significantly

Ducktail Major modification as it effects the overall cost,
survivability and operation significantly

Ducktail Sponsons Major modification as it effects the overall cost,
survivability and operation significantly

Side Sponsons Major modification as it effects the overall cost,
survivability and operation significantly

Side Casings It could be major or minor conversion depending

on cost and effect on cargo capacity

Making existing rooms watertight on ~ Minor
the Car Deck

Internal Tank z Re-arrangement Minor

Buoyancy Tanks Minor

Additional Subdivision Minor or major, depending on the location and size
of the conversion

Making existing rooms watertight Minor

below the Car Deck

B/5 Longitudinal Bulkheads Minor or major depending on the location and size
of the conversion

Crossflooding Arrangement Minor or major depending on the location and size
of the conversion

Heeling Tanks Minor

FW tanks Minor

Ballast Tanks Minor

Stabilising Tanks Minor

Scupper Arrangements Minor

Additional Centre Casing on Car deck Minor

Stern Boxes Minor

In Flooding Valves Minor

New Bulbous bow Major

Foam Fillings in void tanks Major
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Observing the various risk control options used, the tendendy clutter the internal ship spaces
becomes obvious This stems primarily from the fact that most of these solutions were to be
applied in retrospect, which is always sukpoptimal and particularly difficult to do with
subdivision. It is, however,interesting to note that no RoPax vessel has been lost due to water on
deck problemssince the introduction of this legislation though one must be careful when making
such observations In factthe Stockholm Agreementhas remainedin parallel with probabilistic
regulations for damage stability However, a recent European Commission project titled
Assessment of specific EU stability requirements for roo passenger shipé (EU-DGMOVE,
2019), has demonstrated that the requirements of SOLAS 2020 wo make this standard

redundant.

1.2.5 Making Sense of Reconfiguration

Decluttering of internal configuration through structural changes wasassisted significantly by
the introduction of the SOLAS 2009 probabititic rules for damage stability, whichrepresented
two key changes in directionFirstly, moving from a deterministic to a probabilistic framework,
and secondly,from design towards performancebased standards. Tradional deterministic
instruments based on a prescriptive regime represented a majaoadblock that threatened to
inhibit progress. Shaped by existing technology and with an inherent but not explicitly stated
safety level, thedeterministic requirements were by nature extremely hard to challenge. In this
respect, the level of innovaibn that was feasible in design and reconfiguratiowas severely
restrained. In contrast, SOLAS 2009s arisk-based standard was far better suited to cater for
innovation and wuld in theory cater for all credible meansof damage stability enhancement

provided that their impact on risk could be quantified and validated by some appropriate means

In relation to internal configuration, the deterministic requirements according to SOLAS 90
placed a great deal of constraint on what was possibigthin design. Key examples of this include
O&I 11T AAAT A 1T AT COESd AT A OPAOI EOOEAIT A 1 AT cOE
arrangements. SOLAS 2009, in contrastllowed any arangementto be used provided the vessel
could meetrequirements, thus broadening the design spaceln addition, margin line criteria in
SOLAS 90 had the effect of directing focus primarily below the bulkhead deek no credit could
be gained in the equibrium floating position for any watertight configuration above the margin
line. However, this was amended in SOLAS 2009 whergedit could be gained for any buoyant
volume so long as unprotected openings are not immersed. A final important example of htive
regulations influenced vessel configuration was the consideration of B/2 damage penetrations
and much greater damage lengths than the deterministic B/5,-2ompartment standard. This was

highly significant, as many design configurations had hitherto taén advantage othis limited
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damage size meaning configuration was desiged to satisfy the letter of the rules but not the

intent.

However, being able to follow a rational approach to subdivision and flooding protection brought
new problems of its own. Mumely, with probabilistic damage stability rules having originally been
developed on the basis of cargo ship damage statistics, serious concerns have been raised
regarding the adopted sfactor formulation and the associaéd Required @ibdivision Indices,

particularly for RoPax and large cruise ship§vassalos & Jasionowski, 2011(Vassalos, 2016)

The current sfactor formulation has also fallen into question in relation to its capacity to cater
for the diversity and complexity of modern passenger vessel2. AET 1 A6 O DOT BT OAI
properties to measure stability,(Rahola, 1939), cast the die for future regulatory developments
and hencefocus was placed on global ship stabilitparameters(i.e. Range, Freeboard, GM, Beam).
a great deal of uncertainty surrounds the ability of generalised globatability parameters to
provide an accurate measure of survivability.Furthermore, there are additional concerns
surrounding the degree to which formulations based on such paramets guide the designer in
the right direction, particularly in relation to internal configuration which is dealt with in a very
indirect and reductive manner at present. Some efforts have been made over the years in order
to help amend this, as summarisednh Table 1-3, where for example Cichowicz et al. included
residual internal volume within the formulation. This was then followed by Atzampos who

proposed a scaling faar, _hto account for vessel size. Unfortunately, the conclusions in most

o]}

OET +

cases were that, despit®@ ECT EAEAAT O Ei DOl OAIl Aiz&Gig-AAA BT &I I OO A DIl

is unlikely to be able to cater for all vessels and as such Dirégbproaches are often favoured.

Table1-3: Survivability & Critical Hs formulation developments

Formula tion Proposed by Year
i T ﬂ Bird & Brown 1974
(0]

. OO A QWWE "QQ Tuzcu and Tagg

a D . 2002
™ ¢ p o (HARDER project)
O C Ow JYwe (%Q J Cichowiczet al. 2016
%‘oi‘) I GE QQ (GOALDS)
ot vy R L T N~ T 8
O 0 "00_ Osz., Mms 3QZ)QOU= C)Oco" R'YO& G. Atzampos 2010
YYwe "QQ YO (€SAFE)
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Such concerns have led to a certain degree disquiet in industry and academia along with
apprehensions deriving from the escalation of passenger ships to megaship£onsequently,
research focus on damage stability has shifted towards large passenger ships and to a more

EIT T EOOEA APPOI AAE O A TTAET C AT A EEOA ET AEAAT OC
1.2.6 A New wave of Reconfiguration z Safe Return to Port

In May 2000, the IMO Secretargseneral called for a critical review of the safety of large passenger

ships noting that "what merits due consideration is whether SOLAS requirements, several of

which were drafted before some of these large ships were built, duly address all the safety aspects

of their operatonz ET  DAOOEAOI Aoh ET Ai AOCAT AU OEOOAOQET T O¢
- AOEOEI A 3AEAOU #1111 EOOAA j-3#q O AAchchddr A 1 Ax
developing safety standards for passenger ships. In this approach, illustrated in Figute2 (SLF

47/48), modern safety expectations are expressed as a set of specific safety goals and objectives

These addressdesign (prevention), operation (mitigation) and decision making in emergency

situations (emergency response)with an overarching safety goal commensurate with no loss of

human life due to shiprelated accidents. This questwhich is in principle a life-cycle risk

management framework, hasA1 Ei AGAA O1 OEA OUAOI Oi1 1 AOAT AAs A
ET 00T AGAAA ET *O0I U ¢nnw AT A OEA AT OOGET ¢ AAOGAIT PIi
Design and Arrangementé h O 28FDARAEA $ AOEGT AOKAA A3 DATT AAOAOG68 4EEO
open proclamation by the then (April 2012) Secretary General of the International Maritime
Organisation Koji Sekimizou, in addressing guests in the annual dinner of the Royal institution of

Naval Architects, that deterministic requirements have no future. ThH®O AOI O3 A&EA 2A00601

j 3200q6o EAO AAAT xEAAI U AAI POAA ET AEOAOOOEI ¢ C
elements prerequisite to quantifying the safety level (lifecycle risk) of a ship at sea and

providing an approach for derisking fire and flooding casualties as outlined in the following.
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IMO (SLF 47/48) Passenger Ship Safety

I'IME TO REMAIN HABITABLE (3 HOURS) | I'IME TO RECOVER
N ABANDON 5 DAYS]
PREVENTION (30 MIN)
Casualty Threshold Return to Port
The regulatory framework q L ]
= 0,
should place more emphasis N 100% V_essel_ s_urV|vab|I|ty = (RTP)
on the prevention of a Casualty ) Casualty within i (indefinitely) 2
casualty from oceurring in detected YES threshold YES g
the first place CITECriA i =z
Abandon Ship z
=
Prepare 10 Abandon Recovery z
L abandon ship ship  into = fiom 2
survival survival g
craft craft 2z
100% vessel survivability
for a specified period of time [3h]

Ship functions / systems availability after a casualty

Figure 1-2: The IMO Framework for Passenger Ship Safé¥yO SLF7/48)

Casualty Threshold: This supports the goalthat the ship should be designed for improved
survivability so that, in the event of a casualty, persons can stay safely on board as the ship
proceeds to port. In this respect and for design purposes (only), a casualty threshold needs to be
defined whereby a ship suffering a casualty below thestablishedthreshold is expected to stay
upright and afloat and be habitable for as long as necessaryorder to return to port under its
own power or wait for assistance.lt constitutes part of the design work todetermine this
threshold value rationally, as it greatly influences the design aangements (ship environment re
configuration). This, in turn, has introduced a new wave of internal ship space reconfiguration
by way of protecting vital machinerywith longitudinal B/10 bulkheads around engine spacesas
well as internal reconfiguration for redundancy provision including partitioning in the engine

room itself or other redundancy arrangementsaimed at segregatingessential systems.

Emergency Systems Availability / Evacuation and Rescue: Should the casualty threshold be
exceeded, the ship must remain stable and a#it for sufficiently long time (3 hours
recommended)to allow safe and orderly evacuation (assembly, disembarkation and abandoning)
of passengersand crew.Availability of emergency systemdo perform all requisite functions in
any of the scenarios considered is, therefore, implicit in the framework. In addition, the ship
should be crewed, equipped and have arrangements in place to ensure the heatthfety, medical
care and security of persons ofboard in the area of operation This includes consideration of
climatic conditions and the availability of SAR functions until more specialised assistance is
available. Consequently, anarray of changes inthe internal ship environment have been

introduced as well as new spaces (safety areas) to enhance requisite functionality pastsualty,

29



including: safety centres, redundant safety systems, new evacuation routes, muster stations, new

LSA, many of the latr within the internal ship envelop.

1.27Ro0PA@ 60 #OOEOA 3EEDO( ( EOOEI C
In support of the aforementioned developments and in the pursuit to deisk large passenger

ships, a series of projectdhave investigated this problem and laid down the foundation for a

passenger shipspecific damage stability famewaork, process andriteria, (GOALDS, 2002012),

(EMSA 11, 20092012), (EMSA Ill, 20132015), (eSAFE, 20172019), (EU-DGMOVE, 2019xand

(FLARE, 20192022). The outcome of two of these projectsEMSA 1l and EMSA liare shown in

Figure 1-3, which demonstrates the coseffective level to which the Required Subdivision Index

could be raised for RoPax and cruise vessels
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However, the strong suggestion by these research giects on increasing the damage stability
standards, specifically forsmall RoPax vessels and for passenger shipsgeneral,hasbeenmet
with strong resistance by industry.Ultimately ending in a compromise at IMO for muchmore
modest damage stability standads. Key reasons for this relateto the industry becoming
increasingly aware that design measures to improve damage stability standards, primarily
through further reconfiguration of the internal environment, are reaching satuation.
Consequently, we stand at arucial point where viability of businessmust be compromisedmore
than everin favour of passenger safety. For this reason, something has to changesasificing
business viability will never be the route leading toa solution. Hencethe shift to a new

perspective was an inevitability.
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1.2.8 Widening the Reconfiguration Perspective: Passive and

Active Protection

Thedogma®) 1 11T OAOGETT EO AT Ol 100 T &£ 1 AARAOOEOUS EAO 1
the quest for damage stability improvement, design (passive) protectiohastraditionally been

the only means to achieve this in a measurable/auditable way (SOLAS 2008, 0-1). However,

in principle, the consequences from inadequate damage stability can also be reduced by
operational (active) measures, which may bhighly effectivein reducing loss of life (the residual
risk). However, the presentlack of measurement ad verification of the risk reduction potential

of any active measuregoses a problem In simple terms, what is needed is the means to account
for risk reduction by operational (interventional) RCOsas well as measures that may be taken
during emergencies. Such risk reduction may then be considered alongsithait deriving from
design measures. What needs to be demonstrated and justified is the level of risk reduction and
a way to account for it, thelatter by adopting a formal process and taking requisite steps to
institutionalise it. Efforts in this direction are the focus ofan ongoing large-scale EGfunded
research Project,(FLARE, 20192022). The key facilitator in this respect is the regulation for
Alternative Design and Arrangements,(IMO, 2013), (IMO, 2006), which opens the door to

innovation and is key to this thesis.

1.2.9 Life-cycle Risk Management

Ship fooding risk is by no means astatic measurement and in fact, is almost constantly varying
over the dayto-day operation of the vesselThe reasons for this stenfrom a multifarious array
of influential factors such as the opening of WT§) variations in loading condition, changes in
weather etc. Further still, greater variations in flooding risk have a tendency to occugradually,
over longer durations ofthe vessellife cycle. In order to illustrate this point, it is helpful to view
this in the form of abowtie diagram as shown inFigure 1-4. Here,one can observecausal events
of the left, therisk event in the centre (flooding accident) and the consequences on theft-hand
side. In addition, for eachpotential threat and consequenceseveralbarriers in the form of Risk

Control Optionsare in place.
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Figure1-4: Barrier- AT ACA 1 A1-40E A&Jaloss Atzampos, Cichowicz, & Paterson, 2018)

The need for lifecycle risk managemenderives from the factthe effectiveness othese barriers
tends tochange arer time, either as new threats present themselves or due to degradation of the
barriers themselves As previously mentioned, this can occur in a somewhat subtle way during
the general operation of the vessel, or in a more significant way throughout the vesiék cycle

A typical example of this relates tgrowth in vessellightweight, which has the effect oincreasing
KG and draft, both of which have negative effects on vessel resilience to flooding. This is
demonstrated within Figure 1-5, where an illustrative example of the variation in lightweight and
KG for a large cruise vessel ghown at incremental steps Here for a single loading conditionthe
impact of vessel grovih is demonstrated and plotted relative to the vessel limiting GM curve.
Though rather extreme variations are depicted here, thislearly demonstrates how a vessel can
fall out of compliance given sufficientgrowth, thus highlighting one of many reasons itis

important to manage flooding risk over the vessdife cycle.
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Figure 1-5: lllustrative example of vessel lightweight and KG variation
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Barriers can and do come in the form of both preventative measures amdcovery or control
measures.Furthermore, these barriers canexist in the form of design (passive protection) or
interventional (active) RCOs. Unfortunately, to date focushas largely been plaed solely on
design measures and predominantly on control as opposed to preventioithere are several
reasons for this, primarily relating to the difficulty in quantifying the impact of preventative
measuressuch as crew training or the installation of axew navigation system which makes this
hard to regulate for. However, in the understanding thatsafety affects everythingn the life-cycle
of a ship and is,in turn, affected by everything focussing entirely on design measuresand
ignoring any interventional measuresis becoming harder to justify Ideally focus would broaden

to accept risk control optionspertaining to all influential factors, such as
E Process, people, technology, organisatigenvironment, science and engineering.
E Rules,regulations,codes andinternal practices (safety culture).

E Passive, active, removable, neremovable, endogenous, exogenous.

1.2.10 Fuelling Technological Innovation in Solving the

Damage Stability Problem

Notwit hstanding the lack of a lifecycle regulatory framework complete with passive and active

i AAOGOOAOG T &#/ AAT ACA OOAAEI EOU DOl OAAOGET T h OEA
platform for the first important steps. As indicated in the foregoingwith accidents providing the
primary motivation, emphasis haslargely been placed on reducing consequences, i.e., on cure
rather than prevention. The key reason for this, derives from the fact that the residual risk post
flooding accidents is unacceptaly high, meaning that the mostcost-effective way to redue
flooding risk is to focus onthe residual risk, namely on technological innovation, targeting cost

effective solutions to damage stability problem.

In this respect, the prevailing situation carbe drastically improved throughan understanding of
the underlying mechanisms leading to vessel loss artirough the identification of governing
design and operational parameters to target flooding risk reduction costffectively. This, in turn,
necessitaes the development of appropriate methods, tools and techniquesapable of

meaningfully addressing the physical phenomena involved.
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1.3 The Way forward: Technological Innovation

IS the Key
1.3.1 Damage Stability : Sill the Highest Risk Contributor in

the Maritime Industry

7EOEET EAI £/ A AAT OOOUh OEA OOGAEAAO T &£ AAi ACA OOA
concept of Safe Return to Port, introduced in July 2009 and the ensuing developments pertaining

O O3AEAOU , AOGAT 6 A OOOAAQRAARDBAG BAECTBASEd AT A O
30AT AAOAO68 4EEO EAO POO OEEDP OAEAOU ET DPAOODPAAOD
accidents continuing to be the key risk contributor for passenger ships, resolvingyis problem

remains a priority, Figure 1-6. In particular, for cruise ships,Figure 1-7 shows that themaximum

numbers of passengers carried by the largest cruise ships each year has risen dramatically, almost

doubling to 6,800 in 2019 compared to 1999Clarkson, 2020).This means that there is now a far

greater risk of passenger fatality from any given sigle accident.

Moreover, the realisation that risk is inextricably linked to operation and a derivative of exposure
has driven the industry to life-cycle considerations for effective risk management. This, in turn,

has provided the motivation and the platbrm for wider industry inculcation.
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Figure 1-6: Casualty events for ships in the period 2011Fjgure 1-7: Capacities of largest passenger ships |
2019 year (Clarkson, 2020)
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1.3.2 Damage Stability Research at Strathclyde as an Enabler

Damage stabilityresearch at Strathclyde has beenleading the way internationally for over 5
decadeshelping to raise the subject from embryonic existence to a scientific daject at par with
other performance requirements in ship dynamics and hydrodynamics, such as resistance,
propulsion, seakeeping and manoeuvring. In this process, unabated research at Strathclyde in
damage stability from the Herald of Free Enterprise acca@ht to date, funded initially by the UK
Government and subsequently by the EWTuran & Vassalos, 1994)Letizia, 1996), has raised
capability in addressing the damage stability problem in ships téorensic level detail, which in

turn nurtured and encouraged the novelty presented in this thesis. A great deal of this
development has been translated into a software suite under the name of PROTEUS, as described

in the following section.

1.3.3 The PROTEUS Software Suite

1.3.3.1 General Capabilities and Overview of Historical Development

PROTEUS is a ship hydrodynamics and dynamics software suite, developed by the University of
Strathclyde along with Brookes Bell Safety at Sea Ltd and marketed by the lati@s a seakeeping
and stability software with routes going back four decadeshe software is capable of modelling
the dynamic behaviour of intact and damaged vesseis the time-domain when exposed to wind
and wave effects in addition to performing several other functions, Figure 1-8. Over the years,
the software has undergone a series of developments and versigisiefly summarised within
Table1-4.In addition, the software has beervalidated against numerous model experiments and

benchmark tests on various vessel types.

Table1-4: PROTEUS history of development

Developer Year Version
G. Konstantopoulos 1987 PROTEUS
O. Turan 1992 PROTEUS1
L. Letizia 1996 PROTEUS2
A. JasionowskKi 2001 PROTEUS3
A. Jasionowski 2004 PROTEUS3.1

*Primary Developer
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Figure 1-8: PROEUS Software capabilities

1.3.3.2 Research Contribution to PROTEUS

In the undertaking of thisresearch,the PROTEUS software suite has been used extensively as a
means ofconducting dynamic assessment of ship damage survivabilityy a wave environment.
The vessels considered have highly complex internal environments, which calls for assessment
of the flooding process in forensic detail. The necessity for this comes from thecognition that,
while global ship parameters(e.g. beam, freeboardjnay act to set the stage for flooding, it is in
fact localised details within the vessel internal geometry such as epings and their distribution
that hold the greatest impact on the floodwater evolutionlt is this latter area wherethe present
research hassought to contribute, by providing a number of techniques by which such features
can be analysed and assessed asgards their criticality. The result is a system thatallows
targeted solutions to be developed in order taaffect the flooding outcome by containing and
controlling floodwater within the ship environment. This provides the foundation for identifying
the location, type and magnitude of reconfiguration required within the ship environment for

the most costeffective passive or active damage protection and control. In principle, the level of
protection has nolimit and thus, theoretically speakingany shp could be rendered unsinkable.
Of course, in reality there will always be economiconsiderations, which in the case of only

marginal safety improvements will always take president.

1.3.4 Loss Modalities of a Damaged Ship

As indicated in the foregoingin order to contain and control the outcome of a ship hull breach in
the event of collisionor grounding, it is important to be able to understandwvhether the ship will

survive the damage or not and in the latter case, how long it will takein any event it will be
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prudent to have all this knowledge a priori (e.g., during the design phagby exploring all feasible
scenarios, identifying loss scenarios and taking measures to either contain and control all such
scenarios or allow for safe evacuation of all the pple onboard. This in turn, entails
understanding of loss modalities andhe nature offloodwater progression at forensic level The
latter will be explained in detail in thethesis, but a brief explanation of the former is warranted
here to allow for an educatedpresentation of the various flooding risk control options being

introduced in the next section.

Following hull breach of a ship in a seaway that leads ftooding of internal ship spaces, the ship
will first undergo a transient response as a redlti of the inrush of floodwater, which can leadto
capsiz without equilibrium being restored (transient asymmetric flooding). Sich response
normally results with th e ship heeling towards the oncoming waves but depending on the latter
and the ship response, theressel may heel towards the leeside. This, in turn, may be beneficial
depending on the size of the breach and the internal ship arrangemenAs a general conlaision,
there are so many parameters in large passenger shipsaffecting this initial response, the
floodwater evolution and the ship behaviourthat one cannot address these prescriptively. Here
a generalised description is presented ifrigure 1-9 to facilitate better understanding of the detail

in the thesis.
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Figure 1-9: Overview oflooding stagesz based ordiagram shown in(Ruponen P. , 2007)

This transient capsize phenomenon was first noticed and studied i(Spouge J. R., 198&nd
(Vassalos, Jasionowski, & Guarin, 2005pr RoPax and Cruise vessels respectivelput the
observations and derived results did not make any significant inroads into the regulatiemaking
process. This is rather ufortunate, as time limitations relating to transient flooding capsize

render this the most dangerous loss maality. Some attempts have been made to consider the
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effect of transient flooding on stability by focusing on different stages of this process in a quasi

static manner and, in this respect, an intermediate stagefactor hasbeen adopted at IMO (SOLAS

2009 Regulations). Figure 1-10, shows the roll response timehistory relating to a large-scale

model experiment and numerical simulation reslts of the same(Vassalos, Jasionowski, & Guarin,

20058 (AOAR A OUDPEAAI 1 AOCA AOOEOA Gobdarkient AAOECT
SOLAS damage amidships, demonstrating that transient capstamild take place for aship in full

compliance with statutory damage stability regulations
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numerical simulation resultVassalos eal.,2005)

Similarly, Figure 1-11, where the PROTEUS timdomain simulation software is used to identify

different loss modalities, demonstrates that transient capsizes for-2omprtment damages of a
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Figure 1-11: Loss modality distribution for a SOLAS '9ise vessel
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Progressive flooding capsizes have been studied more systematically in the various-fi@ded
projects, amongst othersmentioned in the foregoing and have formed thebasis for the current
SOLASequirements (SOLAS 2009 and SOLAS 2020). However, even in these regulations)alksis
modality is considered primarily on the basis oexperimental results pertaining to RoPax vessels
in waves up toHs=4m. Theeffect of the latterhas then beenconsidered as an aveage influence
on survivability, captured by correlating GZcurve properties (GZmax and Range) to Hsn
general, the primary loss modality withessed was progressive flooding of the vehicle deck as
demonstrated inFigure 1-12. This is the mode of capsize that made the basis for all contemporary
developments, particularly pertaining to probabilistic regulations adopted at IMO. The rapidly
escalating trace of water on deckn Figure 1-12 designates the time instant, referred to in the
1] EOAOADODOA AO OFE A witich th&rhaés of figedwaier o0tAeCxér @dcldincreases

exponentially and the vessel capsizes very rapidly.
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Figure 1-12: Time History of Floodwater Accumulation on Deck

Of course the presence of superstructuremay considerably delaythe process asin the case of

the RoPax vessel Estonia where it has také0 minutes for the vessel to capsizand eventually

sink. Moreover, water accumulation on the car deck is not entirely deterministic as it depends on
many stochastic influencesHence,it is rather difficult to estimate the amount of water on deck
leading to vessel capsize. In cruise ships, a similar mechanism may lead to vessel loss, in this case
related to the service corridor on the main decland other large open spaceswhich provide the
conduit for water to spread longitudinally in the vessel and uglooding via the vertical service

trunks and stairwells.
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1.4 Adaptive Reconfigurable Environment Safety

Technology (AREST) Systems
1.4.1 The Concept

As presented within the opening sections, afety is normally a compromise to vessel earning
potential and, as public demand for higher safety standards grows, industry fgogressively
forced to choose betweerusiness viability and customer safety To address this for flooding risk
(the kernel of the rese@ AE DOAOAT OAA ET OEEO OEAOEOQh
arrangement of the vessel is adapted and reconfigured, using passive -fuilt) and active
(controlled) containment systems.This is another way of stating thathe vessel is renderednore
resilient (designing the ship to adapt in theevent of failure). Each ofthese systems employsthe
use of high expansion foam to restrict and contain the amount of floodwater entering thdig
hull following a flooding incident. The resultant solutions ae aimed at being entirely non
intrusive and provide a highly effective means of protectiorwhen in crisis from any flooding
event. Consequently, vith passive/active foam protection in place, flooding risk is all but
eradicated. This leads ta transformational reduction in flooding risk in the mostcost-effective

way available.

1.4.2 AREST Systems

This relates to a University of Strathclyde Patent (Patent No.PCT/ GB2017/050681, jointly owned
by the author) pertaining to a series of active and passive systemsmaprising the use of high
expansion foam to restrict and contain the floodwater entering the hulfollowing a flooding
accident The deployable systems also offer fire protection as per SOLWR. Anillustration and

brief description for the various sysems is provided in the following.

1.4.2.1 AREST P1: Passive Foam Installationz Permanent Void Filling

This isa passive flooding protection systeminvolving the Installation of permanent foam in void
spaces to provide additional reserve buoyancy when thesspaces are damaged following a
flooding incident, thus increasing GMand restoration forces Such installations act much like
buoyancy tanks withthe added benefit of being impermeable, thus providindgpuoyancy within
the immediate damaged area. Upon indiation, the foam adheres to the vessel steel structure
and acts as a protective/anticorrosive coating, prohibiting build-up of moisture betweenthe
foam and ship structurewhilst offering effective insulation. The foam is resilient and will last,
without degradation, for the vessel life spaf>50 years). Figure 1-13, shows a typical application

site behind the cabin linings of a cruise vessel.
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Permanent foam installation

B Permanent foam installation

Figure 1-13: Filling void Spaces in the wingpacef a cruise ship

1.4.2.2 AREST Al: Active Foam Application z Filling Voids in Flooded

Compartments

This is an active foam deployment system comprising modular, OO AT AAOA OE®H® 1T £ DPA
form of foaming agents stored in bottleor IBC containerswith a dedicated pumpor compressed

gas system for deployment and a centralised piping network for distribution. The systelis

located in a nonintrusive location within the vessel and isfully integrated into the ship Safety
Management Systen{SMS)with dedicated Decision Support. Foam is deployed imigh-risk ship
compartments on top of the floodwater entering the ship to suppress, contain and control its
progression and potentially to push floodwater out The result in a reduction inlost buoyancy,

leading to enhanced damage stabilitand floatability. The bam being used is closed cell with-1

2% permeability, 1:50 expansion ratio, 1 bar expanding pressure and 2 bar compressive strength.

Typical examples of such systems are provided withiRigure 1-14 below.

\

\ |
\
\

Figure1-14: AREST Al systems, largeale system with pumps (right), smadtale system with compressed
gas releaseléft)
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1.4.2.3 AREST A2/A2F Deployable Watertight Bulkheads for
Flooding/Fire Protection

During the flooding process of a complex environment, the internal geometry of a ship and the
progressive flooding paths therein can be likened to the cardiovascular system of the human
anatomy. In this respect, there exist minor progressive flooding paths that act much like veins
and major progressive floodwater paths that act like arteries. In order to most effectively deal
with progressive flooding in ships, it is best to dcus on blocking thee arteries. This is
demonstrated in Figure 1-15, where all potential flooding paths (veins) are shown in blue and
critical flooding paths (arteries) in red. In this schematic representation of a complex internal
ship environment, it can beobserved that although the progressive flooding process can take on
a multitude of routes through many openings, if it is simply cut off at its source, the problem can
be dealt with in a simple, yet highly effective manner. This is facilitated through fensic

examination of all flooding scenarios to identify critical openings and flooding pathways.
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Figure 1-15: Flow paths anctritical progressive flooding sources

Deployable barriers comprise two lightweigh shutters made of lightweight GRP or steel laths
(normally A-Class Fire Rated)distanced30 cmapart. Shutters ONLY are deployed in case of fire
casualtiesand drills. In case of flooding, the cavity between shutters is filled with expanding foam
delivered from a compressed foam canister. As demonstrated in the schatic arrangementin
Figure 1-16, the shutters are mechanically operated to be deployed vertically or hiaontally to
suit local structural details and arrangements. Thevatertight integrity ascertained is typically

rated up to 1.5bar (15m water head). The barrier caralso span distances up to 30 metres, with
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intermediate supports and can be deployed withinminutes to curtail and control previously
identified critical floodwater pathways. In this respect, drawing on the results of tima&lomain
flooding simulations, an effective Damage Control Pla(DCP) could be set up and suitably
executed with the aid, forexample, of a suitable Decision Support Syste(DSS)linked to the ship
SMS Through doing so, his process can be guided in the most effective wegnd the vessel
damage response teantan be grantedthe ability to actively suppress floodwater propagation
This is achievedy isolating the damage area following any foreseeable critical flooding evefar
which progressive flooding is responsible for loss. This offers a distinct advantage over existing
Damage Control Plans, which are limited in that they rely entirely on fixed design measures in
order to contain the spread of floodwater or else bulkier more restrictive watertight doors need
be used As such, they have limited flexibility and cannot edttively deal with all probable loss
scenarios. In addition, there are a number of areas within any vessel in which watertight integrity
must be sacrificed in order to allow for effective operation of the vessel i.e. lift trunks, service

corridors andro-ro decks

Figure 1-16: Example of shutter closing arrangements
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1.5 Structure of Thesis

The thesis is constructed intoeleven chapters and five Appendices as outlined within the

following:

Chapter 1: Introduction

The introductory chapter begins by outlining the damage stability problem we still face today and
moves into the area of innovation being explored within this research angotential impact this
could have. Following this, a brief background is provided on the development of damage stability
both as a subject and from the regulatory perspective, with due consideration given to the forces
and events that have driven these devepments. The chapter then moves on to discuss more
contemporary developments, citing technological innovation as a key component in our
endeavours to further improve ship damage stability performance. In closing, a brief overview is
provided of the noveldamage stability Risk Control Options that have been developed as part of

this research.

Chapter 2: Thesis Aim & Objectives
In this chapter, the primary aim of the thesis is described along with the various objectives that

have been set in the hope achieving this aim.

Chapter 3: Critical Review on Passive & Active Reconfiguration for Damage Stability
Protection

Chapter 3 outlines the key findings and observations magleaving conducted an extensive critical
review on the manner in which vessels havéeen and are currently reconfigured for damage
stability protection. The chapter beings by firstly considering the influence rules and regulations
have had on driving and shaping thevay we design for damage stability, ranging from the earliest
developments to where we currently stand today. The impact of this reconfiguration is then
explored with regards to three key stages within the vessel lifeycle, namely design, operation
and emergency response. In each instance the effectiveness of current Risk @dnDptions is
explored and competing design objectives are examined, revealing gaps and shortcomings within

existing approaches and thus highlighting areas in which improvements can be made.

Chapter 4: Research Methodology Adopted

Chapter 4 serves to proide an overview of the methodology that has been employed in the
undertaking of this research. Here, the approach adopted is described in the form of eight distinct
stages, each of which is elaborated upon in detail as regards the activities that are cocigd and

also the value and purpose of each stage within the wider methodology.
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Chapter 5: Ship Damage Stability and Survivability Assessment Process

This chapter provides a detailed overview of the ship damage stability and survivability
assessment procss that has been adopted in the completion of this research. In the opening
section, the limitations that exist within the current statutory calculation methodology, namely
hydrostatic assessment, are exploredlong with the value of numerical timedomain simulations

as a means of compensating for some of these shortcomings. Following this, ardépth
description of the survivability assessment process is provided ranging from the preparation of
the simulation model, definition of input parameters and calgalation approaches. The chapter
then closes by describing thevay simulation results can be used in order to conduct a forensic
level examination of the flooding process, determining sources of vulnerability and informing the

process of deriving appropriae RCOs.

Chapter 6: Reconfiguring the Ship Environment to Enhance Safety

Chapter 6 serves to outline how the information provided through completing the survivability
assessment process outline within Chapter 5 has been used in order to generate a numbkr o
novel Risk Control Options. Detailed descriptions of each RCO and their function are then
provided. Finally, the chapter closes by touching upon the Class and Administration approval

process for such RCOs, providing some examples of the steps that mustdken in this direction.

Chapter 7: Passive & Active Flooding Control Example - Permeant Foam Application &
Progressive Flooding Suppression

Within this chapter the first application example is described in relation to a mediursized RoPax
vessel, curretly operating today. In line with the thesis methodology, both static and dynamic
damage stability assessments are conducted. The results of these assessments are used to inform
the implementation of two of the RCOs developed as part of this research. Beissessments are

then revaluated in order to determine the impact of the RCOs on vessel survivability.

Chapter 8: Passive Flooding Control Application Example z (AREST P1 System)

Chapter 8 outlines a further application example, this time in relation ta large cruise vessel, thus
providing a different perspective from the initial RoPax application example. Again, in this
example the vessel is assessed according to the methodolatgvelopedwithin this research in
order to identify areas of vulnerability within the vessel design. RCOs are then implemented and

their impact on ship survivability is measured.
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Chapter 9: Active Flooding Control Application Example z Controlling Progressive Fl ooding
(AREST A2)

Within this chapter a third and final application example is described, in this instance relating to

a new build cruise vessel design of unprecedented size. This provides an interesting example as
this particular vessel design representsipper limits of modern passenger vessel design. Here, as
in the other examples, the vessel is subjected to damage stability assessment in line with the
thesis methodology, following which a number of RCOs are employed in order to reduce flooding

risk.

Chapter 10: Discussion & Recommendations

Chapter 10 reflects on the work presented within the thesis, starting firstly by focusing on the
level of innovation offered and the potential impact of the work conducted. Discussion then
continues inrelation to the nature of the maritime industry, its history and peculiarities, which
are expanded upon in the light of this researchFinally, the chapter closes by making a number of

recommendations on the way forward with a view to consolidating the resarch findings.
Chapter 11: Conclusions

In this final chapter, the overarching conclusions that me be drawn from the work presented

within this thesis are describedin addition to contributions that have been made
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Chapter 2. Thesis Aim & Objectives

The primary aim in the undertaking of this research has been to develop and present a

methodological process by whiclships may be reconfigured in order to provide a level of damage

stability resilience, for which it would not be hyperbolic to state, approachesinsinkable.

Furthermore, it is aimed to provide such resilience in a costffective, practical and feasible

manner.Of coursejt is well understood that such a goal may appear, on the surface at least, overly

ambitious, perhaps even naive or worse stilh demonstration of hubris. As such, the following

objectives have been set forth in the qualification of this notion in the hope that this researcht

the very least, maybring us a stepcloser tothis aim.

Objectives:

T

To critically review the subject ofdamage stability and survivability with particular focus
placed uponthe historical development ofRisk Control Options (RCQsaimed to mitigate,
contain and control flooding risk by reconfiguring the internal ship architecture. Through
doing so it is hoped tadentifying gaps, pitfalls and opportunities to improve upon.

To present a methodological treatment of damage stability and survivability where, by using
state of the art toolsand knowledge,the design and implementation of RCOs can be done in
the most effective manner. It is hoped to achieve this by exhaustively and systematically
exploring all design vulnerabilities in the event of flooding, thus allowing for targeted
solutions during designin addition to operation with focus on emergencies.

Set upon the foundation of sound and extensive analysis, it is then intended to seek out new
and innovative Risk Control Optionsfor damage stability enhancement, taking atep away
from conventional norms in order to broaden the design spacand provide solutions of
greater utility than those currently established.

To devise and present any such solutions to high TRL, thus enabling feasible applications to
targeted safetycritical ship types and enumeration of the ensuing results.

On the basis of the results achieved and any identified gaps, draw conclusions to guide future

developments and applications offering recommendations on the way forward.
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Chapter 3: Critical Review on Passive &
Active Reconfiguration for Damage Stability

Protection

3.1 Opening Remarks

The idea of subdividing the internal volume of a ship into compartments in order to mitigate the
effects of hull breach and flooding is by ho means a receoie. In fact, the importance of doing
so, intuitive as it is, was established some 38 centuries ago by tBabyloniansand sanctioned
within the Code of Hammurbai(Francescutto & Papanikolaou, 201Q0However, despite this early
development, the question of flooding protection slept for many years until awoken once again in
the 19 century, during which vessel designs were undergoing transformative changes. Firstly,
moving from wood to iron construction and secondly, growing much larger in size and capacity.
Concerning the latter, more people were now at risk than ever before and unfortundjethe
development of flooding protection did not come fast enough. Instead, a number of major

accidentsand great loss of lifedrove development as was discussed within the introduction.

Having said this, there have always beepeople of practice with geat vision and intuition, who

have paved the way to reconfiguring the ship internal spacdor safety in ways that we still

struggle to master today4 EA AAOECT 1T £ OEA O OAAO %AOOAOI 6 EO
vessel that stretched the limits & Victorian technology. She was built at an unprecedented scale

for her time, with a length of 207m, displacement of 22,000 tons and a speed of 14 knots. During

regular service, the vessel could accommodate 4,000 passengers, which could be further
increasad to 10,000 solders when acting as a troop shipncorporated into the design were the

very latest technological achievements in Naval Architecture and Marine Engineering including

riveted iron construction, steam power, and propulsion in the form of padde wheels and a stern

screw propeller. Perhaps most remarkably, the Great Eastern had not only watertight subdivision

AOGO Al 61 A OAIT OAT A EOI16h xEEAE AAOGAA O1 EI DOI (
penetrations leading to large scale flooding. Tlee are concepts only recently being adopted in

modern passenger vessaliesign under the provisions of Safe Return to Port.

However, what may appear obvious or ingenious, needs to be contrasted against other design
requirements pertaining to performance, tinctionality and cost.In fact, despite the many great

advances described, the Great Eastern was never a commercial success and there is a lesson in
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that. Internal reconfiguration impedes functionality (reduces ergonomy and space), performance
(flow of people and goods) and comes at a cost (construction and maintenanceéjurther still
structural strength and reliability as well as the basic need for structures to be crashworthy, add
more constraints on top of those pertaining purely to safety, leading toa complex design
optimisation problem. Vectorisation (turning constraints into objectivesz Design for X) has been
a vehicle to facilitate design optimisation and, as such, desigorfsafety and riskbased design.
This, in turn, has facilitated rational decisionrmaking in the design process particularly

concerning reconfigurationof the internal ship space

In this respect, this chapter will address the various requisite ingredients leading to cosfffective
reconfiguration of the ship internal environment for damage stability protecton/enhancement.
This is achievedby considering ship design and operation (including emergencies) as well as
pertinent design constraints/objectives in the form of rules, regulations, performance,
functionality and cost.Too often, safetyminded practitioners in the maritime industry feel that
compliance and evasion cover the whole safety spectrunHowever, this critical review will
demonstrate that safety has been the largest single factor affecting the evolution of shipsam
and operation, with reconfiguration of the internal ship environment representing the most

treaded avenue to enhancing maritime safetwith respect to damagestability .

3.2 Rules & Regulations as the Prime Mover

3.2.1 General Concept of Stability Measurement & Subdivision

This section discusses how rules and regulations for damage stability protection (as Risk Control
Options) have been developed and how these rules, as key determining factdrave influenced
ship internal configuration, namely sibdivision at the design stage. It should be notedhé term
reconfiguration is meant to imply the evolutionary process involved as well as the concept of
active intervention in reconfiguring the internal space of a ship. Thig turn, is linked inextricably
with ship stability quantification and provision, particularly when the ship hull is damaged as a

result of collision or grounding.

The question as how to quantify ship stabilityis a longstanding one and was firstaddressed in
the period around 250 B.C. by ArchimedegHeath, 2002)and (Horst, 2007). However,it was not
until the 17th/18t century before the first attempts to crystallise these principles were made
Notably, in 1698,Paul Hoste introducedthe concept of metacentric heightas a measure of ship
stability, or GM as it icommonly known today (Hoste, 1697) (Vassalos, 1999), (King, 1998).

Pierre Bouguer,x ET ET O0OT AOGAAA ET pxtoe OmBtdr elAbArétdAtHis OAOI
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concept further in a more widely acknowledged exposition(Bouger, 1746) In 1749, Leonhard
Euler focused on the righting moment at a particular angle of heel as a better measure of stability
(Euler, 1749). However, t was George Atwood who eventually demonstrated in 1798 that such
measure can be derived for any angjénventing thereby the GZ curvgG. Atwood, 1798) Other
milestones on stability quantification, achievedhereafter, include# AT T 1 -1 OA1 AUd O AT 1
using the area undetthe GZ curve as a better measuraf ship stability in 1850, (Vassalos, 1999)
Further still, in 1939, Jaaklo Rahola made propositiondo use a function of GZ curve to express
the ability of a ship to stay in functonal equilibrium after flooding (Rahola, 1939) This is a
development of particular significance to this researctasit is one of the earliest examples of
informed reconfiguration of the ship environment for flooding protection. The emphasis,
however, was onglobal ship parameters rather than the deta# of the internal ship environment,
which is highly influential in the case of largepassenger ships.Regardless, his approach
influenced subsequentregulatory developments for all ship types, an issue, which Rala could

not possibly have conceived of at the time.

10 AAOAT AAO EI EAAT OEAUET ¢ OOOAAEI EOQUO6 DBAOAI AC
Ei Dl Ai AT OAGEITT T &£ ATU OOAE OOAAET EAAI EOEAOGS EAO
Oi i A O bféyCiAstruimenOwas realised for many centuries. First attempts to introduce
governmental intervention have been in place sincancient times,such as aan on sailing in

winter (15th September to 26th May) in Rome during the Roman Epire (27 BCz AD 476/ 1453) ,

which remained inforce in some placeantil as late as the 18th century Other examples include

the first recorded regulations on load lineduring middle ages in Venice in 125%cross marked on

each ship) or the first system of survey inspectios imposed by The Recesses of the Diet of the

Hanseatic League of 1412.

However, it was not until the Industrial Revolution of the 19th century that the true face of risk
encountered by shipping started to showwith the introduction of steam-powered engines, steel
hulls and the rapid escalation of sea trade to the dimensiai £ A1  © Biridg®e Qidrés

of 1820 alone, more than two thousad ships were wrecked in the North Sea, causing the death
of twenty thousand people injust a single yearwith some 700-800 ships being lost annually in
the UK on average. Such loss toll has prompted the main maritime nations of the time, France and
UK, D exercise theirpolicy-making powers to introduce accidentpreventive regulations, to great

I Db OEOET 1T A&Oi i OEA EITAOOOOUB /&£ 11T0A AOA #11A
Declaration of 17th August 1779 in France, which introduced again thefafe ofhuissier-visiteur,

a surveyor. In addition the Merchant Shipping Act of 1850 (reinfeced by the Government in 1854
andamended by the Act of 21 December 1906) in the United Kingdom, obliged the Board of Trade

to monitor, regulate and control all apects of safety and working conditions of seamen. The latter
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also saw the implementation ofload line requirements, which were applied to all vessels,

including foreign ships visiting UK ports.

However, the catalyst for significant change did not come uihthe sinking of the Titanic in 1912,
after having struck an iceberg on hemaiden transatlantic voyage to New Yorkln this single
incident 1,500 people lost their lives, leadingo the adoption of the first International Convention
for the Safety of Life at Sea (SOLA&) January 2%, 1914, gaining international recognition. The
SOLAS Conventiohas beensubsequently revised and adopted four times since themspecifically

in 1929, 1948, 1960 and 1974, with the latter still in force today This is supported by the
provision of a flexible process of revisions through amendment procedures included in Article
VIII. It is worth noting that, although the provisions of SOLAS 1914 prescrdal requirements on
margin line and the factor of subdivision in addressing the state of a damaged ship, the
Convention did not even mention the concept of stabilityat all. Instead, all focus was on
intuitive/empirical internal volume reconfiguration (i.e. subdivision) as opposed toinformed
reconfiguration by stability calculations. It was the third Convention of 1948, whichfinally
referred to stability explicitly in Chapter 11-B, Regulation 7, and subsequently SOLAS 1960, which
actually prescribedspecific stability requirements. Unfortunately, onlyone parameter of stability
after flooding was considered, with the regulations calling for aesidual GM of 1 cmFinally,
3/,1!3 pwxth AAI DPOAA 2AET 1 AG0 DPOI bia®AmeasudofE OOET C
OOAAEI EOU8 )1 DOE]T Ak BimAdthe paki& forl afén@meritsbod ©dhificAl E
requirements on stability ever since (Womack, 2002) applied in various frameworks for
adherence to the SOLASO X T GheAdubdivision of passenger ships into watertight
compartments must be such that after an assumed damage to the ship's htitle vesselwill
OAIT AET A&l T .Althektilh2 ODAAABOG OOA T &£ ' AOOOA DPOI PAC
and to quantify stability are at the core of even the most modern amendments to SOLAS 1974
criteria of ship stability in the damaged condition (IMO, 2006), (Tuzcu C. , 2003) This can easily
escape attention, sice the overall damage stability assessment framework based on Kurt
7A1T AAT 8 O Ank probabibscdnddx & subdivision A,(Wendel, 1960), (Wendel, 1968), is
rather a complex mathemaical construct, with the basic details noteasily discernible. The
framework is also a major stepchange in the philosophy of stability standardisation or indeed

internal ship space configuration.

As indicated above, it seems that such implicit reliance ;AET 1 A8 O | AAOOOAO EO A
for practical disclosure of the meaning of stability standards, as no commesense interpretations

are possible, regardless of the acclaimed rationality of the overall framework. Rahola himself has
OOOAOCOAAGLEDTEAIC DA OOOAU OEA OOAAEI EOU AOI AOOO!
observes that the quality of the curves varies very much. One can, therefore, not apply any
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systematic method of comparison but must be content with the endeavour to determineif

certain stability factors such values as have been judged to be sufficient or not in investigations

I £ AAAEAAT 0O OEAlds tHer Bals dndtdA S OAEEAD EO OOEEEAEA]
unfortunately ti AAUS O OOAT A A @laplichk hnswerl The drofEgBiBrOseems to be

content with an implicit comparative criterion, whereby a Required hdex R is put forward as an

acceptance instrument (ultimA OAT U AO OA6 OOAAEI EOU i AoubOA Qs
clear explanation as to what is implid if the criterion is met or in what sense thegoal of keeping

OEA OAOOAI OPOECEO AT A AEITAO EO AAOGAOAAN mAA8 )1
not been explicitly disclosed until the early 2000sHere,the adoption of Design for Safety aththe

ensuing design methodology0 2 E'GEOA A Fplodded thedmeansto design ships with a

known safety leveland, in the case of damage stabilitknown flooding risk, (Vassalos, 2008)

(Vassalos, 2012)

3.2.2 General Outlook on Damage Stability Evolution

Againstthe background of a systemwhere everything is principally empirical and statistical, it
was widely believed that the prevailing situation could bedrastically improved through better
understanding of the underlying mechanisms leading to vessel loskhis, in turn, could enable the
identification of governing design and operational parameters to target risk reductiom the most
cost-effective manner, whilst also reducing uncertainty. Such aimsecessitated the development
of appropriate methods, tools and techniques capable of meaningfully addressing the physical
phenomena involved.Having said this, it was not until the 1990s whersimplified, yet highly
innovative, numerical models addresgng damage survivability were proposed, pertaining to
damaged ship dynamics in a seawafassalos & Turan, 1992)Zaraphonitis, Papanikolaou, &
Spanos, 1997)

The subject of damage survivability in waves (with the ship hull breached), received particular
attention following the tragic accident of Estonia, to the extent that this led to a step change in the
way damage stability and survivability are being ddressed Specifically, conventional hydrostatic
calculation techniques were supplemented by assessment methods based on first principles,
allowing vessel performance to be measured ia given environment and loading condition In
parallel, other major developments were brewingand an indepth evaluation and reengineering

of the entire probabilistic framework was launched throudn the EGfunded project HARDER
(HARDER, 19922003). The motivations behind this derived fromthe compelling need to
understand the impact of the then imminent introduction of probabilistic damage stability
regulations for cargo and passenger ships. At the same time, there wagrawing appreciation of
the deeply embedded problems in both the rules and the harmonisation process itself

Consequently the HARDER projectbecame an IMO vehicle carryinghe major load of the
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regulatory development process, fostering international collaboration at its best. This waskey
factor, contributing to the eventual success in achieving harmonisation and in proposing a
workable framework for damage stability calculations in IMO SLF 47. Deriving from
developments at fundamental and applied levels in this project as well as other H@hded
projects,including (NEREUS, 1992002),(ROROPROB, 1992002), (Jasionowski A. , 2005)This
was further supported by other international collaborative efforts such as the workby the
Stability in Waves Committee at the International Towing Tank Confence from 1996 onwards,
e.g.(Jasionowski & Vassalos, 2001jollowing which a clearer understanding of damage stability
and survivability started to emerge. Application and verification of the developing numerical
tools helped raise confidence in the available knowledge to address the subject matter effectively
and with sufficient engineering accuracy. All this effort provided the inspiration and the
foundation for the EGfunded large-scale Integrated Projec(SAFEDOR, 2002009). Thisoffered
the opportunity to consolidate contemporary developments on damage stability and
survivability, thus rendering implementation possible even with severe time limitations. The
knowledge gained has been used tritically address contemporary regulatory instruments and

to foster new and better methodologies, primarily to safeguard against known design deficiencies
in respect to passive damagerptection. This facilitated the evolution of safer designs, reflecting
this knowledge, (Vassalos, York, Jasionowski, Kanerva, & Scott, 2006)owever, the cultural
OOCEI AE6 1T £ AAI POET ¢C POI AAAEI EOOEA 001 A0 ET OEA
Surprisingly, the biggest influence has been seen at thathplace of prescription, namely IMO as
indicated earlier, with goalsetting performance-based approaches becoming the new face of
safety. What is known as Safe Return to Port (SRtR)thin SOLAS 2009, enforceable on every
newbuild passenger vessel and on special purpose ships over 120m in length, has paved the way
for holistic approaches to risk, specificallyconcerning fire and flooding. Both developments,
represent a step change from the deterministic methods of assessing subdivision and damage
stability. The old concepts of floodable length, criterion numeral, margin line, &nd 2
compartment standards and the B/5 line have disappeared from newbuilding projects, which
now adopt a more holistic approach to addressing damage stability and survivabilitif his has led

to safer and more ergonomic designs (for the first time in thaistory of hull configuration for fire
protection). With some safetyminded ship owners the possibility now exists, and is being
exploited, to address and undertake design and operational meares to managing flooding risk

in all conceivable events (statiical, experiential, judgemental). This involves consideration of all
pertinent damage scenarios, loading conditions anénvironments to deal with subdivision,
damage survivability in waves and residual functionality & essential systems postlamage.
Furthermore, evacuation and rescuelong with decision support systems onboardre alsobeing

addressed targeting costeffective safety as a key design objective, alongside othemwentional
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design objectives,(Vassalos, 2012)Furthermore, the use ofnumerical time-domain simulation
tools for survivability estimation in passenger vessehewbuilding projects, particularly cruise
vessels has indicated considerable (positive) differences in comparison with SOLAS1) based
on static assessmentiAtzampos, 2019) The reason for this comes from the fact that th®irect
Method (use of timedomain numerical simulations of damage survivability in wavesremoves
the need for conservative assumptions and iational generalisations being made in the
assessment procesd-urthermore, this providesa large amount of additionaland highly useful
information that can be used in order tanform ship design and operation for damage protection

(especiallyin extreme cases emergencies).

Notwithstanding the above, with probabilistic damage stability rules having originally been
developed on the basis of cargo ship damage statistics, seriousncerns have been raised
Specifically,the adopted formulation for the calculation of the survival probability of passenger
ships and the associated required subdivision indicelave fallen into question particularly for
RoPax and large cruise ships(Vassalos, Jasionowski, York, & Tsakslakis, 2008pisquiet in
industry and academia along with concern deriving from the escalation & passenger ships to
megaships has seenresearch focus on damage stabilityshift towards large passenger ships,
(Vassalos & Jasionowski, 20139nd (Vassalos, 2016)Resultantly,a series of projects investigated
this problem and laid down the foundation for a passenger shigpecific damage stability
framework, process and criteria(Papanikolaou, et al., 2013)(EMSA lll, 20132015). Becoming
more actively involved with passenger shipshas alsobrought to light another important and
material problem. Namely, in the quest for damage stability improvement, design (passive
protection, i.e., internal volume configuration) measures have traditionally been the only means
to achieve this in a measurablauditable way (SOLAS 2009Ch. IF1). However, in principle, the
consequences from inadequate damage stability caalso be reduced by operationameasures
(active protection), which may behighly effectivein reducing loss of life (the residual risk). There
are two reasons for this The first relates to the traditional understanding that operational
measures safeguard against erosion of the design safety envelop (increase of residual risk over
time). The second derives from lack of measurement and verification of the risk reduction
potential of any active measuresThis includes things we know to have an impact on safety such
as crew training, navigation systems, frequency of drills etc., but have not yet found a way to
quantify that impact. In simple terms, what isrequired, is the ability to account for risk reduction

by any means and this includesperational (active protection) measuresas well asany stepsthat
may be taken during emergencies (again active protection). Such risk reduction may then be
considered alongsidethat deriving from design measures. Therefore, nevapproachesfor risk

reduction (operational and in emergencies) should be considered in addition to design measures.
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What then needs to be demonstrated and justified is the level of risk reduction and a wag
account for it, the latter by adopting a formal process and taking requisite steps to institutionalise
it. Efforts in this direction has led to setting ughe large-scale ECGfunded research poject, FLARE,
(FLARE, 20192022).

3.2.3 Rules and Regulations as RCOs for Damage Protection

Before reviewing the design impact of reconfiguration of the internal ship spageit will be of
interest to consider the regulations influencing and driving this process. Here, amdication is
provided, based on the research outline in the foregoings tohow relevant or effective available

regulatory instruments arein being able to prevent or mitigate disasters:

T 3/, ! 3 -eompagmerg standard (prevents ship from sinking / capsizing if one
compartment is breached; resistance to capsize in waves unknown).

T 3/, ! 3 -compadmerg standard (prevents ship from sinking / capsizing if any two
compartments are breached; resistcapsizeof 2-compartment worst damage in sea states
with Hs approximately 2.5m z Ro-Ro vessels).

1 Stockholm Agreement(Re2 T 0 AOOAT CAO OEEDOQMd A-Qefiiedlevdl/ , ! 3 &
of water on deckvarying on the basis ofreeboard and in operational sea states of up to 4m
Hs.

f Harmonised SOLAS Chapter-ll: SOLAS 200% intended as anANOE OAT AT & O1 3/,
though such equivalencehas not yet been fully established.

T SOLAS2020: This is the new SOLAS regulatisith provisions catering specificallyfor ships
with ro -ro spacesalong with generally enhanced safety requirementfkegarding the former,
this has beenaddressed in a recenEC research projecttitled dAssessment of specific EU
stability requirements for ro-ro passenger shipgs (EU-DGMOVE, 2019)where it was
concluded that the requirements of the directive 2009/45/EC and 2003/25/EC (Stockholm
Agreement) could be replaced by the damage stability framework as per SOLAS20.
However, the Requir@ Index level should be setas per SDC3 proposalefuivalent to
SOLAS202@R for ships of capacity exceeding 1,350).

Concerning the latter two, a major revision to the subdivision and damage stability sections of
SOLAS Chapter 11, based on a probabilistic approach, entered into force for newessels with
keels laid on or after 1st January 2009 andsiiJanuary 2020, respectivelyHowever, whilst
development of theprobabilistic regulations included extensive calculations on existing ships,
which had been designed to meet deterministiSOLAS reglations, little or no effort has been

expended into implementing these regulations to such ships (Grandfather Clause).
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3.3 Ship Design Impact on Reconfiguration of the

Internal Ship Space

In his keynote speech in the 2012 IDDC Conference being held in @las, Professor Vassalos

CAOA OEA A 111 xETC AAEEIEOEIT 1 & AROECId O) OA,
AT A OEA OAEAT AAh OEA AT AT UOEO AT A OEA OUT OEAOEON
In simpler terms, damage protectdn for the whole life-cycle of the vessels is a design concern.

With this in mind, this section will start by defining design vulnerabilities for damage stability

and how this has evolved in different ship typesThe section therproceeds tofocuson the design

phase of the life cyclebefore embarking on contrasting configuration against other design

objectives, including structural strength. Particular attention with the latter will be paid on
crashworthiness and the impact and potential that his mighhave onpassivedamage stability

protection.

3.3.1 Design Vulnerability

"Vulnerability" is a word that is extensivelyused within the naval sector(R. Ball, 1994)but not as
frequently within merchant shipping in so far as damage stability is concerned. Vulnerability is
also used in the second generation intact stability criteria with specific definition providd in SDC
5, par. 1.2(IMO, 2006). However, the wayin which this term has been used by the University of
Strathclyde relates to "the probability that a ship may capsize or sink within a certain time when
subjected to any feasible flooding scenarim 8s such, vulnerability contains (and preides)
information on every parameter that afects ship damage stability(D. Vassalos, 2012) The
vulnerability to flooding of passenger ships is well documented through a number of accidents
claiming many lives (e.g. MS Estia). Such vulnerability relates in many cases to Water on Deck
(WoD), involving flooding into large undivided cargo spacespften leadingto rapid capsize of the
ship. However whilst for RoPax vessels thidesign vulnerability is well understood, cruiseships
also suffer froma similar loss modality which has been brought to light as recently as the early
2000s, (Vassalos, Ikeda, Jasionowski, & Kuroda, 2004he latter case relates tdlooding of the
service corridor on the sibdivision deck, along with larger dining and entertainment spacegall

of which actas conduit for floodwater to spread along the shipgiving rise to large free surfaces
and propagating through stairwells and lift trunks Figure 3-1 provides typical results

demonstrating such vulnerability in the design of RoPax and Cruise vessels, respectively.
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Figure 3-1: Design VulnerabilityDistribution for a RoPax (left) and Cruise vessel (right)

3.3.2 Design Vulnerability by Ship Type

In the Introduction chapter, a description of loss modalities is presented pertaining to the
dynamic behaviour d the ship and its interaction with the sea and the floodwater, whiclare
general modes of loss common to most ship typesThere are, howevergertain ship types with
greater propensity to experience certain loss modalities and these can occur in diffetemanners
depending on the vessel designnlparticular, this relates toopen spaces on the mairand upper
decks, leading to design vulnerabilities that require particulamttention to the configuration of

the internal ship space(Vassalos & Guarin, 2009)as briefly described within the following.
High Freeboard Ships:

For ships with high freeboard, typically only vessels with a limited positive righting lever will
capsize within a moderate sea state. The oncoming wave tnawill induce significant rolling only

in marginally stable cases, which could lead to eventual capsize in larger sea stalieis. often the
case that such vessshre more vulnerable in case of damage to the leeward side, since restoration
levers are gerrally lower towards the damaged side, thus inducing larger dynamic roll.
Furthermore, the vessel will often heel towards the side of damage and therefore, wind effects

will work to overturn the vessel in case of damage to the leeward side.
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/- Sufficient residual
/ freeboard

STILL WATERLINE

Figure 3-2: High freeboard ship

Low Freeboard RoPax Ships:

This is the classification of ships that were predominantly tested in model basins in Project
HARDER(HARDER, 2003)The results from these tests were then used in order to inform the

derivation of the SOLAS 2009-f&ctor formulation. The mode of loss in such cases stems from

steep waves boarding the deck, leading to rapid water accumulatiamtil the vessel reachesa

stage] Al AA ET 1 EOAOAOBOA AtGhich thdvesdeddaisived vely mpidlyl OA OO0

WoD due
to wave effects

STILL WATERLINE

Figure 3-3: Lowfreeboard ship

Multi -Free-Surface Effect:

This mechanism of capsize is relevant to ships witcomplex watertight subdivision such as cruise
ships. As the hull is breached, water rushes through various compartments at different levels,
substantially reducing stability even when the floodwater amount is relatively small. As a result
the ship canheel to large angles, even for small damage openings, letting water into the upper
decks that spreadsswiftly through these spaces and may lead to rapid capsi at any stage of the

flooding, (Vassalos, Jasionowski, & Guarin, 260
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STILL WATERLINE

Figure 3-4: Multi-free-surface effect

3.3.3 Life-Cycle Considerations - Design Phasel

Traditionally, regulations focus on builtin solutions, identified normally during the design phase.
Whereas, ative/interventional measures considered during operation or emergency response
phases, whilstfuelling debates on their risk reduction potential have never actually been
measured or verified, as explained in the foregoing. In this respect, a framework that facilitates
assignment of risk merit to every risk control measure is key to lifeycle risk management. A
life-cycle perspective facilitates a holistic approach to damage stability, encompassing risk
control options for all three phases and accounting for each by using, for example, IMO eost
effectiveness criteria. This, however, assumes that the risk reduction potential of all such
measuresis known and, as explained earlier, this is where there is a big gap in this approach that
needs to be overcome before such a process can be formalised and adopted. This constitutes the
kernel of the work yet to be undertaken. With this perspective in mingFigure 3-5 presents, in a

Al OI T &£ Al 1T xAEAOOh A OPEDPAI ETl Ad Alykl®OwWwlkethlityC AE ALR
assessment approach. The levels refemdo in this figure relate to the fidelity of the tools being
used to address specific requirements during the lifeycle, namely static or quasstatic, time-
domain numerical simulation tools and highfidelity tools such as Computational or Experimental
Fluid Dynamics. Such approach is justified as different design stages (concept, preliminary,
detail), require different tools that best satisfy the constraints and objectives in the design
process. For example, watertight subdivision, general dimensioningf internal arrangements,
initial positioning of ship systems, evacuation routes and arrangements would require low

fidelity, fast and accurate tools.

1 This section is based primarily on the work outlined within the pape.ife-Cycle Flooding Risk Management of Passenger Siiips | &
which the author was a ceauthor

59



On the other hand, modelling transient, progressive and crosBooding processes in extreme sea
stateswith the view to identify loss-scenarios postcasualty, demands robust and versatile tools
(e.g., timedomain simulation tools). At the extreme, in cases where the detail offered by the most
advanced Computational Fluid Dynamic and Experimental Fluid Dgmic tools will make a
difference, use of these (Level 3 tools) is justified. In fact, use of Level 2 and 3 tools will also be
required for verification purposes (for example approval of Alternative Design and
Arrangements); this would apply to all threelife-cycle phases.

Level 1:

Static Vulnerability Assessment

Level 2:
Dynamic Vulnerability Assessment

Level 3:
Verification & Approvals

Level 1:
Static/Quasi-Static Stability Monitoring

Level 2:
Operational Dynamic Risk Monitoring & Control

Phase Level 3;
Verification & Approvals

Level 1:
Static/Quasi-Static Stability Monitoring

Level 2:
Emergency Decision Support & Crisis Management

Response

Level 3:
Phase Verification of Emergency Response

Systems & Approvals

Figure 3-5: Three vessel lifeycle design phasd€¥assalos, Atzampos, Cichowicz, & Paterson, 2018)

Decisions made during the design phase, shape safetyer the whole life cycleand very much set
the stage in this manner In this respect, use of advanced tools and exploiting knowledge in all
forms at the design stage is most effective and, hence, highly desiraltarticularly as it is often
extremely hard to undo or reverse any ofthe decisions that are made during this stageThe
derived knowledge could be used in further design iterations or indeed stored in a knowledge
base for use over thelife cycle of the vessel, including emergencies. Key to lifeycle risk
management is the understanding that both the operational phase (monitoring and management
of residual risk) as well as emergencies (emergency response) depend crucially ioformation
gained during the design phaseSpecifically,this would include the identification of pertinent
design vulnerabilities that lead to critical accident scenarios in praspecified loading and
environmental conditions. Then on the basis of thisit is prudent that appropriate measureshave

been taken duringthe design stageto ensure:
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a) Design vulnerabilities have been identified and design measures taken to reduce these

b) Evaluation of residual risk, including KPIs for monitoring purposes during the operational
phase

c) Preparedness in addressing all identifieatritical scenarios in case of an enrgency

(emergency response)(Vassalos & Paterson, 2020)

3.3.4 The Design Optimisation Problem (Subdivision) z Multi -

Objective Optimisation

Ship design is inherently multidisciplinary, and consequently any design modificationis
accepted or rejectedon the basisof its impact across a wide array of performance criterigather
than dealing with any single performance qualityin isolation, i.e.life-cycle cost.The debate oer
sequential or parallel processes and design vectorisatiamo longer resides solely in the academic
sphere and is insteadrery much a problem being faced and addressed by the industry. The SOLAS
Own ADPDOI AAE Al Gmpdsélll lilitathrs on teEbAsks Bff s@ip floodable length
criteria under Regulation 6 whichrestricted the degree of flexibility afforded to the designer in
optimising the vessel subdivision arrangement Evenafter the adoption of probabilistic rules in
which the decision on thke number of bulkheads is part of the overall godbased approach, the
internal architecture still has the tendency to becomeoverly cluttered and expensive with
diminishing returns being realisedas the number of bulkheadsncreases The Elfunded projed
(ROROPROB, 1992002) focussed exactly on this problem and provided valuable input to the
industry in this respect. Typically, one of the cruise ships beingssessedn this research (C1),
was initially designed with 25 bulkheads, which following optimisation of the subdivision
arrangement was subsequently reduced to 16 This resulted from the fact thatit was
demonstrated to the yard that the difference in the Andex was negligible, whilst the cost of
adding additional bulkheadsand the subsequent requirement for additionalsystems (heeling
tanks, pumps, etc.)was completely unjustified. However, the push for continuously increasing
standards for new buildings, and with attention spreading above the bulkhead deck (two
additional decks), brought the need for additional subdision above the bulkhead deck, this time
with A60 bulkheads. More importantly, however, it brought competition through interference
with ship functionality (for example with evacuation routes), so the problem became not only
multi -disciplinary optimisation, but also multi-objective (Vassalos & Papanikolaou, 2018}R.
Pusia, 2012)

In (Vassalos & Papanikolaou, 2018Yhe suggestiorwas made that such a problem igovered by
a RiskBased Ship Design frameworkwhere optimisation is inherent to the concept and safety is

one of the quantifiable objectives. In this respect, lit€ycle Assessment of ship safety,
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performance and return on investment are inheratly integrated. In(R. Pusia, 2012) this
approach, as a design and decision support tool, is proposed to be usedhia conceptual design
stage to quickly arrive at design alternatives that both satisfy requirements (owner and
regulatory) and have maximised commercial performance. As ship design is inherently multi
disciplinary, a proposed design modification is accepted or rejectedbased onits multi-
disciplinary performance rather than on a single performanceametric such as lifecycle cost. To
assessthe performance of each such function (disciplineand thus thefeasibility of the entire
design, dedicated instruments and measuresust be applied. Conventionallythese have been
applied sequentially (Gale, 2013) asduring the pastneither computers nor software toolswere
powerful enoughand there was anabsence ofelevant numerical techniques to facilitate parallel
assessment. The need for a parallel assessment or desigvaluation is essential for mult
disciplinary design, for it seeksto identify trade-offs between different performance measures.
As such parallel design evaluation dramatically reduces the number of iterations towards a ship
design, whilst satisfying all constraints and providing the best performance achievable.
Furthermore, as virtually any newbuild ship is a variation of some past desigrgny such design
may serveas a prototype for future designs. This practice is common amongst all shipyards and
design officeswhere new designs are often an evolution from older designslowever, regardless

of the amount of deviation from the baseline design, watill face the design customisation
problem. The baselinedesign must be customised to new owner requirenents and further
modifications canbe required within a limited timeframe, especially f such design changes occur
later within the process or even after construction has commencedAdditionally, regulatory
requirements (e.g., stability, fire safety) haveéo be fulfilled and these might already be different
to those used for the baseline design, particularly as damage stability regulations constantly
evolve, thus featuringseA AT 1 AA 3/ ,1 38wmnh 3/ ,!3 ¢nnwh 3/ ,!3¢mnc¢:
ships.It is also the case thasatisfaction of variousregulatory requirements, thoughessential, is
not always a sufficient condition to maintain competitiveness.For example there exist other
marketing objectives such as low lifecycle cost (i.e., capital, operational, maintenance etc.) and
high earning capacity thatmust also be addressedTo this end, the design customisation problem
becomes a rathercomplex one and designersare faced withthe challenge of producing a design

solution that is not only feasibleand safe but alsocompetitive.

During the SAFEDOR ProjedSAFEDOR, 2002009), a number of steps were taken towards
multi -objective and multi-disciplinary optimisation of passenger ships with safety (risk)
presenting a key design objective whilst accounting for performance and functionalityhtough a

number of key performance indicators as shown iTable 3-1.
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Table3-1: Passenger Vessel KPIs considereGIFEDOR, 2068009)

Design Driver KPI

Functionality Loading/unloading time
Lanemetres
Volume efficiency of spaces
Luggage flow efficiency
Deadweight

Performance Hull resistance
Structures
Propulsion
Energy Efficiency
Build Cost
Modularity and standardisation levels (variety and use of
standardisedcomponents)
Safety (SOLAS)  Stability (lightweight, VCG)
Damage stability (Alndex)
Fire safety (risk screening Fire Index)
Systems vulnerability index (compliance with SRtP)
Evacuability Index (compliance with MSC.1/Cric.1238)

At the tail end of SAFEDORwith mega ships being designed to SOLAS 2009 probabilistic
regulations, the goalbased approach encouraged by the nature of the regulations brought to

surface more questions, more requements, hence more objectives, leading to problems that

xAOA 110 Al xAUO xAOOAT OAA j OEA OOQxEik GEhge | £ OE/
following is indicative of the optimisation problem addressedwith requirements pertaining to

safety objectives and in particular, reconfiguration of the internal ship space:
Subdivision and layout (Platform Optimisation):

This entails @timisation of ship subdivision and layout by considering concurrently the
following:
1 Intact stability (new IS code with emphasis on dynamic stability in waves), impact on GM
1 Damage stability and survivability using performancebased probabilistic rules.Normally
defining minimum number of bulkheads and tanks
Fire safety (A60 bulkheads)
Systems availability for Safe Return to Port, aiming for optimal routing and minimum
redundancy
Placement of openings / doors, escape routes and evacuation plan (muster list)

Service / people flows (functionality)
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1 LSA Alternative Design and Arrangements: ddress novel LSA arrangements under IMO

Circular 1212.

3.3.5 Structural Design Influences

The internal space in a ship could vary from a single space like the launchedghe river Meghna

of Bangladesh (zero reconfiguration) to modern megaships with8,236 spaces 717

compartments, 1,160 openings (Oasis of the Seas, RCELextreme reconfiguration).

Hydrodynamic performance dictates the ship shape whilst structural strength and reliability

requirements dictate the ship frame (decks, girders, plating, bulkheadg longitudinal and

transverse, outer shell); a good summary being provided iffable 3-2, (Misra, 2016). Whereas,

Table3-3, (Klanac, 2011) adds to this by providing a direct connection between various accidents

and the reconfiguration measures taka.

Table 3-2: Strength and Operational Utility of Various Structural Parts and Compone(itéisra, 2016)

Item

Function

Strength deck, side shell and bottom plating
Freeboard deck, side shell and bottom plating

Bottom plating
Forward bottom plating

Inner bottom, bottom plating DB floors and
girders

Inner bottom

Strength deck, upper deck

Remaining decks

Side shell

Transverse bulkheads

Longitudinal bulkheads, Bulkheads irGeneral

Form a boxgirder resisting bending and other loads.
Function as a watertight envelop providing buoyancy.

Withstands hydrostatic pressure.

Withstands slamming; platingthickness is increased,;
intermediate frames are provided.

Breast hooks and stringers are fitted.

Minimum forward draught is recommended.

Act as a doubleplated panel to distribute the
secondary bending effects due to hydrostatics load
and cargo loads to main supporting boundaries suct
as bulkheads and side shell.

Resist docking loads.

Acts as tank boundary for bottom tanks =ad
withstands local loading due to cargo.
Contributes to longitudinal strength.

Withstands cargo handling equipment loading and
cargo loading in some case as that of the containe
ship. Withstands loading due to shipping ofgreen
seas.

Mainly withstand cargo loading, depending on extent
and distance from neutral axis; contribute to
longitudinal bending strength.

Withstands hydrostatic pressure, dynamic effects due
to pitching heaving rolling and wave loads.

Act as internal stiffening diaphragms for the hull
girder and resist in plane torsion.

Do not contribute to longitudinal strength.

Generate watertight longitudinal subdivisions.

Contribute to longitudinal strength.

From tank boundaries support decks and loads
generating equipment such as king posts and ad
rigidity. Serve as watertight partitions.
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Stiffening of Plates
Corrugations on bulkheads

Deck beams
Deck girders

Transverse framing

Longitudinal framing

Side shell framing (general)

girders)

Stiffen the bulkheads in place of vertical horizontal
stiffeners.

Stiffen the deck.

Support the beams, deck transverses and transfer th
load to pillars and bulkheads.

Stiffens the side shell; supports the longitudinal
stiffening. Supported in turn, by the decks, stringers
and the longitudinal girders.

Stiffens the shell, decks, tank top etc. Is supported t
the deeptransverses.

The web size is an important factor as regards

a. Cargo stowage

b. Panelling and insulation

c¢. Running of wiring, vents, piping etc.
Vertical plates in double bottom ( side and centre Stiffen the bottom panel as tank boundaries.

Table3-3: Historical perspective on the improvements in the minimum requirements of saf&tanac,

2011)

Incident Type of Accident instgaand\;ﬁ;gg?e d Measures instigated
Titanic Collision with iceberg SOLAS Watertight subdivision
(1912) and loss of 1517 lives aa  (1914)

result of poor
organisation of
disembarkation and lack
of lifeboats.
Torrey Grounding and spillage CLC (1969) Compulsory liability for
Canyon of 120,000t of crude MARPOL damage imposed on the
(1967) (21973) owner/Segregated
ballast tanks for all new
tankers wi/t 70,000+
DWT
Amoco Grounding and spillage MARPOL Segregated ballast tanks
Cadiz of 250,000t with claims (1978) for all new tankers wit
(1978) of $2bn. presented by 20,000+ DWT with
the French government protective arrangement
Herald of Flooding and capsizing ISM / SOLAS Operational safety
Free with the loss of 193 lives  Ch. I}1 managenent/Watertigh t
Enterprise (1990) subdivision of garage
(1987) decks
Exxon Grounding and spillage OPA (1990)/ All ships entering US
Valdez of 40,000t with damage MARPOL waters to have double
(1989) of $3bn. (1992) hulls/Double hull or
risk-equivalent
alternative arrangement
for all newly-built ships
Scandinavian Fire with the loss of 158 SOLAS Ch. Requirements for fire
Star lives -2 zone subdivision

(1990)
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Bulk Flooding and breaking SOLAS Ch. Bulk carriers to have

carrier XI1(1997) sufficient strength to
lostinthe undergo partial flooding
AAOI U B w of compartments
Estonia Flooding and capsizing SOLAS Ch. Requirements for
(1994) with the loss of 852 lives  11-1 (1995) flooding tolerance,

instigated in SOLAS
(1990), to beapplied to
existing ships and also
newly-built ships

Erika Breaking of hull and EU EMSA Accelerated phaseout of
(21999) spillage of 20,000t with (2002) single-hull tankers
OTiT A Oytmn [E
damage
Prestige Breaking of hull and Resolution Ship in distress should
(2002) spillage of on places of be accepted to a harbour
approximately 60,000t refuge providing a controlled
of crude with total (2003) environment
damage claimed of more
than $2.5bn
Fire safety has been ahead of theAAT 1T FECOOAOET T OCAIi A6 ET Al i PAOE

having specific spaces beingdaressed as origin of fire, e.grigure 3-6 (Guarin, Mgumder, R.
Pusia, & Vassalos, 2007with 10 space categories being responsible for 80% of all fire incidents

on-board passenger ships.
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Figure 3-6: Relative frequency of occurrence of fire incidents;@ | £ OPAAA OOOAOG6 Ai 1 OOEA
fire occurrencegGuarin, Majumder, R. Pusia, & Vassalos, 2007)

However, the vast majority of damage stability regulatory developmentdave failed to deal with
internal space reconfigiration in a direct manner. Instead, regulations tend to implicitly but not
explicitly deal within internal configuration, despite this being such an obviousgpredominantly

influencing feature, particularly for large passenger shipsA key reason for thisstemsfrom the
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fact that the original damage stability criteria, derived from model tests by Bird and Browngird
& Browne, 1973), used global parameters to define survivability in waves, as shown belpand
everybody subsequently followed their leadOf course, damaged GM and freebogus Bird used
are influenced by internal configuration, but the nature of the formulation is such that it does not

clearly provide much feedback to the designer in thisidection.

[ T8 —— Eq. 31
Where, O= effective freeboard (m),"O0 = Metacentric Height (m) andd = Beam (m)

In a similar manner, Tuzu and Tagg(Tuzcu & Tagg, 2002) in project HARDER, derived a

survivability factor that formed the basis for the SOLAS 2009 damage stability probabilistic rules,
linking sea state (Hscrit) to parameters of the residual stability curve, namely GZmax and Range,
asgiven in (Eq. 32).

00 G YVEQQ . d 8
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3 T Eq. 32
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q

Again, despite damaged GZmax and Range being heavily influenced by internal configuration and

truncated as regards unprotected openings, there is no direct feedback granted to the designer

as regards internal onfiguration and this is an important missing link.

4EA EEOOO AOOCAI PO O AOAADPA AOT 1 OFdE&ElosDAAO] AOT OL
& Pawlowski, 1997) in their proposal of the Static Equivalent Method targeting the

reconfiguration of the vehicle deck in RoPax ships, as shown ir5g. 33).

o o ®
T U Eq. 33

Here,both the "0 ;; ad h are taken asnedian values of the respective random quantities. The
critical significant wave height can be then used in the-factor formulation adopting the
cumulative distribution of waves from IMO. In project HARDERHARDER, 2003)the formulation

was updated following a statistical relationship between dynamic water head (h), the freeboard

(f) and the critical heel angle and the mean significant survival wave height.

67



I @
ior ; Pad Wi, b
! ¥ f ! = f

® Differential due to (o) Elevated water / 0] Acc’.umulated flooded water due
sinkage Water on Vehicle deck to ingress through opening

Figure 3-7: Depiction of SEM parameters with water elevation in the vehicle deck at the PoinbdRéturn
(PNR)- case of RoPax (leftconventional methodonsidering the floodwater volume as a total water on the
vehick deck inside an undamaged tank (rightjHARDER, 2003)

This has signalled that there are alternative routes to considering-factor formulations
accounting for the reconfiguration of the internal ship spaceeven above the sength deck, a real
novelty, which was taken further in Project GOALDSee Eq. 34 (Cichowicz, Tsakalakis, Vassalos,
& Jasionowkski, 2016)

Pop  ovod Qo
"Oi S 0 Eq. 34

g“O[‘) Iywe QQ

Where, ® is a measure of the residualolume (scaled appropriately)

The scene was set properly for this concept to be further considered in the project eSAFE where
Atzampos has developed anew formulation for "Oi  with emphasis on scaling between

different vessel sizes(Atzampos, 2019)

0 '00_OY @& AXY ¢ "PO0G_J06 HYO®

oi  x9 VT On 2 NG Eq. 35

Where,

Y'Y & € =@4pget value for Range, 30 degrees

“YO& = target value for GZmax, 0.3m

_ = scaling factor, based on intact to damage volume ratio

However, despite achievinga better estimate of survivability, the general formulation failed to
account forthe complex internal environment of cruise ships, which undoubtedly determines the

evolution of flooding and the eventual outcomeAs such, thigesulted in a conclusion thatthe
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only way forward in determining the damage survivability of cruise ships is ¥ using the direct
method of assessment, as explained in Chapter 5, which is also being adopted inrFEtject
FLARE,(FLARE, 20192022). However, the strong suggestion by these research projects on
increasing damage stabilitystandards, specifically for RoPax vessels and in general for passenger
ships, hasbeenmet with strong resistance by industry This hasultimately led to a compromise
being reached attMO for much more modest damage stability standards. Key reasons for ith
relates to the industry having reacled a conclusion that design measures to improve damage
stability standards, primarily through further reconfiguration of the internal environment has
reaching saturation and a crucial point where viability of busines$ias to be compromised in
favour of passenger safety. Somethingust change andsacrificing viability of the business will

never be the route leading to a solution. Hence, the shift to a new perspective became inevitable.

3.3.6 Structural Crashworthiness

Structural design has already been exploited as a meanfmanaging safety, related to accidental
loads and breaches of hulls. In the 20th century, nucleggowered ships faced a clear danger if the
reactor were to be physically damaged, e.g. by a sHip-ship oollision. This led to Woisin(Woisin,
1979) describing some reconfiguration of the hull that would result in a higher tolerancén the
collision energy of the side structures prior to undergoing breaching. These first investigans
served the purposeof, not only of creating more crashworthy side structure designs, but alsin
capturing the mechanics of shigto-ship collisions. From that period, the work of Minorsky
(Minorsky, 1959) should be noted, which established the proportional relationship between the
capacity to absorb collision energy and the volume of the structure involved in deformation.
McDermott et al.(McDermott & R. G. Kline, 19749howedthat the key element for ship structures
to have an extended capacity to absorb energy is to allow the structure to undergo large
membrane tension. Based on his conclusisnsubstantial work followed with Pedersen and
Zhang,(Pedersen & Zhang, 2000) attempting to estimate collision energy and loads based on the
Minorsky empirical formula, while Amdahl (Amdahl, 1982), Lutzen(LUtzen, 2001), Wierzbicki
and Abramowicz,(Wierzbicki & Abramowicz, 1983), and Kitamura (Kitamura, 1997), (Kitamura,
2001), developed analytical methods using an uppebound theorem, referred to as super
element solutions, the latter addressing both collisions and groundings. Deriving from these
findings, a series of novel designs of both side and bottom structures have been and are still being
investigated, (Lehmann & Peschmann, 2002)Ludolphy & Boon, 2000) (Graaf, Vredeveldt, &
Broekhuijsen, 2004) (Naar, Kujala, Simonsen, & Ludolphy, 2002nd (Klanac, Ehlers, Tabri,
Rudan, & Broekhuijsen, 2005) What all these studies have in common is that their conceptl
developmentsare focused on the definition of the topology of a novel crashworthy structure, such

as shown hee in Figure 3-8.
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Figure 3-8: Concepts of crashworthy structures: (a) Longitudinal structure-board an inland waterway
gas carrier(Ludolphy & Boon, 200Q)b) Transverse structure on board a RoPax veéBhlers, Broekhuijsen,
Alsos, Biehl, & Tabri, 2008{c) Corrugated structure on board an inland waterway

Basal on these estimation methodologies, many studies have been conducted focusing on
protecting certain regions of interest against external forces, such as offshore structures in
(Storheim & Amdahl, 2014) an LNG tanker in(Wang & H. C. Yu, 2008gtc. More recently, P&
(Paik, 2007), (Paik, 2020) and Wilson (Wilson, 2018), proposed advanced techniques for finite
element modelling to simulate structural crashworthinesswith increased accuracyin collisions
and groundings. Most of these studies conclude that crashworthiness of ships can be controlled

effectively with conventional double-bottom and double-sided structures.

3.3.6.1 Impact on Damage Stability Protection

There are two basic approaches of considering the impact of crashworthiness as a means of
internal ship space reconfiguration on damage protection. An easy way of deseng this effect is

by using two approaches:

The Direct Approach (using Finite Element Techniques), (Vassalos, 2004)

Y GCI)JIS‘Qijiﬁ):f)dé{iﬁ) Eqg. 35
Where,

'Y = flooding risk

C

= flooding event probability

Ca

68Q = hull breach probability conditional on the flooding event

i & = probability of sinking of capsize, conditional on hull breach

C

a ¢ 4 = probability of loss of human life, conditional on ship sinking or cagize

C

Therefore, in simple terms, a crashworthy structure, conditional on the flooding event, will lead
in reducing the probability of hull breach or lead to a distribution of breaches in any given zone

that will be weighted towards shallow penetrations, anl hence reduce the flooding risk.
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The Statistical Approach (using the SOLAS2009 probabilistic framework), (Bae, Vassalos, &
Boulougouris, 2020)

The assumption in the SOLAS probabilistic framework in calculating thelAdex is that a flooding
event has already taken place and we evaluate the conditional probability of survival. The local
index pertains to calculating the average survivability in eaeh zone (local Index). Therefore, a
crashworthy structure would render the zone in question impermeable (with high probability);

hence by reducing the local permeability in the zone in questiga benefit to the index is gained.

This idea had led toconsidering, the AREST P2 system, described briefly in the Introduction

Chapter with more detail given in Chapter 6.
3.4 Impact of Operation on Reconfiguration of the

Internal Ship Space

3.4.1 Overview

Ship operation is not only the longest phase in the shljfe cycle butis the only phase that justifies
(more often than not) return on investment. As such, reconfiguring the internal ship environment
for any reason that may impact upon this will meet strong opposition. This is, of course, why
safety comes into rules and regulations, which if not met the ship could not operate. Therefore,
trying to raise thesafetylevel beyond the rules takes a great deal of time, effort and inculcation.
This interaction between operational and safety objectives will be considereid this section from
the point of view of the manner in which this influences internal environment reconfiguration
and how this, in turn, affects damage stability and safety. However, even if operation were
restricted to the design envelop, it is during his phase where design assumptions and other
limitations, leading to the residual risk, need to be managedhis means thatthat the flooding
risk needs to be monitored and controlled to ensure that risk remains tolerable throughout the
life of the ship. $ich control may be achieved by passive and active means and this will be

explored in this section.

3.4.2 Vulnerability in Ship Operation

A threat that exacerbates further the design vulnerability to flooding of passenger ships, probably
at the heart of mary catastrophes, is vulnerability in operation. This is an issue that has been
attracting serious attention at IMO over many years and legislation is now in plaggMO, June
2006 ). It aims to address the fact that passengships are operated with a number of Watertight
(WT) doors open, thusconsiderably worsening the design vulnerability of these ships, SOLAS I
1/15. Figure 3-9 demonstrates this rather emphatically by considering the weltkknown Estonia
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case asshe wasdesigned and as opeated at the time of her loss(Jasionowski A. , 2011)In this
case because of open WT doors, the vulnerability of the vessel was at 68%; 3.5 times higher than

her design vulnerability of 19%.
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Figure 3-9: MV Estoniez Asoperated at thetime of herlossbased on diagram irfJasionowski A. , 2011)

3.4.2 Life-Cycle Considerations z Operational Phase 2

In the preamble of this section it is mentioned that flooding risk must be monitored and reviewed
to ensure changes in desigand operation are reflected in the way risk is managed. This sounds
straightforward in so far as changes take place in tangible, hence measurable, ship and
environmental parameters, e.g., draft levels, loading condition, fluid tank levels, watertight door
status, as well as prevailing wind and wave conditionglowever, there are many other significant
parameters and conditions, for example ship management, improving navigational equipment,
training, safety culture and so on, which unarguably affect safegjgnificantly. Unfortunately, the
impact of the majority of these factors on safety cannot, at present, be measured and hence
monitored, as there is not a system yet in place to assign risk credit/value to such influences. This
will be one of the significant outcomes of EU Project SAFEMODBAFEMODE, 201:2022)
Notwithstanding this, monitoring what can be measured and are known to be KPIs for flooding
risk in real time is a step in the right direction tofacilitating effective flooding risk monitoring,

management and control as depicted irFigure 3-10.

2 This sectionis based primarily on the work outlined within the paperQife-Cycle Flooding Risk Management of Passenger Stiips
of which the author was a ceauthor
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Figure 3-10: Operational PhaséVassalos, Atzampos, Cichowicz, & Paterson, 2018)

3.4.3 Conflict in Configuration between Operation and Safety

Large passenger vessels, like most shipare operated with the primary intention of making
money, whilst at the same timeaaiming to do so in a safe manner. Unfortunately, when it comes to
ship internal configuration and architecture, what is good for safety is often bad for business.
Hence, satisfyingooth objectives becomes somewhat of a delicate balancing act and inevitapl
conflicts manifest themselves in various forms within the internal arrangement?assengeships
and particularly cruise vesselsgenerate money through two primary channels, namely ticket
sales and orboard purchases. The former is tiked closely, thoudp not exclusively, to passenger
capacity and the latter to the provision of orboard services and entertainmentln both instances,
transformational changes have been taking place and over recent decades economies of scale
have driven developments towards increasingly large vessels at unprecedented rates, ségure
3-11.
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Figure 3-11: Cruise Vessel Growth Trend

A secondary effect of this growthhas been the provision of a far greater platform from which the
operator can offer increasingly diverse and elaborate forms of ehoard entertainment, with it

i1 x AAETI C DBI OOEAI A O Oi pAT O@dovaérg R015) MAuérA i
cruise ships must cater for many cultures, demographics and interests, all of which must be
achieved on a mass scale. In so doing, they tend to offer a multifarious array of features including,
but by no means limited to, restaurans, bars, casinos, spas, theatres and even ice rinks.
Consequently, ship internal configuration is primarily aimed at accommodatingll these features
within limited real estate. Furthermore, flowing and uninterrupted spaces are often favoured in
order to create an unconfined atmosphere, whilst also ensuring a continuous passendieix along

the ship (S McCartan, 2015)

This is where the first notable conflict arises between configuration for operation and that for
safety. Most of the aforementioned features are normally situated across the two decks located
above the vessel bulkhead deck, which is favoured given that the boat deck would otherwise
obstruct cabin views and balconies should accommodation be situated here. Howevieaving
these spaces located relatively low within the vessel superstructure also leaves them vulnerable
to flooding and this is where problems arise. Large flowing spaces, while favourable from an
operational and aesthetic perspective, can give rise to rap floodwater accumulation and
propagation. Firstly, when damaged, such spaces offer no reserve buoyancy, which is crucial
during the transient roll cycle. For this reason, damages with large vertical extents are
particularly vulnerable to transient capsiz, in fact, almost invariably transient losses involve at
least one of these decks. Further still, should the vessel survive the transient flooding stage, in
certain damage scenarioghese open spaces have the tendency to act much like armspaceand
fall prey to the effects of water on deck. This phenomenon, as witnessed in many of the
74

i OA



assessments conducted as part of this research, occurs predominantly in high sea states, where
wave-induced pumping effects cause progressive flooding on the upper deckdoodwater then
rapidly spreads, giving rise to large freesurfaces and often leading to vessel capsize. As such, the
prevalence of open spaces within large passenger vessels presents somewhat of a design paradox,
whereby the safer a vessel is, the more open spaces it can have. Howether more open spaces

it has, the less safe it becomes.

Such spaces also pose a risk regarding the propagation of fire but, in contrast to flooding, a great

deal of progress has been made in this area through the alternative design and arrangements

process.) 1 pwypeh OEA AOOEOA OAOOAT 031 OAOAECT 1 £ OEA
over three decks within one fire zone, which was approved under equivalent arrangements

AAAT OAET ¢ O1T 3/,1!3 )YTug , AOAOh ET daiesdéudherstd6 i UACAC
with an atrium spanning three fire zones, again approved using equivalency design. Such
AROAT I DI A1 OO OEAT OOEAOAA ET 3/,13 ))scT¥px i1 Ol
3AEAOUG AT -denetnlioch VoyalekdiassAessal have atria spanning over four fire zones

(Sames, 2009) In each instance, novel means were adopted in order to mitigate fire risk, either

in the form of advanced analysis techniques, technology or both. Perhaps there is astesto be

learned here as regards flooding, where unfortunately no such regulatory system exists in order

to facilitate the implementation of alternative designs concerning flooding specificallyPerhaps

SOLAS Ch.-1, Regulation 4 (Damage Stability /Equialence)offers such a possibility but this, as

far as it is known, has not yet been taken up. Consequently, there has been little innovaiiothis

respect, despite great potentigl andrecognition of this has fuelled many of the developments

made within this research.

In addition to the prevalence of open spaces, there is another key example in which internal
configuration for operation and safety lie in opposition. This relates not to spaces, but instead, the
channels of communication between them. Eftgive vessel operation relies on the ability to
transport people and goods throughout the vessel in an efficient manner. An example of this is
provided in Figure 3-12, showing catering spaces and flows for a typical cruise ship. This is just
one of many processes that require such movements throughout the vessel, but even in this
isolated case, one can observe the widespread pathways that exist. Such pathways, though
esseatial, impair safety by providing conduits through which progressive flooding may occur.
These exists as corridors in the case of longitudinal flooding progression and in the form of
service elevators and stairwells, where up/down flooding may occur. Unftunately, to date there

is little that can be implemented in the protection of such openings without greatly impairing

operability.
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Figure 3-12: Gatering spaces and flows for a typical cruise shiiased omliagram shown in(Vie, 2014)

3.5 Ship Emergencies Impact on Reconfiguration

of the Internal Ship Space

3.5.1 Overview

Flooding emergencies and the ensuing risk are still dominant in the maritime industry as
explained in the introduction Chapter. Hence, emergency response, as the last line of defence is
of paramount importance. However, what this section is delvinginto is impact that addressing
this need has oninternal ship space configuration. Like the operational phase most of the key
elements affecting emergency response are not measurable/auditabknd, therefore, do not
provide any guidance to the operator in his strive to adopt costffective means to mitigate and
control flooding risk in this vital last phase. However, new technologielsave beenexplored to
enhance situational awareness and guidance of evacuees during emergencies, e.gfulded
Project SAFEPASGAFEPASS, 2018020), and alsointerventional measures to restore stability
post damage(Vassalos, Paterson, & Boulougouris, 201%very oneof these, provide a platform
for transformational changes in the wayin which emergencies onboard are currently being
addressed andthis section will look into how theseaffect theinternal ship environment and, in

turn, interact and conflict with safety-related changesand, hence, how theyinfluence one another.
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3.5.2 Life-Cycle Considerations z Operational Phase 3

The emphasidgn this phase is on ensuring that in any of the critical scenarios where ship stability
is compromised, the ship will remain upright and afloat, with all safety systems available, for
sufficient time to ensure safe evacuation of all the people dmoard. Hovever, similar to the
operational phase most of the key elements affecting emergency response are not
measurable/auditable, thus not providing any guidance to the operator in his strive to adopt cost
effective means to mitigate and control flooding risk irthis vital last phase. This, in turn, affects
decision making, particularly when competing objectives are considered, which may influence
how effective damage protection and control might be. Recent developments in this area as well
as the conflict between damage stability protection, in terms ohow reconfiguration of ship space,
competes with these other objectivesre being addressed in the following sectionFigure 3-13
presents a schematic of what this phase entails
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(Survivability in waves software)

¥
Casualty Casualty Restoration of Emergency Evacuation
Assessment ————>» Assessment | Safety Critical Response Analysis ]
TTC [ | Systems | Measures 4
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Risk tolerable ?

Y

Verification & Approvals \

Figure 3-13: Emergency Response Phg¥assalos, Atzampos, Cichowicz, & Paterson, 2018)

3 This section is based primarily on the work outlined within the paperife-Cycle Flooding Risk Manageent of Passenger Shigs
of which the author was a ceauthor
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3.5.3 Configuring the Ship Environment for Emergency

Response

The internal environment of a vessehnd its configuration are heavily influence by emergency
response considerations. Perhaps most notably, provisions relating to means of escape and
evacuation have a significant bearingn the internal layout. SOLAS ChR, Reg.3, pertains to
means of escape and governs the design and designation of doors, corridors, and stairwells. This
is further supported by evacuation principles, which are concerned with emergency routing and
the sak and timely transport of passengers and crew in an emergen@@hampion, Ahola, & kujala,
2015). In order to inform the internal configuration in this respect, evacuation analysis is often
conducted in line with MSC.1/Circ.1033(IMO, 2007). Through doing so, optimal evacuation
routes can be identified, along with their appropriate dimensions. This is a highly important
characteristic of the internalconfiguration as evacuation routes, thouglhindoubtedly an essential
safety feature, can themselves exacerbate flooding by providing conduits for floodwater
progression. These come predominantly in the form of corridors, escape trunks and stairwells
that penetrate both horizontally and vertically through watertight structure. Furthermore,
evacuation considerations can also impose on the operational functionality of the vessel,
especially where there are multiple corridors within accommodation spaces, which remove from

the footprint available for cabin space.

Emergency response considerations also affect the vessel internal configuration in accordance
with SOLAS Chapter lll, relating to lifesaving appliances and arrangements. Here, stipulations are
made regarding the design and location of muster stationshich, in accordance with Regulation

11, should be located as close as possible to embarkation spaces, whilst being readily accessible
from accommodation and workspaces. Furthermore, each person assigned to a given muster
station should have at least 0.3%n2? area available to them and this is where large open spaces
within cruise vessel designs have their advantage and are, as such, often used for this purpose.
SOLAS Chapter IIl also mandates, in accordance with Reg.13, that lifeboats and survival craft
should be located on both port and starboard sides of the vessel, positioned as close to the
waterline and as far forward from the propellers as practical. For this reason, most cruise vessels
are configured with lifeboats situated two decks above the bulkhehdeck, where the vertical
travel required for deployment is minimal, whilst ensuring the lifeboats are clear from green

water effects or indeed immersion in the damaged floating position.

Another highly influential factor over the vessel internal arrangerent are the requirements of
Safe Return to Por{SRtP) as outlined withinMSC. 216(82) The aim here is to provide a safe and

habitable environment for both crew and passengers, while the damaged vessel returns to safe
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harbour. This entails that certain vital systems remain functional post damage such as propulsion,
portable water system, HVAC system, galley systems, lighting etc. Unfortunately, to date the
degree of damage considered for floodingunder SRtP is rather limited, with just one-
compartment flooding scenarios considered meaningthat residual functionality is not assessed
for a large percentage of probable damage scenaridghis is, however, more comprehensive for
fire scenarios. In any case, the effect of these requirements on internal configtion comes in the
form of compartment segregation in order to protect vital systems, or otherwise, systems are
replicated in order to ensure availability. This can add a great deal of complexity to the vessel
internal arrangement and in some cases can irdduce asymmetries within the flooding process
where longitudinal subdivision is employed. Further to the above, and much like the designation
of muster stations, vessels are also allocated safe zones. These provide safe locations where
passengers can gather in order to have access to the benefitsethining such systems, including
heating, food, sanitation, lighting, ventilation and so on. Again, for this purpose larger public

spaces are often utilised, such as restaurants and bars.

Emergency response considerations also affect the vessel internatangement in the form of
damage control. In accordance with SOLAS1| Reg.19each vessel must have a damage control
plan and manual onboard containing the information specified within MSC/Circ. 919and
MSC.1/Circ. 1245This generally comprises a sees of actions to be taken in the immediate wake
of an accident in order to identify damage extents and subsequently minimise and localise the
spread of floodwater. An example of the general damage control process is provided witliiigure
3-14, with items relating specifically to space configuration shown in green. Here, the first of
these items concerns the preservation of the vessel watertight envelope by closingwaltertight
doors and hatchesalong with weathertight appliances. In addition, all valves on pipe runs passing
through watertight structure are also to be closed. All such features exist within the vessel
arrangement specifically to prevent the propagatiorof floodwater and essentially work to reduce
the permeable volume available to a given damage breach. Following this stage, a more informed
process of space reconfiguration takes place in the form of actively redistributing mass within the
vessel. This geerally occurs in two ways, firstly by activating the bilge pumps within the
damaged space in order to lessen floodwater accumulation and secondly through the process of
counter ballasting, using ballast and heel/trimming tanks. The aim here is to improvéhe vessel
floating position to either facilitate a more timely and orderly evacuation or indeed to enable the
vessel to safely return to port.This comes, however, without due consideration of the dynamic
behaviour of the ship and the effect that this migt have on counterballasting and any other

actions being considered byhe simplistic approach that currently prevails.
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Figure 3-14: Damage Control Actions List

3.6 Closing Remarks

Based onthe research presented within the foregoing, the following conclusiaican be drawn
in summary:

1 Historically speaking, the primary driving force behind vessel reconfiguration has come in
the form of rules and regulations pertaining to flooding and to a lesser extent fire. In such
instances, change has occurred slowly, often in a reactive mannerthe wake of accidents

1 Gradually, however, an increasingly proactive approach to the problem of damage stability is
emerging with, for example, IMO instruments such as Safe Return to Port making significant

strides in this direction.
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1 The nature of internal configuration that is favourable for operationis oftenin conflict with
that for safety and hence objectives pertaining to each generally lie in antithesis. For this
reason, the rate of safety progression has often been slowed due to industry resistancetioe
grounds that their ability to operate a viable business would be impaired. Thisn turn, is
indicative of a greater problem relating to the efficiency and variety of existing RCOs for
flooding risk. It would appear that there is an urgent need to sit seeking alternative and
more effective solutions, rather than continued sole reliance on conventional measures such
as watertight subdivision.

1 Further exacerbating this problem is the tendency towards building progressively larger
passenger ships, whils places an eveigrowing number of people at risk leading to a policy
of zero-risk tolerance.

1 In order to achieve this aim, one must consider the vessel throughout its entire lifgycle
(design, operation, emergency response) and understand the requiremts within each stage
This would involve consideration of theconstraints and conflicting requirements that each
stage brings to the decision-making processin relation to the optimal configuration of the
internal ship space Only then, can one hope to pride solutions capable of achieving this

aim.
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Chapter 4. Research Methodology Adopted

4.1 General Remarks

The present chapter serves to provide an overview of the approach adopted in the undertaking
of this thesis. As expressed within Chapter 2, the overarching research aim has been to
demonstrate that in this age, it is not only possible, but indeed practitt protect a vessel against
all manner of conceivable flooding risks. Naturally, in order to substantiate such a notion, one
must first adopt a methodology that employs a rigorous and comprehensive assessment of vessel
damage stability and survivability.This is essential, firstly as a means of informing the design and
implementation of appropriate RCOs, and secondly, in order to provide the right platform for
testing and verification. The latter being of particular importance as the solutions that havesbn
sought in this undertaking fall outside the boundaries of conventional norms and this demands
that due diligence be paid. In light of this, the process shown Igure 4-2 has been developed in
order to evaluate vessel damage stability performance from all pertinent perspectives.
Furthermore, as a means of demonstrating broad applicability, this methodology hdseen
applied to a comprehensive range of vessel types, as outlinedAigure 4-1. Of these studies, the

results of three cases have been included withirthis thesis, comprisingtwo cruise vessels and

one RoPax.
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Figure4-1: Overview of vessels considered
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4.2 Overview of Methodology

The methodology adopted has been tailored to cater for the design and implementation of the
RCOs developed as part of this research and is comprised of eight dististdges as elaborated

within the following.

Ship Reconfiguration for
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Figure 4-2: Methodology Adopted
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Stage 1: Static & Dynamic Damage Stability Assessments

The process begins by conducting two forms of damage stability assessment in parallel, one based
upon conventional hydrostatic assessment techniques and theher using advanced numerical
time-domain flooding simulations, herein distinguished as static and dynamiapproaches,

respectively.

The static component of this damage stability assessment is conducted in accordance with
applicable IMO statutory instruments, which vary depending on vessel age, type and size. When
assessing new build vessels engaged in international voyage, this relates to the requirements of
either SOLAS 2009 or SOLAS 2020 as applicable. Both these forms of assessment offer a distinct
advantage over deterministic instruments in that they are, for the most part, performance based

in nature. This enables a quantifiable baseline risk level to be establishdbm which the impact

of RCOs can later be measured and compared. Unfortunately,raag many existing ships and
domestic vessels are regulated on the basis of older prescriptive regimes, with an implicit but not
explicitly quantifiable safety level. For this reason, vessels falling within this category have been
subjected to the probabilstic damage stability assessment process and the resultant solution has

been derived on this basis.

A secondary and complimentary assessment is also conducted at this stage utilising numerical
time-domain simulations as a means of assessing vessel sunbity. This form of assessment, as

in the case of SOLAS 2009/20, is also performance based and thus well suited for assessing RCOs.
However, the manner in which vessel performance is measured differs greatly between the two
approaches. Numerical simulatios draw upon first principles and have a greater capacity to
capture the underlying physics of the flooding process. This means they do not suffer to the same
extent from elements of assumption, generalisation and simplification that are commonplace
within technical standards. Consequently, the results from numerical simulations work to not
only support and verify the results of the static assessment, but also offer a wealth of additional
information and insight into important flooding processes and componets of survivability that

simply cannot be captured using statics.
Stage 2:Static & Dynamic Vulnerability Assessments

The second stage in the process involves the execution of two complimentavylnerability
assessments. Herehe results generated within the pervious stagestemming from both static
and dynamic assessment techniquesare called upon in order to establish the degree of
vulnerability present and its sources. With respct to static assessment, this firstly involves
calculation of the Attained Subdivision Indexwhich provides a measure of ship safety as regards

collision damage. Tle compliment of this value(1-A) can then be used in order to establish a
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baseline risk level from whichthe impact of RCOsmplemented later within the process can be

gauged.

With regards to dynamic assessment,overall vesselsurvivability is measured in a different
manner, using the Survivability Index This is calculatedaccording to the direct approach to
damage stability analysis rather than statistical approaches,as is the case in determining the
vessel Attained Index.For this reason, among others relating talifferences inthe geometric
modelling of the vesselopenings, damages etdhe Attained Index and Survivability Index cannot
be directly compared.However, both Indices provide an indication of a baselingafety level from
which further improvements can be measured.The Survivability Index is determined quite
simply asthe ratio between the number of cases survived within a given samplnd the total
sample population conditional on a certain exposure timeThe compliment of this value
representing the probability of vessel capsize or sinking;an then be used in order tgrovide a

measure of vessel vulnerability to flooding.
Stages3: LossModality Determination

Having previously quantified vessel vulnerability, the third stage in the methodologyproceedsto
identify the nature of vulnerability through the assessment offailure modes Gaining such
understanding is crucial in deriving RCOs,saany effective treatment must be founded upon
accurate diagnosisGenerally speaking there are two primary modesin which a vessel may be
lost to flooding, namely transient capsize and progressive floodingss. Transientflooding occurs
in the immediate wake ofadamage event anccaninduce rapid capsizeThis comes as a result of
floodwater rushing into the damaged compartment in an asymmetric fashigmvhich has the effect
of inducing a largeheel responsethat can overcome the vesel.In contrast, progressive flooding
occurs over a much longeduration and results from the immersion of norwatertight openings
forming a channel of communication between intact and damaged spaces. This causes floodwater
to propagate throughout the vessel, gradually reducing reserve buoyancy and eroding stability to

the point at which the vessel may capsize

Both statics and dynamics offer different informationand a different degree of accuracyvith
which to determine loss modality. With reference to statics, the results of the probabilistic
damage stability assessment can be used in order to provide an indication of whidlss modality
may be realised.However, an explicit determination cannot be made using this approactor
reasonselaborated upon further within Chapter 5. Instead, cases prone to transient capsizeave
been identified by isolating damage scenariosn which the intermediate s-factor was dominant
or where an excessiveangle ofheel atequilibrium was found. Theseform effective criteria for

predicting transient capsize potentialasthe intermediate s-factor deakwith flooding stages prior

85



equilibrium and is thereforereflective of the transient flooding stage Furthermore, alarge angle
of heel at equilibrium indicates either asymmetrical flooding or limited residual GM, both of
which are known to be leading causes of transient capsiz&Vith regards to the identification of
cases liable toprogressive flooding loss, static assessmemnables this b be done by isolating
cases in which unprotected openingsvere found to be immersed at the final stage of floodindn
addition, cases with marginal residuafange are alsadentified here, since such cases are prone

to wave induced progressive flooding.

In contrast to static assessment, the results stemming fromlynamics allow the loss modality to
be identified explicitly. This is possibleas numerical flooding simulation tools can capture the
physics of the flooding processin addition to providing an overview of the full time-evolving
flooding event. Here, transient capsize cases ardirstly distinguished by assessingthe TTC
relating to each less scenario As previously stated, transient capsize occurabruptly following
the initial hull breach, which enables such loss scenarios to be identifiely filtering cases
according to TTCThis is then further supported through observation of the case specific raiime
histories, which can reveal if the vesselwas indeed lost during the transient roll response.
Inversely, progressive flooding loss scenarios are identified as those with longer flooding
durations, often characterised by a roll time history that displgs a gradual increase in average
roll over the flooding sequenceln addition, averagefloodwater mass accumulation is assessed
the same mannetto establishif the vessel is taking on waterthus indicating progressive flooding
Finally, information pertaining to openings is analysedn order to assessf any openings have

allowed floodwater to progressfrom a damagel to intact space.

Following the processes outlined above, all loss scenarios are then categorisetb progressive
flooding losses and transient capsize cases, with each category then subjectedgecific forms of
additional analysis as outlined within stage4. As will be@me apparent, t is greatly important to

make this distinction, as eachloss modality has differing design constraints andrequires a

different form of treatment in terms of RCOs
Stage 4: Identification & Ranking of Critical Openings and Spaces

In the previous two stages both the level of vulnerability and its nature in terms of loss modality
are determined. Building on this, stage 4 within the process seeks to identifgnd rankthe sources

of vulnerability in relation to safety critical spaces ad openings within the vessel internal
geometry. This provides valuable informationthat can be used to underpin the implementation

of RCOs within the subsequent stage, allowing those spaces and openings that constitute the
greatest risk to be targeted.This enablesmaximum risk reduction to be realised with theleast

degree of reconfiguration, thus leading to the most cosdffective solution.Once again, the results

86



from both the static and dynamic assessments are us¢o inform this processand are handled in

different manners.

Static assessment affords avay in which to identify and rank critical openings by isolating
damage cases in whicleither opening immersion within the final floating position or limited
range to opening immersion areresponsible for failure. The resultant loss in Attained Index
contribution for damage caselimited in this way can then be calculated, providing an indication
of opening-specificflooding risk. Where a given opening is responsible for failure acrosaultiple
damage cases, the flooding riskelating to each case is summed to provide a total risk value.
Having followed this processcritical openings can be identified as those leading to the greae

lossin Attained Indexand can therefore be targeted for protection

In contrast to statics, the results stemming from dynamic assessment allow critical openings to
be identified and ranked in a much more comprehensive manneriirstly, dynamic simulation
models contain all pertinent openings within the vessel internal geometry, ranging across the
entire weathertight envelope.Static models on the other handgontain only a limited number of
all openingswithin a simplified geometry, which are used in order to truncate the GZ curve upon
immersion. This only captures a fraction of tte internal geometryand does not allow for the full
flooding chain to be assessed\nother important distinction between thetwo approaches, is the
ability within dynamics to capture the actual opening geometry and assign physical
characteristics in relation to watertight integrity /resistance. This means that the results
stemming from dynamic assessment are far more reflectivef aeality. When ranking openings
following dynamic assessment, three primary parametersra& used Firstly, the frequency in
which each opening is involved within a progressive flooding loss is calculatedhis is then
followed by an assessment of the massf floodwater that has passed through each opening.
Finally, by combining the previous two measuremens, opening risk can be identified as the
frequency in whicha given opening is involved in major progressive floodingThese values can
then be used in oder identify and rank critical openings, which are then targeted for protection

if feasible,

With regards to the identification of critical spaces,the results stemming from the static
assessmentare used in order to identify local vulnerabilities within the vessel design. This is
accomplished through examination of casspecific Index losses in the form of p*(3s). For a given
damage case, this value represents the difference between the maximum putal Attained Index
contribution and that which was achieved, thus providing a measure of flooding risk contribution.
By observing the results in this way, critical spaces within the design can be identified where peak

risk values occur orwhere there isa high concentration of cases contributing to the flooding risk.
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The results from dynamic assessment are used in a similar manner in order to identify critical
spaces,in this case focusing on spaces within the vessel found to have a high frequency of
involvement in loss scenariosln particular, those spaces that ardrequently involved in loss
scenarios with smaller damage dimensions are targeted, as these represent the most probable

damage events.
Stages 5: Solution Development

This stage of the proces involves targeted application of RCOs, specifically those developed as
part of this research. Here, depending on thiwss modalities identified within stage 3 different
RCOs are employedWith regards to transient flooding, systems that are built into the vessel
design are favoured as there is no time to enact any activeeasures following such events.
Furthermore, RCOs in such cases are aimed at providing the vessel with a greater damaghkt
whilst also offsetting any asymmetries within the flooding process both of which are highly
influential parameters in relation to transient capsize The areas targeted for such solutions are
those identified within stage 4 as being safety criticalWWhen protecting against progressive
flooding, active in addition to passive RCOsre considered in the protection of spaces and
openings.This is possible due to the longer flooding duration attributed to progressive flooding
cases which enables time foractuated systems to be utilisedln such casesRCOs araimed at
either uprating the watertight integrity of critical openings such as to be able to contain
floodwater, or alternatively, at increasing vessel reserve buoyancy and preventing the immersion
of openings.Again, information stemming from stage 4 is used in order to target the highest risk

openings and spaces
Stages 6: Reevaluation of Static and Dynamic Damage Stability

Having implemented RCOs, the vessel damage stability performance isenaluatedin order to
gauge the impact on vessel survivabilityAs part of this processboth the static and dynamic
calculation models are modified in order to account for the effectsf each RCO being employed,
following which the assessmerd conductedacrossstages 24 are repeatedInformation from this

updated assessment is then fed into stage 7
Stages7: Determination if Stability Obje cts are Met

Within this stage a determinationis made as to whether stabilityobjectives have been reached.
The exact nature of these objectives cavary across different applications of the methodology
and there is flexibility in this sense. For examplehe goal could be to uprate a SOLAS 2009 vekse
to 2020 compliance, and this would set the constraints.Alternatively, if an existing ship had

suffered significant lightweight growth, then stability objectives could relate to expanding GM
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margins by some valueHowever,the desired stability objective to be employed in the execution
of this methodology would be to seekhe optimum level of risk reduction based on all credible
RCOs. In this case, an iterative process wouwdisue until such point thatdiminishing returns in

risk reduction are realised i.e. when the application of further solutions is no longer cost

effective.
Stage 8: Novel Technology Qualification & Classification

The final stage in the methodology is to undergo a Novel Technology Qualification (NTQ) process,

which is the route offered by most classification societies towards the approval of new and
innovative technologies. This is important, as currently established codes and procedures tend to

be empirical by nature, and thus, solutions without prior president are ill covered, if at all. The
overriding objective behind this process is to ensure that any/R/ DB OT i OAA EO OZ£EO
and this relates to not only safety but also performance, functionality and availability. In addition,

this stage acts to test the practicality of the solution, which is a highly important consideration as

one does not wanto solve one problem by introducing another. Furthermore, what can look very
attractive on the page can often fail to stand up to practical scrutiny and for any research in this

direction to have true value; it must be applicable in practice.
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Chapter 5: Ship Damage Stability and
Survivability Assessment Process

5.1 Opening Remarks

This chapter serves to provide an overview of the survivability assessment process that has been
adopted in the undertaking of this research. Here, particular emphasis has lreplaced on the use
of numerical time-domain simulation tools,eventhough traditional static assessment techniques
have also beeremployed. The chapter starts by providing a justification for the use of flooding
simulations, citing the areas in which suchools can be used in order to account for some of the
limitations of hydrostatics. This is followed by an overview of the development of such tools and
their various applications to date. Finally, a comprehensive overview of the process by which
vessel sirvivability has been determined is provided alongwith several processes that have been

developed in order to extract maximum utility from the process and the ensuing results.

5.2 Limitations in Hydrostatics & the Need for Numerical

Simulations

Flooding simulations allow for a more refined assessment of vessel damagensuability in
comparison to the conventional hydrostatic calculation techniques found within current IMO
regulatory instruments (SOLAS 2009/2020). This is particularly true in the case of large
passenger vesselswhere the ability of hydrostatics to accuately assess and quantify ship
survivability remains a highly contentious point. Vassalos addresses this specific issuedetail
within (Vassalos, 2016)Here he calls attention to a number of areas in which the current atic-
based regulatory scheme fails toater for cruise vessels in an appropriate manner, as summarised

within the following:

T 4EA Al AOGOEEEAAOGEIT 1T &£ Al1l OAOGOAI 6 AAOOUET ¢
reductive and fails to account forthe diversity of vessels falling within this categoryeach of
which can possess widely different sources of vulnerability stemming from entirely different
flooding mechanisms.

1 Cruise vessels have not been represented in the development of the curreffestor and there
has been a lack of consideration of large vessels in general.

1 The exposure time of 30 minutes used in the development of the currentfactor does not
account for the longer flooding durations cruise vessels can undergo (>3 hours), nor dages

account for the far greater evacuation time required for such vessels.
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1 Cruise vessels havevastly different levels of complexity in internal geometry leading to
greater uncetainty in the flooding process andoutcome.
1 With some vessels now being desiged to carry >10,000 persons there can be a huge

disparity in the people at risk in comparison to smaller passenger vessels.

Put plainly, there is a clear and observable difference between cruise vessels and RoPax vessels,
which needs to be accounted for by some meand.he introduction of SOLAS 2020 made some
progress in this direction by introducing a more stringent sfactor for RoPax vessls in case of
damage to the rero deck. However, this alone represents the sole distinguishing element
between these two ship types and is one that serves only to differentiate RoPax vessels from
cruise vessels and not the other way round. That is to sai,acts only to cater for flooding
mechanisms relating specifically to RoPax ships and there are no such provisions designed to
cater for cruise vessels and their own specific flooding mechanisms. As suittwould appear that
some effort isrequired in order to bring the regulationsback into harmony with reality as regards
cruise vessels This can only be achievetly addressingthe areas within the current regulatory
systemin which cruise vessel are poorly accounted foaslisted within th e previous If not, other
tools must be sought in order to fill this gapand it is here where numerical simulations could hold

the answer.

Further to the above, there are also a number of limitations inherent to the static assessment

process itself as oppeed to any regulatory shortcomings or mistreatments. These relate

primarily to the inability of hydrostatics to accurately account for and cpture different loss

modalities. This is highly important, not only in determining risk, but also in identifying

appropriate RCOs. Traditionally, the Attained Subdivision Index has been used in order to gauge

the effectiveness of RCQsither by measuring improvement in the Attained Index itself or as an

input to a Formal Safety Assessment (FSA) for the determinaton® YO0, , AT A 2#/
effectiveness. This process allows for a relatively fair and timefficient means of rankingRCOs

but fails to account for the whole picture. One of the fundamental philosophies behind the
probabilistic approach to damage stability assesment is that two vessels with the same Attained

Subdivision Index are considered equally safgMO, 2017). This is, however, not necessarily the

case as the element of time is removed from the question. If we considdrtwo vessels, each

having an Index of 0.8, there is no indication of the severity of the twenty percent of cases in which

each vessel is lost. That is to say, one vessel could be prone to transient capsize and the other to
progressive flooding loss, in whiclcase the casualty rate would vary dramatically and so too the

risk level. Some effort was made to account for this the collision risk model developed within

GOALDS and more recently the EMSA 11l projg@&MSA, 2014) Here, the risk model accounted

Al O OFEAOOS6 AT A OO1I T x6 A TTAETC PDOT AAAEI EOEAO xEO

91



independently of the Attained Subdivision Index and therefore was not badeon the actual
damage stability behaviourof the vessl. Furthermore, there is some ambiguity surrounding what
AT 1 OOEOOOAO OEAOGOG I T ]Idadiig ©ne boask, BETT PABEODT EO
ET OAOOAT U OEI.x Ol T x EO Ol xebd

i £HO

Notwithstanding the above, static assessment techniquegven though unable to directly
distinguish between loss modalities, do provide some indication. Firstly, in order to account for
transient asymmetric flooding, the current regulations apply an intermediate gactor in cases
where flooding is not considered instantaneas (within 60 seconds). Here, a quasstatic
approach is adopted whereby the flooding process is broken down into various stages and phases,
providing snapshots of the flooding processut not the full time-dependant flooding progression.
This, in turn, an be used to determine if the vessel possesses a higher risk of capsize within
intermediate stages of flooding, thus allowingases thattould be prone to transient capsizeo be
identified. However, this quasistatic treatment of intermediate flooding has long fallen into
guestion due to the highly violent and dynamic nature of the initial flooding stage®afermos &
Papanikolaou, 2016) It was, infact, this recognition thatfuelled a lot of the early development of

numerical flooding simulation tools as described later within this chapter

In the consideration of the potential for progressive flooding, the regulations workby truncating
the vesseldamaged GZurve at the point of immersion of unprotected openings or by considering
the vessel as lost if such openinggere immersed at equilibrium. This, in turn, allows cases prone
to progressive flooding to be identified if limited in this way and tle underlying logic here is clear
as to the prevention of progressive flooding. Where the limitations of this approach appear is in
the fact that, by truncating the GZ curve in this waywe focus on only a small portion of the
flooding chain. Should the entire floodwater evolution have been allowed to unfoldwe learn
nothing of what may have happened nor the consequencedmportant questions relating tothe
actualextent of floodingthat would be realised the openings through which thisvould occurand
the time that this would take are all left unanswered. This limited scope through which the
flooding process is viewed also has potential repercussions as regards the implementation of
RCOs.For example, if we only focus on the initially immersed opening ithe flooding sequence
and if this opening for operational reasonscould not be protected, the designer may reside
themselves to the fact that this is an unavoidable risk. However, there is every possibility that if
the flooding chaincould notbe broken hee, it may very well be broken a little furtherwithin the

flooding evolution and this information is all lost within the current regulatory scheme.

To summarise, static assessment techniques provide a somewhat opagared limited view of
flooding risk and its sources. Consequenthit is important that where possible and appropriate

we support these calculations with other toolsFor this reason, in the undertaking of this research
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numerical time-domain simulationshave been useds part of a systematic apgach toassessing
vessel survivability in the case ofcruise vessels where the greatest uncertainty liesand also in
the case of a RoPax vessdrhis is in line with evolving trends within the industry where, given
the potential severity of a major accieént involving a large passenger vessel, simply ensuring
compliance is no longer consideredufficient (Tobias King, 2016) Instead there has been a turn
towards the useof first principle tools coupled with a more proactive approachthat promotes
continuous safety improvement over simply ensuring compliance. After all, one has only to look
into past accident statistics to findmany examples of where compliance was najood enough,
following which it will soon be understood that it is not a question ofwhether, but a question of

when.

5.3 Background on the Development of Simulation Tools

Since their inception in the mid1980s, time-domain flooding simulations have been used in orer

to gain a better understanding of complex flooding processes that cannot be captured accurately
using static assessment techniques. Early forms of such tools were used predominantly to assess
the damage survivability of RoPax vesselwith a focus on cossflooding and the accumulation

of water on deck. Such research was fuelled by a number of major accidents that occurred around
OEEO OEiIi Ah ETAI OAET ¢ OEA 1100 1 &£ O(AOCAT A T £ &0OAA
1994, both of which actedas catalysts for developmenin the understanding that something had

to change One of the earliest examples of such work was the investigation conducted by Spouge
when assessing the sinking of the RRo ferry European GatewaySpouge J. R., 1986Here, he
employed a quasistatic simulation approach with flooding rates determined by a simple
hydraulic model, leading to one of the earliest reports on the effects of transient asymmetric
flooding. Unfortunately, however, it becane clear that the abrupt and highly dynamic nature of
transient flooding could not be captured accurately using quastatics, leading to the
development of an improved model by Vredeveldt & Journe@/redeveldt & Journee, 1991) In
contrast, their approach relied on a hybrid simulation model whereby roll motion was captured
using dynamics whilst other, less critical,degrees of freedom were dealt with in a quasstatic
manner. Journee, Vermeer, & Vredeveldt then later expandduig to account for dynamic motion

in all six degrees of freedom(Journee, Vermeer, & Vredeveldt, 1997) In parallel with such
developments, Vassalos & TurafiTuran & Vassalos, 1994eveloped a 3DoRdynamic flooding
model, capable of accounting for the effects of irregular seas as opposed to the calm water
assumption made by the majority of other models at the time. This was an important
development given that Tw0% of accidents occur in waves andhortly after this model was
further expanded in order to account for all 6DoF by Vassalos & Letif/dassalos & Letizia, 1995)

In the years that followed such tools were further advanced andrefined, with Papanikalaou
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(Papanikolaou, Zaraphonitis, Spanos, Boulougouris, & Eliopoulou, 20000 b1 UET C e EA Oi &
i AOGO AT 1 A A P beiter &touni far Aikrdal fOddwater dynamics and sloshing effects

concept which was further developed by Jasioowski and Vassalos(Jasionowski & Vassalos,

2001). Not long after these developments, the first application of numerical simulations to cruise

vessels were conducted, perhaps most notably recorded in the works by Vassaldassalos,

lkeda, Jasionowski, & Kuroda, 2004AT A 6 AT {ROVa6tA/&ed, 2004) In both cases

simulations were conductedon large cruise vesselsaccounting for motion in all six Dok The

breach sizes examined weran line with that used in the HARDER model tests, namely a two
compartment damage scenario about amidships of 0.033%LPP in leng®/5 in penetration and

spanning fromthe tank top to one deck above the vessel bulkhead deck.dach cas, the vessel

internal geometry was modelled in detai) both in terms of compartmentation and in terms of

openings. Interestingly, despite the similarities between these assessments, two very different

OAOO 1T &£ AT TAI OOET T O x A OAVedrOdheludes! that Eruisd Fedseld welk E AT AT
predominantly prone to loss of residual stability through progressive flooding rather than

transient capsize. In contrast, Vassalos alerted to the fact that cruise vessels were indeed
vulnerable to transient capsize citing multiple free-surface effects formed in the early stages of

flooding as the casual factar This should have been particularly alarming given the modest

AAT ACA OEUA AT A PAT AOOAOQGET 1T AGAI ET AAh AOO ET OOAA
more widely accepted fostering the notion that cruise vessels are vulnerable only to progressive

flooding. Consequently the question of transient flooding as regards cruise vessels had been left

to sleep for many years until awoken recently in such reseah projects as eSAFE and FLARE. The

results in each case would suggest that both sets of adusions were in fact correct,having
demonstrated that the loss modality experienced by cruise vessels is highly sensitive to input

conditions such as GM, breachize and the degree of asymmetrypresent within the vessel

subdivision.

In conclusion, it could be said that timedomain flooding simulations have proven to be a vital

asset in assessing vessel survivability, particularly in areas where there is uncertainbyer the

results yielded by static assessment. Of course, floodisgnulations are by no means perfect and

are themselves subject to certairsimplifications and assumptions Neverthelessthey enable us

to take onestep closer to the reality of the situaibn.

94



5.4 Survivability Assessment Process

5.4.1 Preparation of the Simulation Model

Flooding simulations allow for a far greater level of detail within the vessel internal geometry to
be captured in comparison to hydrostatic models. Here, all features liable tohibit or facilitate
the flooding process are modelled with consideration of the® A O Odiird Weathertight
envelope, usually spanning twoor three decks above the bulkhead deck. This includes the
consideration of spaces such as cold rooms, lift trunks,emtilation trunks, escape trunks,
stairwells, A-class fire rated structure and watertight divisions. The result is something far more
representative of the actual vessel geometrin comparison to static models which for a medium
sized cruise vessel wouldcomprise some 700 spaces as opposed to the 250 spaces one would
expect to find within the static equivalent. Theability to capture geometric detailsin this way is
of particular importance concerning cruise vesselsas the simplifications made within staics
often lead to a very reductiverepresentation of the vessel internal arrangement. This is in
contrast to RoPax vesse|svhere the internal geometry is rather simple to begin with and so the
level of detail lost is significantly lessFigure 5-1 below provides a comparison between the static
and simulation models of a medium size cruise vesseklhich has been used in a case study not

included within this thesis.

Figure5-1: Comparison in level of detail captured, static model left, simulation model right

In addition to modelling internal spaces in far greater detailsimulation models also account for
internal openings in a manner far more reflective of reality. In general, all openings linking the
modelled rooms are accourgd for and represented by their physical geometries. Doors aralso
assigned leakage and collapse properties in accordance with the findings ofetlitU project
FLOODSTANDRuponen & Routi, 2011) Here, fullscale tests coupled with FEA analysis were

conducted on a number of typical passenger vessel door types in order to determine their
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resistance to floodwater, seeTable 5-1. Each opening is also assigned a uniform discharge
coefficient of 0 =0.6, which represents the industry standardfor this property. At the time of

flooding, all doors are assumed to have a closed status suabto assess vessel survivability in its

OAAOO OOAOA6h xEEAE bDPOI OEAAO A EAEO AAOGAITET A O
additional RCOsOtherwise, improvements would pertain to vessel operationiarisk according to

its existing design, i.e. recommending certain existing doors be closed in case of daméigeing

followed this process, the simulation model of a medium to large cruise vessel would generally

contain around 1,000-1,500 openings as shown ifrigure 5-2.
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Figure 5-2: Example Opening Arrangemesitrom case study not inaded within thesis

Table5-1: Openingcharacteristicsemployed in modellingbased orfFLOODSTANIRuponen & Routi, 2011)

Type Direction HLeak(m) Avratio Hcoll (m)
into - - 8
LWT out i} N 8
- into 0 0.025 1
A-class sliding out 0 0.025 1
. into 0 0.02Heff 2.5
A-class hinged out 0 0.03Heff 25
into 0 0.025 2
A-class double leaf out 0 0.025 2
. into 0 0.01Heff 3.5
Cold room sliding door out 0 0.01Heff 35
B-classjoiner door into 0 0.03Heff Lo
: out 0 0.03 15
Windows - - - >18
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5.4.2 Damage Scenario Definition

Damage scenarios have been defined by applying Monte Carlo sampling techniques to pertinent
damage and sea state probability distributions, producing anultitude of damage breaches
characterised by sizelocation and environmental conditions. The sample size considered varies
across the assessments conducted within this researchut no less than 1,500 cases have been
considered for any given damage typéor reasons explained in greater detail later within this
section. A number of different probability distributions have been used in order to inform the
sampling process. Firstly, collision damages have been defined according to the distributions
generated within the EU project(HARDER, 19992003), which form the basis of the current s
factor applicable to all passenger shipsseeFigure 5-3. In such cases, the existing distributions
have been further expandedin order to account for variation in the lower extent of damage based
on the work outlined in (Bulian, Cardinale, Francescutto, & Zaraphonitis, 2019Though not
presented within this thesis, otherdamage typesmay alsobe considered in the application of the
methodology described within Chapter4. Specifically,side and bottom grounding could be
accounted for utilising the distributions developed following the extensive work conducted in
GOLADSPapanikolaou, et al., 2013and later EMSA III(EMSA, 2015) An example ofa typical

collision breach sample is provided irFigure 5-4.
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Figure5-3: Exampledamage& sea state sample taken from HARDER distributid$\RDER, 1992003)
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Figure 5-4: Typical collision damagesamplefor small cruise vessgsourcedirom case study not included

within thesis

98



5.4.3 Impact of sample size on error

When generating scenarios by sampling probability distributionsit is important to ensure that
the sample is a fair and accurate representation of the underlying distributions. The magnitude
of the error incurred here is predominantly a function of the sample size and as such, it is of great
importance to ensure thata statistically valid sample is considered. However, as the sample size
increases so too does the calculation time and computational costo one mustseek tostrike a
balance between these two competing objectives. In order to make this determinatiothe
Standard Eror of the mean has beerusedto ascertain sample quality and is a measure of the
accuracy in which the sample mearureflects the actual distribution mean‘, calculated in

accordance with Equation 51.

By assessing the magnitude of the &tdard Error as a function of sample size, the relationship
between these two parameters can be derived, as shown Figure 5-5 for Hs. Here, it can be
observed that there are diminishing returns in error reduction for sample sizes greater than 750
samples Similar tendencies were identifiedvhen assessing other parameters in this way, with a
variation +50 samplesfound across all casesThis would indicate an optimal seple size of 700
800 samples though as indicated previouslyno less than 1,500 samples have been consideried
this research The reasora greater sample quantity has been considered stenfiom the nature

of the sampling process itself, whichprovides a subset of all probable casesvith proportional
representation of various extents but fails to capture all possible scenarios This is particularly
true in the case of low probability events, which are often paty represented within small
samples. To provide an examplef one were to compare a random damage sample to zonal
damagesthe ratio of 2-compartment to 4-compartment damageswvould most likely be the same
in each casehowever, the sample would only congler a fraction of all probable 2 and 4-
compartment cases. As such, by increasing our sample size we capture a greater number of these
OAl AAE O x dvendthougddui ead may remain for the most part unchanged.

YO —= Eq. 51
Where,
,» = sample standard deviation

¢ = number of samples
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Figure 5-5: Standard Error relative to sample size for Hs

In addition to considering the Standard Error, confidence intervals have also beelerived for
each sample in order to illustrate the range of confidence across the sample CDF. For this purpose
the DvoretzkyzKieferzWolfowitz inequality (Dvoretzky, Kiefer, & Wolfowitz, 1956) has been
utilised, which allows different rates in violation to be identified across therange of the
distribution, seeEquations 52 and 53. An example of how this error variegelative to sample
size is al® provided in Figure 5-6, though within the application examples provided later within

this thesis, these confidence interval are featured inthe cumulative distribution functions for
TTC.

06 - Od 06 - Eq. 52

s
A Eq. 53
cE
Where,
"Ow = the true sample CDF
"O w = lower and upper bounds

p | =Level of confidence, i.¢. 18t dor 95% confidence
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Figure 5-6: Confidence Intervals, 100 samples left, 1,500 samples right

5.4.4 Simulation Strategies

Within the following section, a number of simulation strategies that have been adopted in the
undertaking of this research are described. These strategies have been developed in order to act
as a means of improving the time efficiency of the process andalto facilitate various forms of
analysis, as described in the following.The overarching ethos of the approaches described has
been to ensure that effort is not expended in vain, which has beachieved byfiltering out cases

deemed superfluous to giveriorms of assessment.
Assessment-base case isolation:

The first simulation strategy that has been employed is founded upon the principbf assessment
based case isolation. Here, information from prior hydrostatic damage stability assessment has
been usedn order to inform the scenario selection process for subsequent dynamic assessment.
There are a number of ways in which this can be done, such as isolating potential transient capsize
cases where intermediate stages are critical or by isolating potentigirogressive flooding cags
where openings are immersed. Howevem general these results have been used in order to filter

I OCertan OOOOEOATI 6 AAOGAOG &£O01 1 OEA OAiIiDBI A8 41 Al AAT
assessment that certain cases posse residual stability properties far in excess of the
requirements, there is nothing to be gained by further subjecting these cases to dynamic
assessmentCare, of course, must be taken here such as not to isolate any margazees from the
sample, wheresubjection to dynamic simulation couldcapture phenomena not accounted for
during static assessmentAs such, only those cases where there is no question as to thecome
should be negated atypical example of which would be one-compartment damage scendos
pertaining to a large modern cruise vesselThis has the effect of reducing the calculation time
without jeopardising the accuracy of the assessment and allows focus to be placed on marginal to
severe cases, where a greater wealth of knowledge and infeation could be gainedand where

there is greater potential impact fom any improvement.
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Accounting for the impact of Hs on survivability:

When assigning environmental properties to the scenario sample it has, in some cases, been
deemed appropriate to exanine the effect of variations in Hs on ship survivability. In such
instances, a pragmatic approach has been adopted to this form of assessment whereby the subject
vessel has firstly been assessed under the most adverse conditions. This usually entails the
consideration of either a constant Hs of 4m relating to the maximum SOLAS sea state, or Hs=7m
to be in line with maximum of the IACS global wave distribution(ICAS, 2001) Of course,
theoretically any value of Hs could be spefied herein order to bein line with the vessel area of
operation. Through doing so, one can ensure theessel is assessed and designed accordinghe
environment to which it will be exposed Following such assessment, the impact of lower
constant or alternatively random sea states can be conducted in a more tire#ficient manner.
Specifically, those cases found to survive the wave conditions relating to either of the extremities
previous described, could be safely assumed to survive in@sker sea state. As such, these cases
can be negated going forwargmeaning only a subset of marginal cases within the initial sample

need be subjected to further assessment
Stress Test:

As outlined within the previous section, sampling serves to captura subset of all probable
damages in a manner that is proportionately reflective of the underlying probability distributions.
However, such a process can often fail to capture low probability events in any great number,
meaningextreme scenarios can be leftinassessed. In response to this issue, a modified sampling
OAEAI A EAO AAAT AAOGAI T PAA EI xEAO EO OAEAOOAA
damage length (60m) and significant wave height (Hs=7m) are considered, whilst randomly
samplingall other variables. The reason for the latter stems from the fact that shallower damage
penetrations or limited damage heights in many cases can give rise to worse conditions than
maximum extents. In contrast, there is a clear correlation between damagength and flooding
severity, so consideration of maximum length is justified heréhe results of such an assessment
serve to identify vessel resilience to flooding in the worst foreseeable conditionand this is
conducted inthe knowledge that these evergs, improbable as they may be, camccur. After all, if
risk assessment predicts the occurrence ahajor accident once in a hundred years, one can never
tell whether this will occur tomorrow, within fifty years or a hundred years from now (Tobias
King, 2016).

102



5.4.5 Initial Conditions

5.4.5.1 Introduction

The probabilistic damage stability concept calculates the Attained Subdivision Index with respect

to three loading conditions, which combine to form a theoretical draft range for a given vedsat

each of these loading conditions, a partial index @alculated,and weighting factors are applied

in order to account for the likelihood that the vessel will be operating at or near any of these drafts

at the time of collision. In this respect, thes weighting factors can be viewed as a representation

of the vesseloperational profile. Currently, the same weighting factors are applied to all vessels

AT OAOAA AU OEA sQEIBIAAAOCA TRAT TRAOBT xAEOE 11 AEAEEAOAT (
of ship type. This assumesn essencethat vessels such as cruise ships, dry cargo ships and RoPax

share the same operational profile However, thisis clearly not the case as these ship types are

known to havevastly different tendencies in the nature of heir operation. Furthermore, there are

severall OEAO 1T PAOAOGET T Al EAAOI OO 1 EAAT A O AEEAAOD .
profile that are presently unaccounted for and their influence on flooding risk remains unclear.

This includes, but is not limited to, factors such as the vessel areé operation, age, seasonal

variations, route, etc.

In light of the above, the following sectiorprovides information on the true operational loading
behaviour of passenger vessels as a means of determining which initial condition(s) would be

most appropriate to consider in the assessment of vessel survivability.

5.4.5.2 Methodology

In the undertaking of this task, historical loading condition data has been sourced from 36 vessels,
comprising 27 cruise ships, 6 RoPax vessels and 3 cruise ferries which range betw@eand 38
years in age and 19,800 GT227,000 GT in size, seEigure 5-7.
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Figure5-7: Basis Ship Overview

The data sairced includes shipspecific loading condition histories, recorded over dimespan
ranging from 1-2 years of operation. By extracting draft readings from this data, draft probability
distributions are derived for each vessel and then combined to generate rmimber of global
distributions, accounting for all vessels and specific vessel types. These distributions have been
derived with respect to each vess@ assumed SOLAS draft range (d#), which serves to provide

a picture of how the vessel is operated tative to the assumptions made in SOLAS.

Due to the large variance in size between the vessels contained within the test group, it was
necessary to firstly nonrdimensionalisethe draft data. Here, the data has been normalised with
respect to each vess@ assumed SOLAS 2009 draft range (maximum and minimum draft values

according to ds and dI), as outlined within Eq.3l.

Y I ETY
i Aoy i

"y _ Eq. 54

Yy

T

Where,
1 | A@YH ETY are the lower and upper limits of the draft range (m)
f "Yis a given mean draft reading sourced from the data

T 7Y isthe resultant nondimensional draft value

In order to derive a given draft distribution, thenon-dimensional draft range is discretised across
the range [0, 1] in increments of 0.1 and the frequency in which each vessel has operated within

each interval is calculated in accordance with the operational data, as demonstrated witltigure
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5-8. This is a similar process to that adopted in the cases @fleng, Weng, & Suyi, 2014and
(Hollenbach, Klug, & Mewis, 2007)where draft probability distributions have been derived in

this manner for various types of cargo vessels along with RRo passenger vessels.
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Figure 5-8: Example ND draft distribution

5.4.5.3 Results
In accordance with the pocess outlined inthe previous section, ship specific draft distributions
have been derived and subsequently combined in order to yield generalised distributions relating

to:

1 All vessel dataFigure 5-9
1 Cruise vessel data onlyFigure 5-11

1 RoPax vessel data onlyigure 5-10

Through doing so, it has been possible to assess the manner in which passenger vessels operate
relative to SOLAS assumptions. Furthermore, by considering ship types amkndently, it has
been possible to identify any shipspecific operational tendencies and traits. The resultant
distributions show, in all cases, a tendency for passenger vessels to operate predominantly within
the upper region of their draft range, with his tendency being more pronounced for cruise
vessels. However, RoPax vessels were found to operate at the upper extremity of their draft range
more frequently than cruise vessels. It should be noted, however, that the average age of the
cruise vessels wihin the sample is 14 years in comparison to the RoPax average of 24 years, so it
is reasonable to assume that the cruise vessels within the sample have a considerable growth

margin yet to be utilised.
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Figure 5-9: Draft distribution relative to SOLAS range for all ships
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Figure 5-10: Draft distribution relative to SOLAS range for RoPax vessels only
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Figure 5-11: Draft distribution relative to SOLAS for cruise ships only
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drafts) has been assessed relative to that assumed by SOLAS{ts as shown in Figure 5-12.
Here, the ratio between these two draft ranges is presented for each vessel in relation to the year
of their launch, with a ratiogreater than one indicating that the operational draft range was found

to be smaller than that assumed by SOLAS. The results of this process indicated that majority of
the sample vessels, 62.5%, were found to operate within narrower draft ranges than those
assumed by SOLAS, of which 50% were found to operate in draft rangexler half the size of
their SOLAS equivalent. This was found to be particularly true for younger vessels, where there

is a more pronounced disparity between SOLAS assumptions and actapkration.

In such cases where the SOLAS draft range was found to be narrower than the operational draft
OAT CAh OEA OAAOIT &I O OEEO xAO 1T A£O0AT A OwhichOT OEA
entails that a full complement of passengers ben-board. In contrast, the operational data for a
number of vessels contained loading conditions in which much fewer passengers were-board,
yielding shallower drafts. It is also important to note that despite the draft range being wider in
these casesthe frequency in which a given vessel was found to visit the lower end of this range
was minimal (4.8% average operational time). This does, however, raise interesting questions
with regards to flooding risk and current SOLAS regulations, where the RequileIndex,
evacuation times and passengeinduced heeling momens are based on a full complement of
passengersThis isdemonstrated for a cruise vessel inFigure 5-13, where variations by as much
as 1,300 passengersiave occurred Theoretically speaking, similar ND distributionsto those
derived in this section for draftscould be generated in relation to BB. By doing sq it would be
possible toidentify the operational behaviour of different ship-types with regards tovariations

in the passenger capacity being utilised. This, in turn, could provide valuable input to risk models

for calculating PLL, both wih regards to flooding riskin addition to other risk sources.

Comparison of Operational Vs. SOLAS Draft Range
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Figure5-12: Comparison of SOLAS and operational draft ranges with respect to ship age
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Figure5-13: Large cruise vesselariations in PoBover one year

5.4.5.4 Summary

Based on the findings outlined within the foregoing, it has been identified that passenger vessels
generally operate within a much narrower draft range than thapresently assumed within SOLAS.
Furthermore, the evidence would suggest that passenger vessels and particularly cruise vessels
operate predominantly within the upper region of their draft range. For this reason, in the
undertaking of the survivability assessments conducted within this thesis, a single draft has been
considered relating to the vessel design draft at limiting GMalculated in accordance with
statutory requirements. This has a number of benefitdirstly regarding calculation time, which
would be much greater if one were to assess a multitude of drafts. Secondvyeral ofthe damage
distributions are draft dependant and would entail the generation of draft specific damage
scenarios. These simplifications are of course justified, as the seingty in outcome across the

narrow operational draft range of cruise vessels would likely baegligible.

Further to the above, dry tank conditions have been assumed in accordance with conventional
SOLAS calculations. Here, tanks are considered empty arsdsach may be flooded, although the

liquid load is accounted for in the initial condition.
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5.4.6 Survivability Estimation

The results of the flooding simulations allow the vessel Survivability Index to be determined,
which simply representsthe ratio of cases survived to cases lost. This is a tirgenditional value,
often depictedas thecumulative distribution function of Time to Capsize (TTCshown in Figure
5-14 for a cruise vesselHere, the probability of vessel capsize can be observedth respect to
time. The complement ofthis value then represents the vessel probability of survival or
Survivability Index, conditional on exposure time In addition, through observation of the shape
of the CDFpne can learn a great deal abouhe modality of the lossscenariosgiving rise to the
capsize risk.The CDF of aessel with a higher propensityfor transient capsize willdemonstrate
a sharp increasewithin the lower time range, after which only a gradual increase in capsize
probability will be observed. Alternatively, a vessel with a higher propensity for progressive
flooding will possess a CDF with only a slight increaseithin the lower time range, following
which the curve will take on a much sharper incline towards longer exposure timeg addition,
the CDF isalsoshown with 95% confidence intervals, determined in accordance with Eg:5. This
accounts for statistical uncertainty and provides ampper and lower boundfor the Survivability

Index.
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Figure5-14: CDF for Time to Capsize
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5.4.7 Forensic Analysis of Vulnerability Sources

5.4.7.1 Determining Loss Modality

Having conducted the vessel survivability assessment describéal the foregoing, there will be a
subset of the initial scenario sample identified asapsize casesThese scenarios have then been
subjected to a process of detailed forensic investigation, wdh starts at the highest level with the
determination of the modality of loss. This is achieved through consideration of the TTC and roll
time-history relating to each scenario, which illustrates clearly if the vessel is lost as a result of
transient effects or indeed flooding progression over a greater period timd-igure 5-15 & Figure
5-16 provide examples pertaining to transient and progressive flooding capsize cases, both

resulting from an assessment conducted on a cruise vessel
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Figure 5-15: Transient Capsize Rollime-History
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Figure5-16: Progressive Flooding Capsize Roll Thiestory

This is an important first step not only in identifying the root cause of ship vulnerability but also
in the developmentof appropriate RCOs. The determination of whether the vessel is lost because

of transient capsize or progressive flooding has a large impact on the nature thie RCO that
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should be employed. Firstly, there is the element of timevhich in the case of transient capsig
would not allow a system requiring actuation to be usedhus shifting the focus to builtin stability
solutions. Alternatively, if progressive flooding were the underlying cause of losshen the
designer would best focus on the openings that facilitateuch flooding, as describedh the next

section.

5.4.7.2 Identification of Critical Openings

The second stagén the forensic investigation relates to the consideration of progressive flooding
loss scenarios and the openings through which this flooding occurs. The nature and severity of
progressive flooding is dependent on the internal geometry of the vessel, whiégkd a complex
environment and one in which attention to detail is of great importance. At the highest level, the
susceptibility of a given vessel to progressive flooding can be viewed as a function of the following

characteristics of its internal geometry:

Ability to inhibit flooding progression (WT door, SWT doors, A1 AOO &EOA AT 1T 008Q
Ability to distribute floodwater favourably (i.e. crossflooding, up-flooding, down-&£1 T T AET ¢8 Q
1 Predominance of features that facilitate progressive flooding (Lift trunks, v@s, service
AT OOEAT OOh O1T AEOEAAA ODPAAAOGS(Q
Given the above, vulnerabilities in such cas¢end to stem from local as opposed to global design
features, which calls for a detailed assessment of all such aforementioned features. The results
yielded from the numerical simulations provide a lot of information on the flooding process
however, the difficulty comes when managing and processing this information in order to identify

vulnerabilities and subsequently effective Risk Control Options.

One of the first ways in which this problem has been approached concerns the evaluation of case
specific floodwater evolutions and the sequence of opening immersion, as illustrated Figure
5-17. In this example, the timehistory of floodwater mass has been superimposed with the
openings that are immersed throughout the flooding progressiorHere, one can observe an initial
rapid accumulation offloodwater within the early stages of theflooding process, in addition toa
swift succession of openings becoming involved. This occurs as the initially effected spalsegin
to flood and many of the openings involvediuring early stagesare within the immediately
breached compartmen{s) as equaisation takes place Following this transient stage, a more
gradual accumulation of floodwaterunfolds, and this is characteristicof progressive flooding to
neighbouring spaces. Here iswhere focus should be placed in the endeavour to contain flooding
and by observing each case in this waysuch critical openings can be identifiedand selected as
candidates for protection In addition, by assessing the flooding chain in this manneone can

attempt to break the chain at the earliest feasible stagthus limiting the extent of flooding to the
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greatest degreepossible. It should be noted, however, that a certain degree of care needs to be
taken in interpreting this information, as there are both posiive and negative forms of
progressive flooding meaning this information cannot be viewed in isolationlnstead, the roll
response timehistory is often viewed in the same manner in order to determine if the immersed
openings are acting to disperse floodwr favourably, i.e. crossflooding/equalisation, or are

generating further asymmetry.
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Figure5-17: Floodwater accumulation and opening immersion tintestory

Alternatively, the sequence of spacénvolvement can be called upon, firstly as a means of
ascertaining which spaces are involved within the flooding evolution andsecondly, as an
indicator of positive or negative progressive flooding occurrenceThis is demonstratedn Figure
5-18, where one can observe that the initialljdamaged compartments form a highly asymmetric
distribution of floodwater. This is then followed by those spaces involved ipositive progressive
flooding in the form of crossflooding, which works to equalise the vessel and offset the initial
asymmetry. The flooding sequence then moves towards gradual progressive flooding and
eventual down flooding, both of which represent negativéorms of progressive flooding as they
work to erode reserve buoyancy and increase asymmetry within the flooding procesas such,
through observing the results in this manner, one can deduce which spaces involved within the
flooding sequence ardnvolved in negative progressive flooding following which the openings
that form the channels ofcommunication between these spaces and the damage space can be
targeted for protection.
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Figure 5-18: Example of Floodwater Progression Mapping

Building on the above, a more general approach has been developed in order to allow for a timely
means of ranking openingsased ontheir criticality. This involves a three-stage approach, each
of which focuses on a different mease of opening criticality in order to ensure all pertinent

vulnerability metrics are accounted for, including:

Stage 1- Frequency of Occurrence: In this stage, all progressive flooding cases that have led to

capsize have been analysed in order to identithose openings that facilitate flooding progression
in each case. The openings identified have then been assessed with regards to their frequency of

involvement, thus allowing their vulnerability to be ranked in this respect.

Stage 2 z Net Floodwater Mass Transfer: In recognition of the fact that those openings

identified in stage 1 as vulnerable may be of high frequency but low consequence, a second and
complimentary assessment has been conducted in which the net mass of floodwater transferred
through eachopening has been evaluated. This provides a secondary measure of criticality by

focusing on severity as opposed to probability of involvement.

Stage 3- High Floodwater Mass Transfer Frequency: The third and final assessment is a hybrid

of the two previously outlined stages. Here, those openings that possess both high floodwater
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mass transfer and frequency of involvement are considered, allowing openings to be ranked

based on both probability andconsequence

The results of this process produce a rankingfmpening criticality as shown within the example
in Figure 5-19. Here, openingsshown to have a high frequencyof involvement in major

progressive flooding carthen be targeted first for protection, in a top down approach.

Opening Vulnerability Ranking by High FW Mass Transfer Frequency

= = N N w
o ol o ol o

Major Prog. Flooding Frequency
ol

416 42 391392177179402168421325 1 419208428 22 49 365 17 34 206396 19 26 45 58 76 86 100110124151186210276343404426

Opening ID

0

Figure5-19: Example of opening ranking by frequency and flooding severity

5.5 Closing Remarks

Based on the research presented within this chapter, the following remarks can be made in
summary:

1 Both the benefits and limitations of damage stability analysis by way of hydrostatic
assessment have been elaborated, particularly in relation to cruise vesselamage
survivability assessment.

1 A solution, or at the very least, mitigating measure for such drawbacks has been described in
the form of numerical time-domain flooding simulations, citing prior examples where such
tools have been used for exactly thipurpose.

1 The means by which the scenarios are defined for such assessment have been specified,
outlining the uncertainty within this process and also a number of steps that have been taken
in order to reduce errors.

1 In particular, an extensive study has ben conducted looking into the operational loading
condition behaviour of cruise vessels, resulting in the consideration of appropriate initial

conditionsin the survivability assessments conducted as part of this research.
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1 Furthermore, a number of simulaton strategies that have been developed are described
which act to improve time efficiency and also allow foffocused forms of analysis to be
conducted. Such processes are essential, not only in the undertaking of research,disb in
practice, if thesetools were ever to be institutionalised within industry.

1 Finally, the means by which vessel survivability has been gaugetbllowing flooding
simulations, is described in addition to the detailed forensic analysis process that have
been undertaken.This provides the ideal basis from which to progress into the development

stage of appropriate RCQss described within the next chapter.
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Chapter 6: Passive & Active Reconfiguration
for Damage Stability Protection

6.1 Opening Remarks

Within the previous chapter, the process by which vessel loss modalities and their root causes
may be identified was elaborated. Building upon this, the present chapter serves to outline how
this information has been utilised to its fullestfor the designand development of a number of
novel RCOs intended to cater for specific loss mechanisms. Thiantrasts with conventional
approachesbased upon static assessmenivhereby the actual mode of loss is only accounted for
in an unstructured way, if indeed at #l. As touched upon in Chapter 5, this derives from the fact
that current SOLAS regulationslo not accommodate transientcapsize in an appropriate manner
as they rely on a quaststatic treatment of a highly dynamic event. In addition, progressive
flooding is alsodealt with in a simplistic manner, through truncating the GZ curve at the earliest
immersion of unprotected openings, thugelling us nothing of the wider floodwater evolution.
This, in turn, drapes a shroud of uncertainty over the efficacy ®&C@& founded upon such analysis
and questions soon arise as to their performanda more realistic scenarios Risk Control (otions
AOA AAOGECT AA xEOE OEA Oi1 A ETOATOEIT 1T &£ 01 EOECAO
importance surrounding the method by which risk is determined/calculated. Alarmingly,
depending on which method is adopted,very different RCOs may appear favourabjewhich
naturally evokes questions as to whichrisk metric is the correct one to go byFor this reason,
where there is uncertainty, it is important to employ various forms of assessmenin the
determination of RCOs and tainderstand the limitations of each If there are disagreements in
outcome, it is then important todetermine why this may be the casén order to make an informed
choice. After all, without the right information underpinning the design process, any resultant
RCO would be equivalent to a house built on sand. For this reason, there is a strong link between
the assessment process outlined within the prewus chapter and the means by which the RCOs
proposed in the following have been developedrurthermore, the RCOs proposed seek to venture
into what has hitherto been somewhat uncharted and underutilised territory, namely the use of
active forms of damage ®bility protection in conjunction with passive forms. The aim here has
beento bestow upon the designer the gift of choice between active and passive measures, thus
broadening the design space and providing them with some mueteeded breathing roomin an
increasinglydemanding regulatory systenfuelled byrising societal expectatons. A similar choice

is being offered to the operator in addressing lifeeycle damage stability management problems

as well as in real emergencies on board. The intention heienot to espouse active measures over
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passive ones, but instead to encouragie development of alternative measures to be used in
harmony with existing passive measures. As is described later within this chaptemth have their
strengths and weaknesses depending on the loss modality being addressed and guidance is
presented on hav to determine suitability in this respect In total, three systems are proposed as
outlined briefly within Chapter 1, which are extensively described within the following. In each
case, foam technology is used as the working medium for either flooding damment,
suppression or both and each system shares in common the effect of reconfiguring the ship
environment to improve damage stability. The name that has been allocated to such solutions is
Adaptive Reconfigurable Environment Safety Technology (ARESTnd each system is
categorised depending on the loss modality they best cater for as reflected through the nature of
reconfiguration they offer. Furthermore, systemspecific applications are provided in order to
demonstrate their effect and the chapter @ses by considering some of the important steps that

must be taken in the approval of such systems.

6.2 Targeted Solutions for Transient Flooding

Protection
6.2.1 Transient Flooding Overview & Pertinent RCO

Considerations

The transient stage of flooding occuri the period immediately following the damage breach, as
explained in Chapter 1 During this stage, floodwater begins to rush into the vessel, inducing a
rapidly increasing heeling moment generated by the floodwater mass (the nangiven to this
phenomenonby John Spoug&E O OO OAT OEAT O A dnbugH shob @sgrdmetAicduld AET C6
be bimodal). This, in turn, has the tendency to incite a large heeling response, which has been
found in some casedo immerse the vessel up to two decks above the bulkhead de(Khaddaj-
Mallat, Rousset, & Ferrant, 2009)Vassalos, Jasionowski, & Guarin, 2003j these decks lie within
the damage extent, they are liable to experience rapid floodingagccumulating substantial
floodwater with free surfaces across a multitude of deckand spaces The above effects can be
exacerbated further depending on the degree of asymmetry present within the vessekernal
architecture/space configuration. Where compartments are subdiviedd by even marginally
watertight partitioning, such as Aclass firewalls and insulated cold room walls, thigan retard

the flow of floodwater transversely within the compartment, thus inhibiting effective
equalisation. The combination of all the aforemembned effectsthen has the potential to give rise

to rapid capsize and alarmingly this is true even in the case of large passenger ves§éhssalos,

Ikeda, Jasionowski, & Kuroda, 2004)For this reason, tansient capsize represents the most
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dangerous form of flooding,as it leaves neither time for damage control actions to be executed
nor time for evacuation. As a result, any form of transient loss will likelynvoke a high cost in

terms of human life.

With the abrupt nature of such events rendering any operationatlamage responseactivities
ineffective RCOsimed at reducing transient flooding risk mustbe built into the design, such that
they areimmediately effective following damagen the form of aresidual up righting moment. In
addition, when designing in order to avoid transient loss, one must first consider the elements

that give rise to such incidents, the primary sources of which are as follows:

1 Inadequateinitial stability, GM.
Ineffective subdivision, especially in large undivided spaces above the bulkhead deck

1 Sources of asymmetry within the vessel subdivision or inadequate systems in place to offset
asymmetries.

1 Insufficient reserve buoyancyand inappropriate distribution of such.

In respect to the above causal factors, perhaps the most difficult to amend is lackagfequate
initial stability. This is particularly true in the case of cruise vessels, where tight weight
restrictions and the delicate balaning of weights makes any reduction in K@&n incredibly
difficult task. This leaves only global design changes as a means of increasing stability, such as
increased beam and freeboard, which would be highly costly and impractical within the latter
stages ofthe design process. Given the above, the most efficient means of avoiding transient loss
is to focus on mitigating asymmetries within the vessel subdivision and, in some cases, increasing
reserve buoyancy by reducingpermeablevolume within the hull envelop (reconfiguration of the
internal ship space) The former can be achieved by improving vessel crefl®oding in order to
reducethe effects of floodwaterinduced heeling, either by employing crosglooding ducts or by
focusing on openings and partitionghat inhibit transverse equalisation. However, this is by no
means an easy task. The effectiveness of crefsoding arrangements can have limitations
concerning the damage size they can cope with, or else, extremely large crflesding ducts are
required in order to provide ample capacity. Furthermore, longitudinal partitions are in some
cases essential in order to segregate and protect vital systems/machinery and, therefore, cannot
be removed without jeopardising such systems. More important still, is # fact that any
equalisation by means of transfer moment suffers from the fact that untimely action could
exacerbate the very problem it was meant to solve, namely the induced heeling moment could

add to the floodwater moment if the two actions were in phse.

Alternatively, reserve buoyancycan be provided to the vesseby means ofpartial bulkheads

located within the upper decks, which actto provide reserve buoyancy high within the vessel,
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yielding large restoration forces when immersed during the trangnt roll cycle. However, the
problem with such solutions is that they normally encroach on hotel and entertainment areas,

where open spaces aréavoured,and aesthetics are crucially important.

6.2.2 AREST P1 System Description

6.2.2.1 System Overview

In recognition of the previously described limitations relating to existing transient flooding RCOs,
OEA O! 2 %3 4 has paen ddvelGpddiak part of this researchffering operators a highly
effective means of enhancing stability mrgins whist also being simplenon-intrusive, lightweight

and easily installed.

The system utilises strategically located fixed foam installations as a means of providing
buoyancy and, more importantly, stability within vulnerablevessel areas. These are identified in
accordance with the pocess outlined within Chapter 4, targeting preferablyun-utilised void
spaceswithin such vulnerable areas. Theseften exist as wing tanks situated on the outer
perimeter of acommodation and machinery spaces, theature and location ofwhich offers two
key benefits. Firstly, as these spaces are generally waste volume, the application of permanent
foam does not affect the utility of any spaces currently in use and, as such, the -tlaaday
operation of the ship is not impaired in any way. Secondly, as thespaces are located high and
wide within the vessel, the restoration moments generated by the fixed foam installations are
maximised, thus greatly improving system efficiency (high stability, low foam volumefnother,
very important, service of such an aplication relates to ship damage survivability in waves where
scenarios pertaining to transient floodingare primarily linked to low GM. As suchincreased GM
is the onlymanner in which such scenariosanbe avoided presentingan added advantage in that
damage survivability is considerably improvedalso. This is an extremely innovative way of

tackling such a major problem, experienadby most ships.

The system can be applied to both new builds and esing vessels. In the first case, offering an
effective means of widening stability margins and futureproofing the vessel against inevitable
weight growth high within the vesselthroughout its service life, and in the second case, offering

a simple, yet hidly effective, means of restoring GM margins within existing ships.

6.2.2.2 System Functional Description

The system working principle is simple and concerns the provision of additional reserve
buoyancy and stability to a vessel within the damaged condition. This achieved through the

application of permanent foam installations in vulnerable areas, in particular targeting un

utilised void spaces. As mentioned previously, the nature of these spaces is such that they are
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often located along the inner edge of theuil, meaning maximum restoration moments can be
realised where foam installations arefitted. Inversely, it is important to consider that in the
absence of these foam installations, floodwater occupying these spaces would lead to maximum
overturning moments and asymmetries and thus the benefits are twofold. When in place, such
installations act much like buoyancy tanks, with the added benefit that they are an impermeable
volume and, as suchgan provide buoyancy within the immediate damaged area. Furtherma,
this buoyancy is directly available following flooding as it is built into theship voidsand does not
require actuation of any kind. This is particularly beneficial in cases where the vessel loss
modality is transient capsize, which does not permit anyime in which to enact active means of
damage control.Such a system, though novel in the application to large vessels and the location
sites chosen, is noentirely without precedent A number of administrations currently allow for
such applications in snall craft vessels as outlined withifAMSA, 2011)and (USCG, 2012)

Installation of the system is achieved with portable foam generators, which pump foam resin and
hardener compounds to a static miing nozzle located within the application site. Upon mixing
the two compounds, an exothermic reaction takes place that leads to polymerisation and foam
generation. The foam initially takes on a liquid form that will follow the path of least resistance,
thus ensuring a homogenous distribution within the space. In areas where there are large
volumes of foam required, this process may have to be conducted in several stages, filling the
space layer by layer in order to maximise the foam expansion ratiépplication of the system is
also highly flexible and can be conducted even where there is minimal to no existing access. This
is achieved by boring entry holes in the existing bulkheads large enough to insert the foamxing
TTUUI A j B$. pfulBvng &lpiah foAnCcan be pumped into the target space from an
adjacent location while being monitored via umbilical camerdn cases where the application site
has connectivity to neighbouring spaces, through openings or penetrations, shielding can be
erected in order to prevent foam migration. Where existing systems are present within the
application site that may require access such as pipe routing and cable trays, provisions are made
in order to ensure such systems are accessible following foam installation. @eally, such spaces
are avoided but if necessanfoam material can be cut away or protective screening can be erected

in order to allow access to vital components, as shown Figure 6-1.
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Existing pipe routing and valve
Permanent foam installations

Figure 6-1: Example of foam cutaway for access to systems

During application of the foam componentsthe exothermic reactionthat ensuescan give rise to
temperatures of the order of 100°C. As such, any heat sensitive materials or equipment &oebe
shielded during application, which is ensuredusing foam panels of the sameomposition as the
system foam which act as an insulating bodyJpon installation, the foam will adhere to thevessel
steel structure, where it actsas a protective/anti-corrosive coating that prohibits the build-up of
moisture between the foam and the ship structure as well as shielding the structure from air,
Figure 6-2 & Figure 6-3. Once in place, the foam acts as a dormant body, which will last without
degradation for a period of 50100 years.

~— Permanent foam installation

Y e R

" Permanent foam installation

Figure 6-2: Example application site within large cruise vessel double hull
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Existing ship structure

Figure 6-3: Example foam installation

6.2.3 AREST P1 Impact Example

In order to illustrate the effect of the ARESTP1 system,the details ofa typical application are
provided within the following. Here, a large cruise vessel has been examinedaving
demonstrated vulnerability to transient capsizein damages surrounding the vessdbre shoulder.

For this reason, unutilised void spaces within this region have been targeted for application of
the ARESTP1 system and an example of such installatianis provided in Figure 6-4, shown in
blue. In this example, cavities behind cabin linings have been selected that are situated just below
the vessel bulkhead deck an@bove the intact waterline, meaning that the buoyancy reserves

gained act with immediate effect during the transient response.

{0

Figure 6-4: Example foam installation, vessel fore shoulder

In order to demondrate the impact of this solution, the vessel has been subjected to numerical
time-domain simulations, considering one of many transient capsize cases identified within this
area as an example. For the purposes of comparison, the vessel has firstly beesessed in the

as-built condition and subsequently with the ARESTP1 system installed (more details are
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provided in Chapter 8). A representative result stemming from this process is shown Figure

6-5 below, where the floodwater mass and roll time histories are presented for each case. In the
as-built condition, the vessel undergoes a sharp increase in floodwater mass, generating a
transient roll angle of 20 degrees. Theessel then hangs at this angle for a short period before
abruptly capsizing following some 250 seconds. In contrast, with the ARE®T system installed,
the vessel transient response is vastly diminished, reaching only 6 degrees before promptly
recovering to a stationary state of approximately 2 degrees averag®ll. This is a remarkable
difference in outcome and stems from the far greater damaged GM afforded to the vessel by the

passive foam installations.

DMCO017 FW/Roll Time Historiess built

20000 - - 200
17500 A - 180
= - 160
o 15000 A L 140
£ 12500 - - 120 '§
£ 10000 - r 003
g - 80 5
-8 7500 - L 60 @
S 5000 A - 40
T - 20
2500 + masslt] Roll[deg] | 0
0 T T T T T T T T T T T T T T T T T T _20
0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00 1800.00
Time [sec]
DMCO017 FW/Roll Time HistorieAREST P1
7000 - 8
=, 6000
@ )
g 5000 -+ =
4 @
— 4000 -
I3 =
S 3000 - ) E
o
o 2000 -
fe) -0
*- 1000 | ——mass[t] —— Roll[deg]
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T _2
0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00 1800.00

Time [sec]
Figure 6-5: Floodwater & roll time history comparison, with and without AREST P1
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6.3 Targeted Solutions for Progressive Flooding

Protection
6.3.1 Progressive Flooding Overview & Pertinent RCO

Considerations

The progressive flooding stagdollows survival of the transient stage and occurs in such cases
where there is active communication between the initially damaged compartment(s) and
adjacent spaces. This communication can exist as either namtertight openings or partitions
and provided such featureshave become immersedwhether as a result of the vessel floating
position or in a waveinduced manner, progressive flooding willinevitably occur. Asthis takes
place, floodwater begins to propagate throughout the vessel into undamaged spacghich has
the effect of eroding vessel reserve buoyancy and stability. If left unabated, this can gradually
cause sufficient stability/buoyancy loss, such that the vessel will either capsize or founder. The
rate and manner in which progressive floodingoccurs depends greatly on the internal geometry

of the vessel and, in contrast with transient loss, can take from several minutes to hours.

When considering Risk Control Options intended to reduce the risk stemming from progressive
flooding, there are twoimportant distinctions to be made in comparison with transient loss, the
first of which relates to time. While transient loss occurs over a very short period, progressive
flooding loss occurs over a much longer duratiorimportantly , this means time is aférded to the
crew in order to enact damage control measures, meanirigCOscan come in the form of either
design measures oalternatively active/operational measures. The second important distinction
relates to the condition of the vessel following damagé&Vhen a vessel experiences transient loss,
this is due to the vessel having insufficient stability to survive the very immediate damage extent.
In contrast, when a vessel endures a damage leading to progressive flooding loss, it starts from a
position of sufficient stability with which to survive the damage, following whichits stability is
gradually diminished over time due to floodwater propagating into intact spaces. In realisation of
this fact, one can deduce that the most effective way of mitigating ggressive flooding risk is to
provide the vessel with the means to cut off the channels of communication between damaged
and intact compartments. To date, this has primarily ben achieved through the implementation

of fixed partitioning, most commonly in he form of watertight and semiwatertight bulkheads
accompanied by dors of equal watertight rating, providing a solution that iseffective to a certain
point. However, it is becoming ever more apparent that the use of bulkheads and watertight
partitioning alone is no longercapable of meeting modern safety demand®ne illustration of this

point is in the progressive manner in whichmore is being demanded of the service deck in terms
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of the provision of residual stability. This, in turn, hasled to such areasbeing heavily subdivided
with partial bulkheads, SWT doors and other such featureall of which add complexity to the
arrangement, affect operability and are only rendered partially effective due to the requirement

for service corridors to spanthis deck, which act as @onduit for progressive flooding.

Such problems arise in the attempt to satisfy what are in fact two conflicting objectivesamely,

to design a vessel with high levels of ergonomy and operability whilst also being safe with exds

to damage stability. The former relies heavily on the ease of ingress and egress between spaces,
which is counter intuitive in relation to the prevention of floodwater propagation, where the
opposite is favourable The answer to this problem could liein more effective utilisation of
damage control and there is a tendency in this direction. When SOLAS 2020neinto force on
January 1st 2020, a new regulation within Chapter #1, Regulation 191, was introduced and
mandates that damage control drills are conducted on board at least once every 3 months.
Damage control holds great potential for damage stability risk reduction, but at preseiglimited.
Damage control is, after all, only ever going to be as effective as the means by which the crew are
afEl OAAA ET 1T OAAO O1 OAIT 160116 OEA AAi ACAS8 #0000/
than closing watertight and weathertight openings along with other pertinent valves, all of which
have limited flexibility and fail to provide a truly active/e ffective means of controlling damage.
The closest form of active damage control is counter ballasting, which differs from other
measures in twoprimary ways. Firstly, some form of informed/intelligent actuation is required
and secondly it can be tailoredd the given scenario in relation to both the amount and location

of ballasting to be employed toalter the vessel floating position However, there is limited
flexibility here concerning the capacity of bdhst water that can be employed and there is
uncertainty surrounding the availability of such systems post flooding. Furthermoredepending

on the location of the damage, counter ballasting may be rendered ineffective or indeed
counterproductive, given that when the vessel is rolling in waves, an inducedoment needs to

be suitably timed. Ultimately, counter ballasting offers only a symptomatic treatment and not a
cure in that it does not deal with the cause of excessive heel but instead works to mitigate the

effects of the cause.

In recognition of the gorementioned limitations in existing active forms of damage control, two
further RCOs have been developed within this research. This has been conducted with a focus on
active space reconfiguration, with such solutions herein referred to a&daptive, Recofigurable
Environment Safety Technology (ARESTas explainedn the foregoing Reconfiguration in each
case is achieved by different means, firstly through isitu foam deployment within vulnerable
spaces (AREST Al) and secondly by active partitioning infernal spaces/volumes (AREST A2),

both of which are described in detail within the following sections.
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6.3.2 AREST Al System Description

6.3.2.1 System Overview

The AREST Al system has been designed as a means of active intervention in the event of loss of
hull integrity and therefore the buoyancy within critical damaged compartment(s). This is
achieved by deploying high expansion foam to vulnerable ship compartments when damaged in
order to suppress, contain and control floodwater progression, thus enhancing vessehrdage
stability performance. The most noticeable effect of thisia reduction in lost buoyancy stemming
from the prevention of progressive flooding,further complemented by the potential to displace
floodwater from the compartment in some cases. In additin, free surface effects are also
mitigated by restricting the movement and volume of mobile floodwater within the compartment.
Improved survivability in this case is ascertained by modifying compartment permeability, which

in turn has a positive effect orthe vessel Attained Index. It is envisaged that this system is best
utilised by targeting vulnerable spaces, including those which, although normally accessible
during vessel operations, have a large effect on vessel damage stability performance. In this
respect, the system operates in a similar manner as a fixed fire suppression system introduces

CO2 into a space to extinguish a fire.

The improved damage stability performance provides a significantly increased range of safe
operation for the vessel, withait affecting the use of the protected spaceduring their normal
service and other activities. This system can be applied to both void spaces and normally manned
spaces, having a warning and evacuation system in plaegich is equivalent to, for examplethe
alarms for a fixed fire suppression system. Where machinery spaces are protected by the system,
consideration needs to be given on a cadey-case basis for the criticality of the systems within
the compartment and whether any of their functionality isrequired by remote control after
deploying the system. The main action of the system is to enhance the residual damage stability
characteristics and not to protect the equipment within the spaces. It may be that after
deployment the vessel will remain uprght but with reduced functionality, in which case there
may be a loss of power or certain machinery systems. However, this is considered secondary to
the extended evacuation time and ease of egress afforded by the vessel being maintained in a
favourable floating position for longer, if evacuation is in fact needed at all. After deployment, the
resins will set to a solid foammass,effectively becoming fixed foam buoyancy as in the case of the
AREST P1 system. As such, this foam body will then need to be oged by external mechanical
means and specialised cleaning methods in order to access into the compartment and the items

within it.
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6.3.2.2 System Functional Description

AREST Al system consists of a fixed supply of both foam resin and hardener agents; eachdtore
within an individual tank . The tanks are made of stear plastic (seeFigure 6-6), with both tanks
connected to dedicatedpiping networks for distribution of each foam component to the
protected compartment(s). A gauging and sampling pipe on each tank allows the tanks te b
sounded and for periodical samples of each component to be extracted for testing. Tank
ventilation and vacuum reliefis provided by a solenoid actuated valve that opgs when the
system is energized. This is alsbacked up by secondary vent line with a maual valve for

maintenancealong with filling and draining when not powered up.

Filling Lines~ /—Resin Tank

||‘ l:: = Vent Lines

5

gf Local Push-button
Activation

Recirculation Line~/ - Discharge Line
Figure 6-6: Example AREST Al Tank/pump arrangement for medium size RoPax

Two electrically driven and synchronised gear pumpdpcated on the resin and hardener lines
respectively, are used to deliver both foam components to a number of mixing nozzles located
xEOEET OEA DOi OAAOAA AT i PAOOI AT 6 6gs "1 OE OAOEI
whereby the pumps can be usedo circulate each component periodically. This enables faster

A1 AT AAPITUI AT O AO EO OAI T OAO OEA OANOEOAIT AT O A&
to be tested when necessary. A control panel/stéer is used to start the pumpsand open the

hardener and resin remote operated valves (ROV). The control panel is redundantly supplied

from two separate incoming power supplies (main and backup) anis located near to the pumps

but not within the vulnerable compartment. Activation of the systems a combimation of two

pushbuttons on the starter paneB 0 OOEAOOOI 1T p OAEOADI AGET 18 xEI
AEOADOI AGET ¢ OEA OUOOGAI N 0OOEAOOOIT ¢ OAAOGEOAOQEI
simultaneously and begin a timerfor self-deactivaton. WWAAT OEA BDOAZOAO OEI AO

counting the system will automatically stop i.e. both pumps stop and ROV close. Pushbutton 2
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shall have no effect unless Pushbutton 1 is activatededucing the chances of false activation
These switches can be located &itu and remotely (Bridge) andare operated independently from

each other.

Stopping of the systemas mentioned previouslyis initiated when the timer count is complete or
alternatively, via an emergency stop circuitto allow the system to behalted at any time. A
pressure relief valve is provided on each line to allow automatic recirculation and pump running
at system pressures when the distribution valve is either closed or at a bead point in rotation

from recirculation to delivery.

Manually operated Isolating valves located throughout the system will have a clearly identified
position and are only operated during tank draining or component maintenance. Those fitted
with solenoid actuators are also to remain closed until system activation orugh time that

recirculation of the foam components is taking place or the tanks are being filled.

Within the protected compartment, both the resin and hardener lines divide into port and
starboard side branches for uniform filling of the space. Each brandontains a number of static
mixing nozzles where resin and hardener components are mixed to form a homogeneous
solution. The interaction of the two components produces a chemical reaction (polymerisation)
OEAO AT AAI AO OEA ET Z OEySén opetuling GahdD &nd tontriol Anit &e AT 8 4 E
located in an electrical locker on the bridge, with bulkier equipment such as pump starters located
in a convenient position closer to the main foam storage tanks. The system is interfaced and can
be controlled from the Safety Management System (SMS). The system is also equipped with a
decision support system, which in the event of collision or grounding will provide the master with

an advised course of action based on the extent and location of flooding. Thisasilitated by a
water ingress detection system with sensors located in the protected compartments. The system

is activated manually and ultimately this decision lies with the master of the vessel.

To aid in the decision process there will be CCTVs locatedthin the protected space, or briefed
watch keepers available to check the space, in conjunction with the water detection and alarm
system. This allows the final decisioron deploymentto be an informedone, based on water
detection and visual camera view to allow cross confirmation ofa water indication. Furthermore,

in case of manned spaces, confirmation can be obtaindtht evacuation has been completed’he
entire process ofdistributing foam into the protected compartment can be monitoredn real-time
using video cameras within the compartment, until the foam fill is sufficient to block the camera.
Within the protected compartment, there may be systems which are considered to be critical to
the survival and subsequent navigation of the vessel (for exgle, Safe Return to Port). These are

to be provided with protection from the foam to allow them to maintain their function and
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operation. Suchsystems will generally include compartment vents, crosflooding arrangements
and aoss-flooding valves along wih bilge and pumping arrangements. In geneifa these
protective devices come in the form ofocal enclosures that allow the normal passage of air but
have sufficient impermeability with which to resist the passage of the curing foam. These will
need to becustomised for each individual arrangement and installation on each vessel, with the

minimum volume that is practical and clear observation panels on normally monitored items.

6.3.3 AREST A2 System Description

6.3.3.1 System Overview

As touched upon within Chapter 1, the internal arrangement of a vessel is a highly complex
environment, containing a multifarious array of potential propagation paths for both flooding and
fire. This, in turn, can make it very difficult not only to predict the outcome of a giveffooding/fire
incident, but also in the determination of effective RCOs for such riskdlowever, amidst this
complexity, it is possible to identify theprimary conduits through which the spread offloodwater
and fire may occur, which if suitably protected can arrest propagation altogether.In case of
flooding, the process by which such critical propagation paths can be identified is outlined within
Chapter 5. In the majority of cases, these exist asnprotected openings on the bulkhead deck
where the watertight integrity of the vessel has to be compromised for the sake of functionality
and operability (i.e. lift trunks, stairwells, service corridors). The difficulty then comes in finding
a form of protection for such openings that does not inhibit théatter. In contrast, fire has existing
forms of protection that are less detrimental to operation than those relating to flooding,
predominantly comprising fire-rated doors and insulated bulkheads. However, vast numbers of
such features are required in firgprotection, which greatly contributes to the overall complexity

and cost within the vessel design, occasionally with great impact on ergonomy.

In recognition of this problem and the huge potential for safety improvement in this area, the
AREST A2 systemds been developed. This adual-purpose system that works to contain both
flooding and fire, making it distinct from a number of risk control options in that it protects
againsttwo risk sources, instead of just oneThe system is a form of opening protdion with two
modes of operation depending on whetherpropagation of fire or floodwater is to be prevented
The system is comprised of two fire shutters, situated apart from one another in order to form a
cavity in between. When acting in the protectionof fire, these shutters are used in the
conventional sense (like fire doors) and can be opened and closed as desired for fire drills or any
other purpose. However, in case of flooding, the shutter assembly is actively converted from a
fire-rated to watertight closure through the introduction of expanding foam to the cavity formed

between the two shutters.
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Such a system presents a number of benefits, the primary of which is its ability to protect against
both flooding and fire without impeding the operability of the vessel. Roller or sliding shutters
provide a virtually unobstructed passagewayand when open, the shutter and mechanism are
hidden above or alongside the doorwaylin relation to cruise vessels, this means that the flow of
persons and goods are entirely unobstructed. This is also true in the case of RoPax vessels, with
the additional benefit that the systemis clear of any risk of damage from vehicles moving through
the opening.Furthermore, the system is highly flexible and can protect large openings where it
would otherwise be infeasible to protect with doors or, if possible, would require a large number
of doors to do so. Insteadyne shutter system canspan distances of up to 10m uninterrupted, with
the capability to further extended this to 30m with the provision of intermediate supports. This
means the system can be used as a substitute in areas where there would otherwisamumber

of fire doors or additionally where there are large open spaces, such as-Ro decks. In such cases,
the result would be an internal geometry that possess a greater level of utility through

enhanced ergonomics, whilst also having a far greater level of safety.

6.3.3.2 System Functional De scription

The AREST A2 system is comprised of two@0 rated fire shutters, situated 0.3m apart in order
to form a cavity. The shutter curtains are constructed from continuously interlocked galvanised
steel or GRP laths, securely held in place by end loagk®unted on rails recessed into the deck,
Figure 6-7. The shutter thicknesses and lath profiles vary depending on the required watertight
rating and the distance to be panned by the system though the shutters themselves are not
watertight and instead foam is introduced to the system for this purposeallowing for a
lightweight construction. Side rails are constructed of galvanised steel and relbrmed into a tee
section, with arubber weather seal to prevent foam leakagelhe shutters are fixed to the existing
vessel structure usingmild steel plate of appropriate thickness relative tothe opening size and

strength requirements, Figure 6-8.
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Lower Guide Tray Rubber Gasket

Figure 6-7: Example shutter assembly, top and bottom rails, vertical section (side view)

Fire Bulkhead at frame 259

Frame Plate (welded to exiting bulkhead)
Rubber SealT\

Recess to provide foam additional purchase

Outer Rail

kx
Frame Plate (welded to existing bulkhead)

Rubber Seal 4&\
Fire Bulkhead at frame 259

Figure 6-8: Example shutter assembly, right & left sides, Horizontal section (top view)
The shutter orientation and direction of opening is highly flexible
Figure 6-9, meaning that the system can be introduced even where there are tight space
constraints, such as areas with limited free height or narrow corridors. Where penetrations exist

within the existing vessel free height, provisions will have to be made in ordéo up-rate these to

watertight rating using for example doubler plates, slipsils or bulkhead packing glands.
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Transverse Folding Half Barriers Transverse Closing Barriers

Figure 6-9: Example shutter assembly, top and bottom rails, vertical section (side view)

Opening and closing of the shutter is achieved via3aphase geared motoymounted on one of the
shutter endplates. Ths electrically operates the shutters and adjustable limit switches are
incorporated to stop the shutter at the end of each traveLocal controlsinclude open,closeand
stop buttons along with mirrored remote operation from the bridgesafety centre. Both the
control panel and motor areredundantly supplied from two separate incoming power supplies

(main and emergency) to enhance system availability.

In the event of flooding, high expansion foam igjected into the cavity formed between the
shutters by a foam delivery unit located in close proximity to the shutter arrangement. This
OUOOAT EO AT 1 POEOAA :3ih valunt@xdontaidgddad Ire€in gndihiprmehdr
components, respectively. During regular service, these are kept under Nitrogen hlket at
atmospheric pressure. In addition, the system has a third vessel containing nitrogen gas under

pressure for pumping purposes as shown ifrigure 6-10.
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Hardaner Stcrage Tark (803

Figure 6-10: Foam Delivery System

Once activated, a solenoiehctuated ball valve is opened on the Nitrogen tank, which pressurises
the resin vessels. This has the effect of displacing the resins from their respectiamks, where
they are carried via flexible hosing to a common static mixing nozzle. This nozzle is situated
within the upper centre fire shutter assembly and serves to mix both resin and hardener
components before delivering them into the shutter system. tird line leading from the nitrogen
tank is also used in order to deliver a small quantity nitrogen to the static mixer which has the

effect of enhancing foam expansion ratio.

Once introduced, the foam resins undergo rapid polymerisation and expand tdl fthe cavity.
Simultaneously, the foam begins to set and adhere to all surrounding surfaces, forming a
watertight seal. This process occurs over a period of approximately 5 minutes, following which
the AREST A2 system will achieve a watertight rating approximately 1 bar or 10m water head.
Furthermore, this process can take place even in the presence of floodwater, in which case the
expansion force of the foam will displace water from within the barrier before setting. The foam
delivery system, as in tle case of the shutters, also has local and remote means of activation via

dual push buttons and has dual power supplies for redundancy.

For maintenance purposes, manually operated ball valves are located on all three vessels allowing
resin and Nitrogen tanks to be replaced periodically, for the system to be tested and parts

replaced if required.

The system is interfaced and can be controlled from the Safety Management System (SMS). The
system is also equipped with a decision support system, which in thevent of collision or
grounding will provide the master with an advised course of action based on the extent and

location of flooding.
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6.3.4 AREST A2 Impact Example

Within this section, a typical application of the AREST A2 system is described as a means of
demonstrating the potential positive impact such a system can have offooding process. The
example provided concerns a large cruise vessel suffering from acBmpartment damage
scenario located towards the vessel aft shoulder. This is a case that demonstchtextensive
progressive flooding in the asbuilt condition, culminating in eventual capsize. In accordance with
the process outlined in Section 5.4.7 of Chapter 5, this case has been subjected to detailed forensic
examination of the flooding processallowing the primary conduits for progressive flooding to be
identified. This is illustrated in Figure 610, where red and green markers denote vertical and
transverse progressive flooding sources respectively. The example shown here focuses only on
the immediately damage area andn particular, the vessel bulkhead deck, which typically forms
the stage for flooding escalation. Howevensing this approach it is alsgoossible to identify all
primary progressive flooding sources for every compartment within the vessel. Through doing
so, one canalso identify the openings that must be protected in order to isolate any given
compartment, thus containing floodwater progression following any given event. In practical
terms however, it would be infeasible and furthermore superfluoudo protect each one of these
openings. As such, the process of forensic examinatiatoes not simply assessthe openings
through which progressive flooding occuss, but instead goes further by focusingn the openings
through which critical progressive flooding occurs i.e. progressive flooding leading to vessel loss.
This is also highlighted withinFigure 6-11 where, despite severalopeningshaving beenidentified

as progressiveflooding sources,in fact only two openingshave been identified as leadindo a
critical form of flooding progression This includes opeimmgs TVFland TVF4both of which are

double A-class fire dooss.

DAMAGE EXTENT

Partial Bulkheads

Figure 6-11: Typical example of major progressive flooding conduits on cruise vessel BH Deck

134



In light of the aforementioned, the AREST A2 solutiohas been examined irthe protection of
these two openingshboth of which are located on the central service corridor Thisis a common
channel forfloodwater propagation and these two doors would beaeplaced by the foam shutter
system, with the A60 fire shutters assuming the role of the currently in place fire doors and the
foam system providing flooding protection. In order to demonstrate the impact of the system,
time-domain flooding simulations have been conducted both with and without the system in
place, thus forming a basis for comparison, sdggure 6-12. Here,with reference to the scenario
demonstrated within Figure 6-11, both the floodwater mass and roll time histories are shown
with the sequence of opening immersion superimposed on each trace. In thelaslt case, a teep
accumulation of floodwater mass can be observed, occurring over the initial 100 seconds, in
which the immediately damage compartments are flooded. Following this stage, the vessel
undergoes gradual flooding progression through a series of openings ent within the flooding
chain, increasing both floodwater mass and average vessel heel. At approximately 1300 seconds,
a critical point is reached,and the vessel capsizes. In the second instance, with AREST A2 system
in placein the protection of TVF1(QB32 Proteus ID) and TVF4(Q589 Proteus ID)the vessel
undergoes a similar flooding process during the initial 200 seconds as the compartments involved
within the immediate breach are unaffected by the system. However, following this stage it is
clearly observable that the system has been successful in breaking the flooding chain by severing
the channels of communication between intact and damaged spaces. This is clear in the fact that
there are no additional openings involved within the flooding process anthe average floodwater

i AGO AT A EAAT OAT A OF A AiT1O0AT O OAI OA 1T &
Furthermore, as the flooding chain has been broken at the earliest stage possible, the vessel
maintains the healthiest postdamage floating positon possible. This is a remarkable

improvement in damage stability performance given only minor changes in the internal

arrangement.
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Figure 6-12: Comparison ofloodwater evolutions, asbuilt (above), wth AREST A2 (below)

6.4 Verification of Vital Foam Properties for Class

and Administration Approvals

This section aims to provide some insight into the approvals process for systems such as those
described within the foregoing. Over the duration of this research, two of the aforementioned
RCOs, namely the AREST Al and P1 systems, hbe&en subjected to the process of Novel
Technology Qualification. This isa system afforded byClassification Societieshrough which new
technologies may be approved, thus grantingonfidence thatsuch systems will perform safely
and reliably. The process is riskbased in natureand largely centres around a HAZID process
through which systems are derisked and functional/design requirements are set forth. An
example of this is provided withinthe following in relation to the HAZID process that has been
conducted on the AREST Plstem. Here theprocess specified within(DNVGL, 2015has been
followed, though this approach is largely based on IMBESA guidelineqIMO, 2018). The HAZID

session was conducted over two day@volving 16 participants aslisted in Table 6-1.

Table6-1: HAZID Participants

Name Affiliation Role
Clayton VanWelter RCCL AVP, Maritime Safety
Georgios Atzampos RCCL Naval Architect, Newbuild & Innovation
Greg Chronopoulous RCCL Director, Marine Operations Celebrity
Joey Goulas RCCL Assistant Project Manager, space manager
Joseph Miorelli RCCL AVP Newbuild and technical projects
Justin Epstein RCCL Sr. Naval Architect, Newbuild fleet modernisation
Justin Palermo RCCL Port Captain, Marine nautical manager
Leonardo Carmona RCCL Manager, stability and naval architecture
Oceane King RCCL Associate project manager, newbuild processes
Rami Nurminen RCCL Director, Technical assurance
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