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A B S T R A C T

The damaged stability assessment for a passenger ship is a process requiring the simulation of multiple damage
scenarios. Nevertheless, the stochastic nature of the damage stability framework requires the analysis of a
statistically significant number of cases. On the other hand, the probability density functions used to estimate
the possible damage dimensions and locations along the ship generate many scenarios that are not critical
for the ship’s survivability, especially for large passenger ships. It is standard to apply empirical rules to
restrict the number of damage scenarios, such as critical damages is only above two compartments, considering
that damage stability regulations currently in force ensure survivability levels beyond this extent of breaches.
However, a rigorous approach is lacking. To this end, in the present work, it is proposed to use more scientific-
based methods to identify critical damages. This paper presents three original approaches developed in the
context of a multi-level damage stability assessment. The first method relies on preliminary static calculations,
the second on the energy absorbed by the ship during an impact, and the third on a purely dynamic approach.
Here, the methods are critically compared on two sample passenger ships for collision damages, showing their
respective advantages and disadvantages.
1. Introduction

Among the multiple hazards a passenger ship could face during its
operational life, extensive flooding and consequent rapid capsize po-
tentially lead to a higher number of fatalities. Therefore, an exhaustive
analysis of risk associated with flooding events requires the develop-
ment of pertinent risk models based on the information and parameters
relevant and available during the different phases of the ship’s life
cycle [1]. Then, appropriate risk models should suit the design and
operational phases, addressing diverse designers’ and operators’ needs.
In the design phase, the information on the ship and operational profile
entails a certain level of uncertainty, leading to a global probabilistic or
deterministic safety measure, i.e. the Attained Survivability Index [2].
In the operational phase, the main ship parameters are fixed, allowing
for a detailed study of specific operations and emergencies [3–5].
Recent literature on ship safety focuses mainly on the operational
phase, considering the operational risk and its management [6–9], the
waterway complexity and the risk mitigation [10–13] or a combination
of the two aspects [4,5]. Works on the risk-based design marginally
touch on the problem of flooding [14,15], focusing on other sources of
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E-mail addresses: F.Mauro@tudelft.nl (F. Mauro), d.vassalos@strath.ac.uk (D. Vassalos), donald.paterson@strath.ac.uk (D. Paterson).

risk like evacuation [16], fire [17], human factors [18,19] or collision
avoidance [20].

Focusing on the design phase, the behaviour of a passenger ship in
damaged conditions is one of the primary issues for marine safety [21].
Therefore, the survivability of passenger ships is a relevant attribute
for the design of new vessels [22–24], influencing the consequent
operational risk and mitigation measures [5]. However, the proba-
bilistic calculation frameworks accepted and applied by designers for
the attained survivability index assessment [25] employ static cal-
culations [26] or simplified quasi-static methods [27], whilst more
advanced and direct methodologies employing rigid-body time domain
simulations are used mainly in the academy [28]. That is because,
principally, passenger ship designers apply the damage stability stud-
ies outcome with a compliant-based approach and are threatened by
the computational time required by complex flooding simulations. In
fact, the probabilistic framework commonly used to quantify the final
survivability requires evaluating about 10,000 breaches per damage
type and drought [27,29]. The number of simulations becomes even
vailable online 7 September 2022
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Nomenclature

𝐴 Attained survivability index
𝑏 Auxiliary damage lateral penetration
𝐵 Ship breadth
𝐵𝐷 Potential damage lateral penetration
𝐵𝐷𝑚𝑎𝑥

Maximum damage lateral penetration
𝐸 Energy absorbed by the ship in the collision

event
𝑖,𝑗,𝑘,ℎ Counters
𝐼 Survival function for dynamic analyses
𝐼𝑠𝑖𝑑𝑒 Damage side indicator
𝐿𝐷 Potential damage length
𝐿𝑠 Ship subdivision length
𝑛 Number of damages composing a damage

case
𝑁𝑐 Number of damage cases
𝑁𝐹 Number of filtered cases
𝑁𝑟 Number of repetitions
𝑁𝑠 Number of samples
𝑁𝑢 Number of auxiliary uniform samples
𝑝 Probability of occurrence of a specific

damage or damage case
𝑅 Required subdivision index
𝑠 Probability to survive to a specific damage

or damage case
𝑇 Ship draught
𝑡𝑚𝑎𝑥 Maximum simulation time
𝑤 Weight between different damage types
𝑋𝐷 Longitudinal position of potential damage

centre
𝑧𝐿𝐿 Lower vertical limit of potential damage
𝑧𝑈𝑃 Upper vertical limit of potential damage
CFD Computational Fluid Dynamics
DOF Degrees of Freedom
EMSA European Maritime Safety Agency
eSAFE enhanced Stability After a Flooding Event
FLARE Flooding Accident Response
ITTC International Towing Tank Conference
MC Monte Carlo
RANS Reynolds Averaged Navier–Stokes
RQMC Randomised Quasi-Monte Carlo
SOLAS Safety of Life at Sea
TTC Time to Capsize

more considerable while assessing survivability in adverse weather
conditions because of the stochastic nature of irregular waves [28].

However, the probabilistic model of damage dimensions lead to
many breaches not critical for vessel survivability, especially for large
passenger ships [30]. Therefore, it is convenient to further analyse
significant cases only with advanced dynamic analyses. A common but
purely empirical approach to reducing this number is to consider only
critical damage cases involving, for example, more than two adjacent
zones. This approach could be valid from a design point of view but
has no scientific basis. Other methods rely on the evaluation of static
calculations without properly discussing the threshold adopted to filter
out non-significant cases [31]. Therefore, there is a need for a rigorous
approach to critical damage selection, to be used inside a damage
stability framework capable to guide the designers in the transition
2

between regulation-based safety calculations to more advanced direct
flooding simulations and flooding risk assessment.

The present paper starts to fill this gap between the direct stability
assessment tool potentially available to designers and the necessity to
reduce the computational cases needed to assess passenger ship safety
at the design stage. The process assesses three main targets, namely:

• Introduce a multi-level framework providing users with different
grades of accuracy and calculation paths to assess stability.

• Adopt an advanced sampling technique reducing the uncertainties
of the probabilistic assessment of flooding risk.

• Identify suitable damage filtering techniques to reduce the anal-
yses to critical cases only.

All three objectives are in line with the main goal of the FLARE project,
which is giving more importance to first principle-based tools for
vessel survivability during the design process of a passenger ship [32].
The first point is covered by the presentation of a novel calculation
framework that is flexible to use with different input sources and
allows the user to select between static and dynamic calculations or
a combination of the two. The framework adopts a novel sampling
technique based on a Randomised Quasi-Monte Carlo (RQMC) method
previously developed by the authors [33,34] and capable of reducing
at least 2/5 of the initial number of breaches to be generated for the
damage stability assessment, fulfilling the second point. And the third
point is covered by the introduction of three alternative approaches to
critical damage identification.

The three alternative explorative approaches aim at critical damages
identification by employing non-empirical considerations. The proce-
dures are here tested for the particular case of ship collisions, employ-
ing the probabilistic model for collision damages used in conventional
damage stability assessment. The first method follows a traditional
analysis of static survivability calculations, the second evaluates the
critical scenarios based on the energy absorbed in the collisions, and the
latter considers, for the first time in damage stability studies, dynamic
simulations only.

The paper has the following structure. Section 2 describes the refer-
ence multi-level damage stability framework, focusing on the damage
generation, the diverse levels of assessment, and the consequent need
for damage filtering. Section 3 introduces the reference ships and
the sample collision damages used in the study. Section 4 presents
the static screening, Section 5 the energy method and Section 6 the
novel approach based on dynamic simulations. The three filtering
methods are then critically compared in Section 7, showing the advan-
tages and disadvantages of the proposed solutions for critical damages
identification.

2. Multi-level framework for damage stability assessment

The damage stability assessment of a passenger ship is a process
that designers should tackle from the initial design stages. As a pas-
senger ship is one of the most complex objects in engineering, the
design process goes through various stages, constantly increasing the
level of detail of internal layout and ship subsystems. Consequently,
with damage stability being one of the highly relevant ship attributes,
any change or advance in the project implies the reevaluation of the
survivability, possibly increasing the detail and quality of the analyses.

For such a reason, the damage stability assessment should be flexi-
ble enough to cover different design phases, increasing the complexity
of the calculations with the project progression. The conventional
approaches to damage stability for passenger ships have different levels
of approximations, significant outputs and computational effort [35–
38]. However, it is customary for designers to treat this issue with
a simplified regulation-compliant approach based on simplified calcu-
lations only [2,25]. Therefore, there is a need to provide a flexible
framework capable of handling different levels of complexity for the
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analyses, providing a clear workflow and combination of approaches
for different design phases.

Firstly, there is the need to distinguish between the possible calcu-
lation approaches used to address damage stability. The following list
gives an overview of the most commonly adopted methods to assess
the survivability of a passenger ship, divided according to the motion
equations resolutions and body forces calculations:

• Static calculations:this is the most simplified analysis method
based on hydrostatic calculations for the damaged condition. The
results provide the residual GZ curve for the damaged ship for the
final or intermediate stages of flooding;

• Quasi-Static simulations: this analysis method evaluates the
flooding progression with time, modelling the flooding rates
according to Bernoulli’s equation. However, the ship motions
result from a static balance in 3-DOF (heave, roll and pitch) [39,
40], eventually corrected by empirical coefficients for roll mo-
tion [41]. The water surface inside the compartments is assumed
to be parallel to the undisturbed sea water level;

• Rigid-body dynamic simulations: this method couples the sim-
ulation of water progression, based on Bernoulli’s equation, to-
gether with the rigid body dynamics of the vessel in 4 to 6
DOF [42]. Such a method allows for predicting the behaviour of
a damaged ship also in adverse weather conditions [28]. Various
approaches differ for the modelling of the water motions inside
the compartments. Assumptions start from simple quasi-static flat
horizontal free-surface models [43,44]; the complexity arises with
lumped mass [45] (that may consider also an inclined flat free-
surface [46,47]) or dynamic resonance models [48] up to the
adoption of the shallow-water equation [49,50];

• CFD simulations: such techniques evaluate the internal motion of
fluids from the numerical integration of RANS equations [51,52].
The methodology allows solving also the ship motion equations
in 4 to 6 DOF, considering the fluid forces (both internal and
external) as an external input to rigid body motion equations. This
high fidelity method has a higher computational effort than the
above-described methodologies.

A framework compliant with in-force regulations implies maintain-
ng simplified methodologies for damage stability assessment. How-
ver, aiming for more physics-based damage stability results, a frame-
ork should include the possibility of using more advanced flooding

imulations. In this respect, the adoption of high fidelity CFD calcula-
ions is not applicable due to the excessively high computational time
eeded for a single simulation. The necessity of performing numerous
imulations to cover the possible damage cases while increasing results
eliability suggests the adoption of time-domain simulations. Quasi-
tatic codes satisfy computational time requirements; however, they are
ot advisable to simulate flooding progression in adverse weather con-
itions. Therefore, rigid-body dynamics simulations nowadays present
he right balance between calculation accuracy and computational
ffort [21].

Fig. 1 outlines a multi-level framework that addresses the necessities
f having both simple regulation-compliant calculations and advanced
hysics-based simulations. The process starts with the generation of
he ship’s internal geometry, reflecting the actual design status of the
essel layout during the project phases. The second step is to generate
he damage scenarios through a probabilistic or a direct approach.
fterwards, two predictions levels are available; the first includes static
nalysis only, and the second considers dynamic simulations.

The following passages provide an overview of the main steps of the
ramework, focusing on probabilistic collision damages. This descrip-
ion allows for identifying the processes needed to detect potentially
3

ritical cases. d
.1. Damage breach generation

A framework for passenger ship survivability assessment after flood-
ng necessitates the definition of breaches dimensions and locations for
ifferent kinds of damage types, e.g. collisions or groundings. Regard-
ess of the damage type, there are two distinct methods for determining
istributions of damage characteristics, depending on the desired level
f accuracy and the availability of adequate tools and datasets, namely
probabilistic and a direct one.

The direct method derives damage characteristics distributions from
cenario-based simulations implying the hindcast analysis of traffic
outes in a given area [3,53] and the execution of crash analyses to
etermine the damage dimensions [54]. Such an approach uses first
rinciple based-tools. Thus, it potentially provides a more realistic
stimation of the damage dimensions, specific for the structural lay-
ut of the analysed ship. Therefore, the damage distributions are not
eneral and require an update for any structural design change in the
roject. On the contrary, the probabilistic method provides a set of
istributions independent of the internal and structural layout. Initially,
he procedure was suitable for collision damages only, implemented in

zonal approach [55,56] as prescribed in SOLAS2009 [25]. Further
evelopments in projects EMSA [57,58] and eSAFE [26,59] extended
he probabilistic method to other relevant hazards for passenger ships,
uch as side and bottom groundings.

At the same time, the generation of breaches follows a direct non-
onal approach, where damage size and location are generated from
arginal distributions by a Monte Carlo (MC) sampling method [58].
he MC sampling is subject to uncertainties. Therefore, at least 50,000
amage breach samples ensure convergence with the adopted damage
reach distribution for assessing the vessel survivability for one loading
ondition. A recent development within FLARE project proposes the
doption of a Randomised Quasi-Monte Carlo (RQMC) sampling allow-
ng a significant reduction of cases due to the lower variance of the
ampling process [34]. A brief description of MC and RQMC sampling
ethods is provided in Appendix A.

This study focuses on collision damages, usually named C00 dam-
ges, in the probabilistic damage stability framework. The non-zonal
efinition of C00 damage follows the SOLAS zonal background [25],
hus introducing the lower vertical limit of the breach [26]. There-
ore, the geometrical model of a non-zonal C00 model requires the
escription of the following characteristics:

• longitudinal position of the potential damage centre 𝑋𝐷 (m);
• longitudinal extent of the potential damage 𝐿𝐷 (m);
• lateral penetration of the potential damage 𝐵𝐷 (m);
• lower vertical limit of the potential damage 𝑧𝐿𝐿 (m);
• upper vertical limit of the potential damage 𝑧𝑈𝐿 (m);
• flag distinguishing starboard (𝐼𝑠𝑖𝑑𝑒 = 1) and portside (𝐼𝑠𝑖𝑑𝑒 = −1)

damages.

Fig. 2 gives an overview of the geometrical model of C00 collision
amages and the independent marginal cumulative distributions of the
entioned breach characteristics in non-dimensional form. Starboard

nd portside damages are equiprobable, while Appendix B reports the
robabilistic description of the characteristics of C00 collision damages.
he damage is defined as potential, meaning that it could also extend
utside the vessel limits. This aspect requires particular attention for
he positioning of the damage at the ship extremities. In case the
otential damage is fully contained within the ship length 𝐿𝑠, 𝑋𝐷

corresponds to the damage centre. If the damage partially extends
outside the vessel, then the location of 𝑋𝐷 should be changed as
escribed in [60].

Even though marginal distributions are supposed to be independent,
he potential damage penetration 𝐵𝐷 and damage length 𝐿𝐷 present
n exception. The SOLAS framework implicitly assumes that for C00

amages, the ratio between dimensionless length and dimensionless
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Fig. 1. Multi-level damage stability framework.
penetration cannot exceed 15. For such variables, an empirical rule
avoids the generation of damages having too high relative penetration
according to the following criteria:

𝐵𝐷𝑚𝑎𝑥
=

⎧

⎪

⎨

⎪

⎩

15𝑏
𝐿𝐷
𝐿𝑠

if
𝐿𝑠
𝐿𝐷

< 30

𝑏
2

if
𝐿𝑠
𝐿𝐷

≥ 30
(1)

where 𝑏 is the local breadth of the ship at the considered waterline
and 𝐿𝑠 is the subdivision length. This truncation embedded in SOLAS
can be handled with equivalent approaches for the direct generation of
damages. The following algorithm provides a possible sequence for the
generation of non-zonal collision damages:

1. Generation of 𝐼𝑠𝑖𝑑𝑒.
2. Generation of 𝐿𝐷.
3. Generation of 𝑋𝐷, checking the placement at the extremities

according to 𝐿𝐷.
4. Sample an auxiliary 𝑏 vector for damage penetrations.
5. Evaluate 𝐵 according to Eq. (1).
4

𝐷𝑚𝑎𝑥
6. Obtain the final 𝐵𝐷 distribution as 𝐵𝐷 = min
(

𝑏, 𝐵𝐷𝑚𝑎𝑥

)

.

7. Generate 𝑧𝐿𝐿.
8. Generate 𝑧𝑈𝐿.

The non-zonal generation for collisions requires a multivariate sam-
ple on a six-dimension hypercube. Fig. 3 presents a set of 103 breaches
sampled by the RQMC method considering the marginal distributions
and the nomenclature presented in Fig. 2 for a 𝐿𝑠 = 198.0 metres ship,
thus neglecting for brevity the representation of 𝐼𝑠𝑖𝑑𝑒. This explanatory
example uses a relatively low sample size to facilitate the graphi-
cal reproduction of the breaches population. However, the provided
example is sufficient to show the capability of the RQMC method
of evenly covering the design space and accurately reproducing the
marginal distributions even with a low sample size. The graphs on
the main diagonal represents the sampled dimensions of the breach
in histogram form, compared with the associated marginal probability
density function (reported in Appendix B). The off-diagonal graphs
show the pairwise joint distributions of the random variables defining
the breach dimensions in scatter form. As the random variables describ-
ing the damages are independent, the scatter plots are representative of
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Fig. 2. Collision damages description and cumulative density functions.
Fig. 3. Collision damages description and cumulative density functions.
uncorrelated values and the regions with more or less density of points
derive from the associated marginal distributions. This is not true only
for the joint distributions of 𝐿𝐷 and 𝐵𝐷 (𝑥2 and 𝑥3, respectively).

A perusal of Fig. 3 allows detecting the effect of the empirical
modification of damage penetration 𝐵𝐷 according to Eq. (1). The
sample probability density function of 𝑥 (described by the central
5

3

histogram in Fig. 3) does not follow the original marginal distribution.
The upper limit 𝐵𝐷𝑚𝑎𝑥

changes the steepness of the sample probability
density function compared to the original marginal one, producing a
final population with a higher density in the low penetration values.
As a consequence, the joint scatter distribution between 𝑥2 and 𝑥3
presents a left bound (equivalent to the lower bound in the 𝑥 − 𝑥
3 2
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Fig. 4. Collision damages description and cumulative density functions.
joint distribution) corresponding to the associated 𝐵𝐷𝑚𝑎𝑥
value derived

by Eq. (1). This effect intrinsically decreases the occurrence of damages
with high penetration but does not directly decrease the potential
vulnerability of the ship. As a last remark, the internal limit of the
damage follows the waterline at 𝑧∗ = 𝑇 shifted by 𝐵𝐷. Consequently, a
C00 damage is not always box-shaped.

While generating C00 damages, attention should be paid to the 𝐿𝐷
generation, as the distribution depends on the vessel subdivision length
𝐿𝑠. Fig. 4 presents an example of the different 𝐿𝐷 distributions obtained
by incrementally changing 𝐿𝑠. The maximum 𝐿𝐷 limit of 60 metres for
vessels above 𝐿𝑠=198 metres leads to distinct density functions for the
higher 𝐿𝐷, resulting in a fatter tail than shorter ships. However, the
higher damage length for long ships has a significantly lower ratio than
the shorter ones, generating potentially less critical damages.

2.2. Level 1 assessment

The first level for damage stability assessment relates to static
calculations. The process reflects the calculation techniques amended
by SOLAS regulations [2] but applies the non-zonal approach with
enhanced RQMC sampling [61]. The main target of the Level 1 assess-
ment is the determination of ship survivability and the identification
of possible vulnerable areas along the vessel. This assessment in the
non-zonal framework is comprehensive of collisions, side and bottom
groundings. Furthermore, a static analysis requires an additional step
between damage sampling and survivability calculations. The non-
zonal approach generates Ns breaches through the sampling process;
however, several damages hit the same compartments in the ship. As a
static analysis is not sensitive to the variation of the breach dimensions
within a group of damaged rooms, such breaches identify a single
damage case with a given occurrence.

The Attained subdivision index 𝐴 gives the measure for survivability
and is defined as follows by the in-force regulatory framework:

𝐴 =
3
∑

𝑘=1

3
∑

𝑗=1
𝑤𝑗𝑘𝐴𝑗𝑘 (2)

where 𝑘 indicates the damage type (𝑘 = 1 for collisions, 𝑘 = 2
for bottom groundings and 𝑘 = 3 for side groundings), 𝑗 indicates
the calculation draught (light service, partial or deepest subdivision
droughts), 𝑤𝑗𝑘 are the weights between the calculation conditions,
and 𝐴𝑗𝑘 are the partial indices evaluated on specific combinations
of damage types and draughts. The partial 𝐴𝑗𝑘 of Eq. (2) have the
following formulation:

𝐴𝑗𝑘 =
𝑁𝑐
∑

𝑖=1
𝑝𝑖𝑗𝑘𝑠𝑖𝑗𝑘 (3)

where 𝑖 distinguishes each of the 𝑁𝑐 groups of compartments that iden-
tify a unique damage case. The so-called p-factors 𝑝 are associated
6

𝑖𝑗𝑘
with the occurrence of the specific damage case. Traditional meth-
ods derive p-factors from analytical integration for collision damages
only [56], but adopting the non-zonal approach can be estimated by:

𝑝𝑖𝑗𝑘 =
𝑛𝑖𝑗𝑘
𝑁𝑠

(4)

where 𝑛𝑖𝑗𝑘 is the number of damages referring to the same damage
case 𝑖, and 𝑁𝑠 is the sample size. The s-factors 𝑠𝑖𝑗𝑘 are linked to the
probability to survive any specified damage. Their assessment through
static calculations follows empirical formulations derived from the
static residual GZ curve for all the intermediate and final stages of
flooding associated with a damage case. The final attained subdivision
index 𝐴 is then obtained as a RQMC integration, to be compared with
a regulatory required subdivision index 𝑅.

Furthermore, the p and s-factors are in a way key performance
indicators of flooding risk. 𝑝𝑖𝑗𝑘(1 − 𝑠𝑖𝑗𝑘) gives a rough indication of the
capsize probability associated with a particular damage case. Report-
ing 𝑝𝑖𝑗𝑘(1 − 𝑠𝑖𝑗𝑘) against the non-dimensional location of the damage
centre 𝑋𝐷∕𝐿𝑠 highlights the higher risk areas of capsizing due to
flooding, thus where designers should focus on ship safety improve-
ment. The static ‘‘risk’’ profile gives useful information to compare the
vulnerability of different ships or design solutions.

Therefore, a Level 1 damage stability assessment provides designers
with a regulatory compliant index determined by static calculations.
Besides, the analysis identifies vulnerable areas to collision and ground-
ings damage types. The same process can be used also considering
custom damage distributions, but the Level 1 output offers no added
significance for Class approval.

2.3. Level 2 assessments

Level 1 assessment is a simplified approach dealing with still water
cases only, whilst allowing indirectly for impact of sea states through a
wave height dependent s-factor [62]. However, detailed knowledge of
the possible risk of capsizing due to flooding needs to consider a direct
evaluation of the flooding process, including adverse sea conditions.
Time-domain simulations based on rigid body dynamics are a good
solution for dynamic modelling of a damaged ship in a seaway.

As earlier mentioned, time-domain simulations model the water
ingress-egress from the breach. Therefore, breach dimensions influence
the flow rate entering/leaving the ship, and breaches referring to the
same damaged compartments lead to a different flooding process. For
such a reason, the p-factors determination for each individual breach in
static analyses is not necessary. Consequently, the partial survivability
index given in Eq. (3) becomes as follows for dynamic analyses on 𝑁𝑠
breaches:

𝐴𝑗𝑘 = 1
𝑁𝑠
∑

𝑠𝑖𝑗𝑘 (5)

𝑁𝑠 𝑖=1
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Therefore, Level 2 assessment requires a modification of the sam-
pling process. In addition to the damage location and dimension, the
RQMC process should determine the significant wave height 𝐻𝑠 of
the sea state of interest from a dedicated marginal distribution [63].
Such 𝐻𝑠 is used to model an irregular sea state through a wave
spectrum, generally utilising a Pierson–Moskowitz [64] for open seas
or a JONSWAP [65] spectrum for limited fetch areas.

The spectral formulation fixes the wave amplitudes in the time-
domain simulations, but phases are stochastic. Therefore only multiple
repetitions 𝑁𝑟 of the same sea state capture the nature of an irreg-
ular waves environment. Consequently, the survivability factor is the
average of the 𝑁𝑟 realisations of the same damage:

𝑠𝑖𝑗𝑘|𝑡𝑚𝑎𝑥 = 1
𝑁𝑟

𝑁𝑟
∑

ℎ=1
𝐼ℎ (6)

The function 𝐼ℎ is equal to 1 if the vessel survives and 0 in case of
apsizes within the maximum simulation time 𝑡𝑚𝑎𝑥. The simulation time
trongly influences the survivability in a Level 2 assessment, especially
or the simulation of irregular waves. The usual value for passenger ship
urvivability assessment is 30 min, but survival after 30 min does not
ecessarily imply that the considered scenario is safe. However, half an
our simulations are sufficient to identify the most critical scenarios for
essel survivability, namely transient capsize. Level 2 simulations are
ndeed appropriate to determine the nature of the capsize, which can
e in the following flooding stages:

1. Transient state: the vessel capsizes in a time shorter or compara-
ble with the natural roll period.

2. Progressive state: the ship survives the first transient phase but
capsizes while the internal flooding process is still ongoing.

3. Stationary state: the vessel capsizes when there is no more signif-
icant water ingress or egress.

he transient capsize mode is the most impacting case for the loss of
ives, as the capsize is too fast to start an evacuation process. However,
ot only transient events are critical for evacuations. According to the
urrently in force regulations for safety of passenger ships [66], the
mplicit minimum time criterion for the orderly vessel abandonment,
hich starts with the initiating flooding event and lasts until all per-

ons have abandoned the ship, is the 3 h survivability. Therefore, the
stimation of the time to capsize (TTC) is a crucial parameter for ship
afety and, nowadays, is a primary design attribute for a passenger
hip. The framework does not consider simulation higher than 30 min,
ut the estimation of the TTC distribution, also in a shorter time, can
e an alternative key performance indicator of safety. In any case,
he outcome of the Level 2 assessment in irregular waves has to be
nterpreted as an aleatory variable, both considering 𝐴 index or 𝑇𝑇𝐶,
eing the final average value of multiple repetitions.

A Level 2 prediction can be pursued as a unique separate analysis,
eading to a fully dynamic assessment of the vessel survivability or in
ddition to a static analysis. In the latter, the prediction can relate to a
estricted set of damages only, leading to a hybrid approach. However,
ptimising the number of cases for Level 2 assessment necessitates a
roper filtering strategy for damages.

.4. Damage screening strategies

The framework described in Fig. 1 provides two different levels of
ccuracy for damage stability assessment. At the same time, several
ptions are allowed concerning damage input and process. The damage
tability assessment can stop with a Level 1 calculation, consider only
Level 2 calculation or combine the two levels. However, to limit the

mount of Level 2 calculations, there is the need to implement reliable
uxiliary processes to filter the cases to be analysed.

As highlighted in the framework description, a Level 2 assessment
an be pursued as a standalone process (purely dynamic) or be com-
7

lementary to Level 1 (hybrid). The two procedures have different v
Table 1
Ship-A and Ship-B main particulars.

Parameter Ship-A Ship-B Unit

Length overall 162.00 300.00 m
Length between perpendiculars 146.72 270.00 m
Breadth 28.00 35.20 m
Subdivision draught 6.30 8.20 m
Height at main deck 9.20 11.00 m
Metacentric height 3.40 3.50 m
Displacement at subdivision draught 17267.40 50932.76 t
Deadweight 3800 8500 t
Gross tonnage 28,500 95,900 t
Number of passengers 1900 2750 –
Crew members 100 1000 –

necessities as, for the hybrid process, the filtering of critical cases can
use static results. The pure dynamic process has not such information;
therefore, it needs a different filtering strategy. The present study
describes three methods conceptualised and developed for these two
different scopes, namely:

• Static results screening : Level 1 static calculations results determine
the critical cases using criteria related to the risk metric 𝑝(1 − 𝑠).
This method is suitable only for the hybrid process.

• Energy method: this procedure evaluates the critical damages
based on a simplified way to calculate the energy absorbed during
the collision. This screening methodology is suitable for both
hybrid and fully dynamic assessments.

• Dynamic screening : the process applies only to a fully dynamic
assessment. A preliminary set of dynamic calculations in calm
water determine the vulnerable areas to set up irregular waves
simulations.

The following sections describe in detail the aforementioned filter-
ing methods, showing a practical application example on two passenger
ships.

3. Reference ships

The present study on critical damage detection and screening is us-
ing two reference passenger ships. For convenience, this section reports
the two vessels’ descriptions before using them as a worked example for
the developed filtering procedures. As mentioned in the introduction,
the reference vessels are a Ro-Pax vessel and a large cruise vessel, these
being the selected test ships for most of the developments within the
FLARE project. In this work, the Ro-pax will be named Ship-A, and
he cruise ship, Ship-B. Table 1 gives the main parameters of the two
essels, and an overview of the general arrangements is in Fig. 5. Ship-A
s representative of a medium to large passenger ferry, whilst Ship-B is a
arge cruise vessel. The ship sizes cover the two extremes in the range
f breach length definition typical of collision damages described in
he previous section, with Ship-B above 260 metres, and Ship-A below
98 metres. The general arrangement of the two ships reflects the
ranularity of the compartmentation used for the calculations, which
s the definition level required for dynamic simulations.

.1. Initial set of collision damages

The critical damage cases identification for the previously described
amage stability framework requires sampling an initial set of breaches
rom pertinent probabilistic distributions for location and dimensions.

ith this specific study focusing on collisions, the damage characteris-
ics derive from C00 damage type distributions. The most suitable and
lexible method to generate damages in a damage stability framework
ollows a non-zonal approach.

Here, adopting an enhanced version of the process reduces sampling
ariance and, consequently, the number of samples. The sampling
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Fig. 5. Ship-A (left) and Ship-B (right) general arrangement.
Fig. 6. Damage length sampling for Ship-A (left) and Ship-B (right).
process used to determine the damage cases is a RQMC process based
on Sobol sequences, ensuring a more uniform coverage of the potential
damage space than conventional pseudo-random methods. According
to the indications provided in previous studies [33,34], the adopted
damage set is composed of three samples repetitions of 10,000 breaches
each.

In Fig. 6, the outcome of the damage sample is shown for Ship-A and
Ship-B, respectively. The representation is limited to the distribution
of damage length 𝐿𝐷 at the respective longitudinal 𝑋𝐷 position in
non-dimensional form. The figure represents one of the three samples,
highlighting the distribution of the first 1,000 samples compared to the
total of 10,000 breaches. The different nature of the marginal distri-
butions for damage length between the two ships (see Fig. 4) implies
that, for Ship-B, there is a smoother transition between relatively short
and long damages, whilst, for Ship-A, the density of relatively short
damages is higher than for long ones. The differences in damage length
distribution certainly affect the survivability of the two ships, including
the detection of critical cases.

Both static and dynamic calculations for the two reference ships
have been performed by employing PROTEUS3 software, which is
based on the resolution of 4DOF rigid-body ship motion equations
8

(surge and yaw are not considered), coupled with the floodwater
dynamics. The flooding process is governed by the Bernoulli’s equation,
while the water inside compartments is modelled as a lumped mass.
Froude–Krylov and restoring forces are integrated up to the instanta-
neous wave elevation both for regular and irregular waves. Radiation
and diffraction are derived from 2D strip theory. Hydrodynamic coef-
ficients vary with the attitude of the ship during the flooding process
(heave, heel and trim). The vessel is assumed free to drift, with drift
forces evaluated by empirical formulations. The simulations considers
only the damaged (struck) ship, without considering the presence of the
striking ship as usual in damage stability calculations. Further detailed
information are given in [42].

4. Static results screening

A straightforward way to identify critical scenarios to be further
analysed through dynamic simulations could derive from the analysis
of static calculations. The static survivability assessment evaluates the
damage cases derived from the sampling of marginal distributions,
grouped in unique damage scenarios with associated p factors. Calcula-
tions performed on these cases allow determining the ship survivability
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Fig. 7. Risk profile for Ship-A (left) and Ship-B (right).
Fig. 8. s-factor for Ship-A (left) and Ship-B (right) considering all the sampled breaches.
for the associated damage scenario and evaluating the s-factor. From
this analysis, the s-factor values are grouped into three categories:

• 𝑠 = 0: cases where the vessel can be considered statically capsized
or with insufficient residual stability margin.

• 0 < 𝑠 < 1: cases where there could be a reduced reserve of stability
that may lead to capsizing in an irregular wave environment.

• 𝑠 = 1: cases where the vessel can be considered safe and poten-
tially has a sufficient reserve of stability to face waves.

Even though, as a first approximation, it can be considered that
cases with s=0 lead to a dynamic capsize [31], it is wiser to consider the
first two categories as those potentially leading to a capsize for dynamic
simulations. The geometrical model used for static calculations includes
fewer openings and compartments than the dynamic one. Therefore, a
direct comparison is not possible between the two approaches. Usually,
a static prediction is more conservative than a fully dynamic vulner-
ability assessment in calm water [22]. However, it is advisable not
to discard a-priori all the undetermined cases, especially for irregular
waves simulations.

As mentioned in the previous sections, the static calculations do not
involve all the damage cases generated from the sampling procedures.
The damage regrouping process reduces the number of cases where
the s-factor needs to be evaluated, taking into account the weight of
each single damage case through the p-factor. Consequently, the factor
𝑝(1 − 𝑠) gives a rough estimate of the survival probability associated
with a particular damage case.

In Fig. 7, an example is reported for the two passenger ships,
highlighting the most dangerous areas of the two vessels, considering
9

all three damage samples. The static calculations refer to the conditions
reported in Table 1. Comparing the results in Fig. 7 for the two ships, it
is noteworthy that Ship-A has an overall ‘‘risk’’ level higher than Ship-B.
The latter can be further visualised in Fig. 8, representing the s-factor
of every single damage of one sample as a function of non-dimensional
damage position and length, thus neglecting the grouping present in
the risk profile. Each point in the diagrams represents a potential case
for further analyses with more advanced dynamic simulations. It is then
straightforward to filter out all the damages with 𝑠 = 1 (the green dots)
and keep only the other cases for further analysis. Such a method filters
out 66.5% of cases for Ship-A and 65.0% for Ship-B. Instead, considering
only the points with 𝑠 = 0, 88.9% and 91.7% of the damages can be
filtered out for Ship-A and Ship-B, respectively.

It is also possible to mitigate the pure filtering based on the s factor,
using the ‘‘risk’’ profile reported in Fig. 7. The damage cases reported
in that figure are representative of the unique damage cases for static
calculation. Thus, the damages with higher risk are those with 𝑠 ≠ 0
and a high 𝑝-value, which means damages that are more probable to
face according to the reference probabilistic framework. Therefore, it
can also be possible to consider as a filtering option the combined effect
of both 𝑝 and 𝑠, thus, a more appropriate risk metric. This procedure
filters out all the damages under a given ‘‘risk’’ threshold. In Fig. 9,
an example is given for the two ships, considering as ‘‘risk’’ threshold
the value of 10−4, which means considering only cases with 𝑠 = 0 and
intermediate unique damage cases having a global ‘‘risk’’ comparable to
or higher than an immediate capsize. Therefore, this filtering reduces
the damage cases where 0 < 𝑠 < 1, resulting in a number of filtered
damages in-between the previously described simple options.
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Fig. 9. Damages above 10−4 static risk threshold for Ship-A (left) and Ship-B (right).
Adopting such filtering allows for evaluating vessel survivability
with dynamic simulations, evaluating the index 𝐴 directly from the
filtered dataset, considering that the vessel survives the other damages.
Therefore, supposing that 𝑁𝑠 is the total number of samples and
𝑁𝐹 is the number of cases remaining after the filter application, the
survivability index becomes:

𝐴 = 1 − 1
𝑁𝑠

(

𝑁𝐹 −
𝑁𝐹
∑

𝑖=1
𝑠𝑖|𝑡𝑚𝑎𝑥

)

(7)

where 𝑠𝑖 is the survivability factor of the dynamic simulation evaluated
according to Eq. (6). When the assessment refers to calm water, there is
no need for repetitions, and the s-factor assumes the value of function
𝐼 described in Eq. (6), meaning 0 if the vessel capsizes or 1 if survives
after 𝑡𝑚𝑎𝑥.

The process described here uses a static s-factor valid for calm water
cases as prescribed by SOLAS. However, the methodology applies also
to irregular waves adopting an alternative definition of the s-factor in
the preliminary calculations [62].

5. Energy method

Another approach could be pursued to filter out minor damages re-
sulting from the non-zonal sampling process of the probabilistic damage
stability framework; this time, without the need to perform preliminary
static analysis. This approach is based on the energy absorbed by the
vessel after an accident. Therefore, it is necessary to adopt a method
to evaluate the energy absorbed by the ship after damage with spe-
cific geometric characteristics occurring. To this end, several methods
could be applied to have a different level of approximations and,
consequently, different calculation and pre-processing times. These
methods include simple empirical formulae [67,68], analytical methods
based on the super-element solutions [69] and finite element modelling
techniques [70,71].

Simple empirical formulations require the knowledge of the damage
extents and an estimate of the structural volume of the ship related to
the damaged area. Super-element method and finite element modelling
require knowledge of the vessel’s structural components. Finite element
methods are certainly more accurate than all the other methods; how-
ever, this requires a higher calculation time which is not reasonable to
apply especially when considering thousands of damage scenarios.

Regardless of the method used to evaluate impact energy, this
energy-based approach requires defining a threshold level that iden-
tifies the limit of what can be considered critical damage to the ship.
To this end, statistical analyses of collisions are available in the liter-
ature [55]. These studies analyse damages deriving from ship to ship
accidents, evaluating the associated energy for each impact. Represen-
tative curves show an exponential behaviour of the energy absorbed
10
Fig. 10. 75 and 90-percentile energy limits for Ship-A and Ship-B.

by the struck ship as a function of the ship’s displacement. Regression
curves identify the 25, 50, 75 and 90-percentile of the energy absorbed
by vessel collisions worldwide. These values refer to damages located
in the middle of the struck vessel, but they are used here for the whole
ship purely as a demonstrative example. Fig. 10 shows the 75 and
90-percentile curves, identifying the respective limits for Ship-A and
Ship-B.

For this explorative application on Ship-A and Ship-B, the energy
associated with every single damage has been calculated through the
approximate empirical formulation given by Minorsky [72], as reported
in Appendix C. The authors are fully conscious of the simplified nature
of the formulation. However, the method calculates an estimated level
of energy that is compatible with the early-design stage requirements
without knowing the detailed structural layout of the ship under analy-
sis, which is essential to apply more complicated and accurate methods.
However, this approach may provide an effective filter for early design
stage calculations of damage stability at a sufficient level of granularity.

Fig. 11 presents an overview of the results obtained from this
simplified energy method for the two reference ships. Using the 75 and
90-percentile of energy collision distribution as threshold values, 46.7%
of the damages for Ship-B are above the 75-percentile, whilst 4.9%
exceeds the 90-percentile limit. For Ship-A, 32.9% of the damage cases
are above the 75-percentile, and only 2.0% exceed the 90-percentile
of absorbed energy. The different distribution of damages between the
two ships influences the obtained results, as Ship-A has a higher damage
density in the region where low energy is detected, resulting in a higher
filtering ratio than Ship-B.
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Fig. 11. Energy based damage screening for Ship-A (left) and Ship-B (right).
Fig. 12. Comparison between 10,000 SOLAS and 250 uniform damages for Ship-A (left) and Ship-B (right).
On the other hand, the obtained results reflect the approximate
nature of the Minorsky formulation, giving intrinsically more weight to
damages with higher penetration. This formula filters out breaches with
higher longitudinal and vertical extents but low penetration as they
have low absorbed energy. However, these damages result as capsizes
in static analysis (𝑠 = 0) and most likely may be detected as transient
capsizes with dynamic simulations.

This filtering process can be applied to the damage samples for dy-
namic simulations as the final determination of dynamic survivability
can be performed according to Eq. (7). Moreover, the energy filter is
applicable also in case wave height distribution is sampled for irregular
waves calculations.

6. Dynamic screening

The above-described methodologies for damage filtering presuppose
that damage cases are sampled from conventionally adopted probabilis-
tic frameworks, thus aiming to determine survivability with either a
zonal or non-zonal approach. These approaches are intrinsically derived
from static analysis or suppose the availability of a preliminary static
assessment. However, an alternative and new vision of the problem can
substitute the preliminary static analysis with a reduced set of dynamic
simulations.

As mentioned in Section 2, the definition of a damage scenario
for a hybrid dynamic analysis considers every single breach generated
for static analyses. The same damage set is valid also in the case of
a fully dynamic approach adding the wave height as an additional
random variable. Therefore, the damage probability distributions rec-
ommended by the in-force probabilistic framework for damaged ships
11
can also apply to perform a survivability assessment with a dynamic ap-
proach. However, sampling according to the above-mentioned marginal
distribution will lead to the same samples shown in Fig. 6 for the
two reference ships. These damage distributions have a majority of
relatively small damages that do not lead to capsizing in dynamic
simulations. However, a Monte Carlo process for survivability deter-
mination necessitates the analysis of all these ‘safe’ cases to obtain the
final survivability index value. Instead of directly calculating all the
damage cases derived from samples of 10,000 scenarios, it could be
interesting to perform an initial set of simulations on a reduced number
of scenarios to identify critical areas directly with a dynamic approach.
To this end, the marginal distributions provided by SOLAS have to
be abandoned, as they intrinsically lead to highly populated relatively
small damages. Therefore, the proposed new methodology adopts an
initial sample assuming that damage location and dimensions follow
uniform distributions.

The newly proposed preliminary analysis follows the following
steps:

• Initial uniform sampling : sample a number 𝑁𝑢 < 𝑁𝑠 of damages
according to uniform distributions.

• Preliminary dynamic calculations: execution of preliminary dy-
namic simulations in calm water on the reduced damage set with
a specific 𝑡𝑚𝑎𝑥.

• Preliminary results analysis: analysis of the preliminary dynamic
calculations to identify true capsizes or damage cases failing
imposed criteria.

• Damage filtering : identification of potentially critical cases in the
original damage set.
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Fig. 13. Preliminary dynamic analysis for Ship-A (left) and Ship-B (right) considering different sample sizes.
The above-described process is preferably applicable for calm water,
thus performing the initial study discarding the presence of waves. The
initial calculations can also consider a given significant wave height,
showing the influence of irregular waves in a reference sea state on the
initial sample. However, the simulation of irregular waves increases the
computation time and introduces additional randomness to the process.

The damage generation from uniform distributions relates to three
sample sizes (𝑁𝑠 =125, 250, 500) employing the same RQMC sampling
technique used for the previous methods. Fig. 12 gives an overview of
the new sample for 𝑁𝑠 = 250, comparing the points with one of the
three 𝑁𝑠 = 10,000 samples for static analyses. The figure shows the
distribution of non-dimensional damage length 𝐿𝐷 against the non-
dimensional damage location 𝑋𝐷. It is noteworthy that the uniform
sampling populates the region of longer damages with more cases than
12
the standard sampling, thus giving a global coverage of the whole
damage space with a significantly lower number of points. The same
properties are valid also for the other damage dimensions not reported
here for brevity.

By performing dynamic simulations on this set of damages, it is
possible to identify the critical cases of this reduced group of scenarios.
Besides true capsizes (simulations where the vessel heeling exceeds
90 degrees or where the ship sinks within 𝑡𝑚𝑎𝑥), alternative criteria
allow for detecting critical damage scenarios. This study considers the
following measures to qualify the outcomes of the simulations:

• SOLAS heeling failure: maximum heel above 15 degrees.
• ITTC maximum heeling : maximum heeling above 30 degrees.
• ITTC average roll: cases where 3 minutes’ average roll exceeds 20

degrees.
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Table 2
Dynamic failure criteria for Ship-A with different sample sizes.

Criterion 𝑁𝑠

125 250 500

True capsize 46 81 167
SOLAS heeling 68 133 259
ITTC heeling 47 86 178
ITTC average roll 46 83 172
Floodwater mass rate 45 80 166

Total 36 133 259

Table 3
Dynamic failure criteria for Ship-B with different sample sizes.

Criterion 𝑁𝑠

125 250 500

True capsize 2 2 4
SOLAS heeling 36 84 156
ITTC heeling 2 7 16
ITTC average roll 6 12 21
Floodwater mass rate 2 2 4

Total 36 84 156

• Final average floodwater mass rate: simulations where the process
is ongoing after 𝑡𝑚𝑎𝑥.

These failure criteria are those usually applied to dynamic simulations
in the traditional approach. Fig. 13 shows the output of the preliminary
study on the two reference ships, reporting the failure type detected
during the 30 min simulations. Results relate to the three sample
sizes used as a representative example. The graphical representation
identifies the area containing possible critical damages. It is evident
that 𝐿𝐷 and 𝑋𝐷 have a strong influence on the distribution of failure
ases. Results show no direct correlation with other damage dimen-
ions, where the criticalities spread through the whole domain and are,
herefore, not reported in graphic form.

A more detailed analysis of the results allows for distinguishing be-
ween the different failure modes observed for the two reference ships.
able 2 reports the case of Ship-A. The uniform distributions permit

the detection of a significant number of damages leading to a true
capsize, mostly occurring within the transient phase. Besides, Table 3 is
representative of Ship-B. The large cruise ship case shows fewer failures
than Ship-A, and only two true capsizes have been spotted. Notably,
such a few samples detect two true capsizes, as, applying the same
GM, no cases with that nature have been found with the conventional
sampling process on 1,000 damages, considering 4 metres of significant
wave height 𝐻𝑠. It is worth noticing that using uniform distributions, an
increase in sample size proportionally increases the number of critical
cases. However, observing Fig. 13, it is possible to recognise the area
containing a high failure density without using a large sample size.
For both the reported cases, 𝑁𝑠 = 250 is a valid option to identify the
critical region of damages.

This preliminary analysis allows for the formulation of possible
filtering strategies. A first rough option is the introduction of an 𝐿𝐷
threshold, leading to the generation of a secondary set of samples
from the original damage set generated by conventional marginal dis-
tributions for damage dimensions and locations. This approach would
allow the survivability assessment with a Monte Carlo process (applying
equation (7)), considering all damages beyond the 𝐿𝐷 threshold as
intrinsically safe.

However, the call for methods dealing with first principle tools and
physics-based solutions within the FLARE project suggests implement-
ing a more refined filtering methodology. This study investigates the
possibility to identify a limiting envelope in the 𝐿𝐷−𝑋𝐷 plain, dividing
the failure cases and the safe ones from the preliminary dynamic
simulations results. The developed procedure aims at finding a curve
13
that maximises the subtended area while being a lower limit of the
detected critical cases. This process is an optimisation problem that
maximises the following objective function:

max (𝑧) = ∫

𝑥1𝑚𝑎𝑥

𝑥1𝑚𝑖𝑛

𝑓
(

𝑥1,𝐗
)

d𝑥1 (8)

where 𝑥1 is the non-dimensional 𝑋𝐷 defined in the C00 damage
escription, 𝑥1𝑚𝑎𝑥 and 𝑥1𝑚𝑎𝑥 are the maximum and minimum non-

dimensional values of the failure cases detected in the preliminary
calculations, and 𝐗 = (𝑋0,… , 𝑋𝑛) is the array of the limiting function
coefficients corresponding to the 𝑛 optimisation variables. The problem
should include a set of constraints 𝑐(𝐱) necessary to ensure that all
the 𝑁𝑓 points associated in the preliminary dynamic analysis with a
failure stay above the limiting curve. Such inequality constraints have
the following form:

𝑐 (𝐗) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑓
(

𝑥11 ,𝐗
)

< 𝑥21
𝑓
(

𝑥12 ,𝐗
)

< 𝑥22
⋮

𝑓
(

𝑥1𝑁𝑓
,𝐗

)

< 𝑥2𝑁𝑓

(9)

where 𝑥2 is the non dimensional 𝐿𝐷 defined in the C00 damage
definition. By selecting a continuous polynomial function of grade 𝑛
as reference 𝑓 (𝐱), the integral in the objective function assumes the
following form:

∫

𝑥1𝑚𝑎𝑥

𝑥1𝑚𝑖𝑛

𝑓
(

𝑥1,𝐗
)

d𝑥1 =
𝑛
∑

𝑖=0
𝑋𝑖

1
𝑛 + 1

(

𝑥𝑖+11𝑚𝑎𝑥
− 𝑥𝑖+11𝑚𝑖𝑛

)

(10)

equation (10) is then linear in 𝐗, and the same applies to the constraints
𝑐(𝐗) as they become:

𝑐 (𝐗) =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑛
∑

𝑖=0
𝑋𝑖𝑥

𝑖
11

< 𝑥21
𝑛
∑

𝑖=0
𝑋𝑖𝑥

𝑖
12

< 𝑥22

⋮
𝑛
∑

𝑖=0
𝑋𝑖𝑥

𝑖
1𝑁𝑓

< 𝑥2𝑁𝑓

(11)

For the objective function like equation (10) and constraints like
in Eq. (11), it is possible to apply a linear optimisation technique to
solve the problem. Here, the presence of inequality constraints makes
the problem dual and, therefore, a dual-simplex method has been used
to find the optimal limiting curve.

The general problem has no limitations to the polynomial function
order used while searching for the optimal solution. For the two tested
ships, the implemented procedure allows for using 𝑛 incrementally up
to 8, automatically saving the case with the higher objective function
value. The optimisation process has been applied to the two reference
ships, considering the initial uniform sampling with 𝑁𝑠 = 250.

Fig. 14 shows the limiting curve obtained for Ship-A, and in such
case, the output corresponds to a polynomial function of order 𝑛 = 8.
The resulting curve captures all the critical damage cases detected by
the initial set of 250 damages. The curve highlights two more critical
areas around 𝑋𝐷∕𝐿𝑠 0.2 and 0.6, as it was for the static ‘‘risk’’ profile of
Fig. 7. Besides the limit, Fig. 14 also provides the damages of one of the
three initial 10,000 breaches samples with the associated static s-factor
that actually lay above the limiting curve. The dynamic-based filtering
does not discard all the statically safe damages, as those laying above
the critical limit. However, compared to the crude static filtering 𝑠 ≠ 0,
the region of filtered cases is less extended, excluding damages with
relative low length. Fig. 15 shows the same outputs for Ship-B. The large
cruise ship limiting curve is, also in this case, a polynomial function of
order 𝑛 = 8. As already highlighted by the preliminary calculations, the
area with failure conditions is limited compared to Ship-A. Contrarily to
the static ‘‘risk’’ profile of Fig. 7, the dynamic failure area develop along
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Fig. 14. Filtered breaches for Ship-A (right) considering a limiting function from preliminary dynamic simulations (left).
Fig. 15. Filtered breaches for Ship-B (right) considering a limiting function from preliminary dynamic simulations (left).
amidships with a concentration around 𝑋𝐷 0.6. Looking at the filtered
damages from the initial 10,000 breaches, there are few statically safe
cases in the critical damages set. Such a matter leads to a consistent
reduction of dynamic scenarios compared to static filtering.

The execution of 250 preliminary dynamic simulations does not
require significant computational effort. The time domain simulations
in calm water run almost three time faster than real time on a regular
computer. Moreover, compared to adoption of static calculation, this
method used the same criteria conventionally used to assess dynamic
simulations.

7. Methods comparison

The three methods described above define different approaches
to damage screening during the damage survivability assessment of
a passenger ship. That means considering the dynamic analysis as a
consequential and complementary process to static analysis (hybrid
approach) or considering the dynamic analysis independent from static
calculations. All the procedures showed the capability of reducing
the number of damage scenarios compared to a traditional complete
sampling of damage cases. It is noteworthy that all methods present
some positive and negative aspects concerning the number of discarded
damages, the modelling simplification and the calculation time.

The filtering based on preliminary static analysis is probably the
most straightforward method, directly reflecting the consequentiality of
static and dynamic calculations in a damage stability framework. This
14
approach has different options to filter out damage cases. Considering
only damages with 𝑠 = 0, solutions with 𝑠 ≠ 0, or mitigating the results
through the risk threshold in certain areas. On the other hand, for
the last option being the most suitable to identify cases for dynamic
analysis, the process identifies 2,376 and 2,107 potentially critical
damages starting from a 10,000 damages sample for Ship-A and Ship-B,
respectively. The results refer to a ‘‘risk’’ threshold of 1E-4 and report
the mean value on the three reference samples of 10,000 damages.
Table 4 gives an overview of the filtered cases on all three damage
sets. The process has a good performance, discarding about 80% of
initial breaches. However, static calculations usually refer to a differ-
ent internal layout than a dynamic calculation. The ship is modelled
only up to the bulkhead deck with simplified compartmentation and
fewer relevant openings. This difference could identify more critical
cases than what could result from dynamic simulations. Therefore, this
method is valid only using the dynamic layout for statics, as performed
here for the reference ships.

The energy-based filtering is a different strategy that does not
require the execution of preliminary static analysis. In the present
work, the method employs a simplified formulation for the absorbed
energy determination, and the results reflect the nature of the simpli-
fied formulations used. Nevertheless, the process identifies an average
of 3,358 and 4,651 critical cases for Ship-A and Ship-B, respectively,
considering the threshold of the 75-percentile of potentially absorbed
energy. Thus, the performance is lower than the previous method, but it
could significantly improve using the 90-percentile of absorbed energy
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Fig. 16. Filtered breaches for Ship-A (right) considering two limiting functions from preliminary dynamic simulations (left).
Table 4
Filtered cases for the three initial damage samples for Ship-A and Ship-B.

Method Ship-A Ship-B

samp. 1 samp. 2 samp. 3 samp. 1 samp. 2 samp. 3

Static (𝑠 = 0) 1102 1127 1129 832 801 841
Static (𝑠 ≠ 0) 3357 3335 3313 3517 3461 3442
Static (𝑝(1 − 𝑠) > 10−4) 2378 2.379 2371 2151 2100 2071
Energy (75 per.) 3387 3389 3297 4688 4625 4641
Energy (90 per.) 203 200 206 488 475 507
Dynamic 3361 3436 3395 1230 1223 1219

(details in Table 4). In conclusion, regardless of the adopted model
simplifications, this method strictly depends on the threshold level
adopted to filter the damages. Only dedicated studies with high fidelity
crash simulation tools can estimate the energy threshold. Moreover, a
SOLAS damage distribution is already a potential energy distribution
along with the ship. Therefore, this method could be inappropriate for
the in-force probabilistic framework but presents an alternative way to
generate damages to be further analysed in dedicated studies.

The fully dynamic approach is a different option to face the damage
filtering process. The method skips static calculations; thus, there are no
additional uncertainties by comparing results from two potentially dif-
ferent internal layouts and opening definitions. Preliminary damage set
sampled from a uniform distribution for all the damage characteristics
allows for the investigation of the whole damage space with a reduced
number of sampling. In this explorative study, after a sensitivity anal-
ysis, 250 samples were sufficient to describe the critical areas of the
two sample ships; however, the optimal number of cases determination
requires further studies on a large ship set. The method identifies the
criticality by adopting the same criteria used for traditional dynamic
calculations, thus in correspondence with the critical cases of the final
runs for survivability assessment. The process identifies 3,397 and
1,224 filtered damages for Ship-A and Ship-B, respectively (see Table 4).
For the large cruise ship, the filtering capability of this method is
high, performing better than the static filtering with a ‘‘risk’’ threshold.
However, the amount of damages for Ship-A is higher compared to
the static ‘‘risk’’ filtering. The reason is that the shape of the limiting
curve does not exclude a significant portion of space between the two
minima. This matter suggests that a more complex limiting function
can be studied to improve the filtering capabilities of the process.

As an example, Fig. 16 shows the application of the same process
on Ship-A using two limiting curves, one for the aft ship and one for
the forepart. Such process reduces the filtered cases to about 2,970,
more in line with the static risk filtering. However, the number of
15
unfiltered damages is related to the SOLAS length distribution. Smaller
ships such as Ship-A have an imbalance between damage density of
relative long breaches and short ones. Thus, when the limiting curve
includes zones with a high density of points, many cases pass the
screening. Such a phenomenon is not present for large ships, where
the transition between high density and low density of damage length
points is smooth (see Fig. 4).

As a final resume, the described filtering strategies may apply to the
multi-level damage stability framework for damage stability assessment
of passenger ships depicted in Fig. 1. The analysis of the three methods
lead to the following conclusions:

• Static filtering : the method offers different filtering thresholds,
considering the s-factor alone or in combination with the as-
sociated p-factor for static analysis. The process requires the
execution of a Level 1 static analysis; therefore, it is the most
appropriate filtering strategy for the hybrid prediction method-
ology. The adoption of the static risk profile allows for high
filtering performances. However, the method may suffer from the
differences in geometrical models employed in static and dynamic
simulations.

• Energy filtering : the method is actually in an embryonic form. The
adopted methodology uses simplified models and tools and needs
dedicated research for further development, especially for thresh-
old identification. Nonetheless, the process offers an alternative
approach to damage analyses independent of static calculations.
Therefore, energy filtering potentially applies to hybrid and fully
dynamic Level 2 predictions.

• Dynamic filtering : this method is specific for fully-dynamic Level
2 predictions, but there are no contraindications to applying it
in the hybrid process. Such a filtering strategy requires a new
original procedure for damage definition and preliminary calcu-
lations. However, the filtering is independent of static analysis;
therefore, if a Level 1 prediction is not required, the initial study
substitutes a Level 1 assessment. The main advantage of this novel
process is the adoption of the same geometry and criteria within
preliminary and final calculations and the possibility of analysing
irregular waves conditions.

The described damage screening methodologies have advantages and
disadvantages summarised in Table 5. Of the three, static risk filtering
is the most applicable method for end-users familiar with static analysis
only who want to approach a Level 2 analysis. Dynamic filtering
is the proper method to pursue a direct assessment of Level 2 ship
survivability, as the filtering process is independent of original damage
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Table 5
Advantages and disadvantages of the proposed filtering strategies.

Static filtering Energy filtering Dynamic filtering

Filtering capabilities High Average-High High

Advantages Easy to understand Independent of static Same internal layout
and dynamic analysis of Level 2 analysis

Easy to apply for Applicable for all Same criteria of
a hybrid approach the framework options Level 2 analysis

Independent of static analysis
Appropriate for a fully dynamic method
Easy to apply with
custom damage distributions

Disadvantages Different geometry between Preliminary structural Calculation time
Level 1 and Level 2 analysis
Different criteria between Definition of threshold
Level 1 and Level 2
𝛺
o
𝛺
t
r

sampling and is coherent with Level 2 analysis of dynamic simulations
results. Furthermore, the filtering method may allow to perform more
easily calculations aimed at building a database of dynamic simulations
suitable to be used for on-board risk assessment tools, instead of
relaying on simplified static calculations, as proposed in [5].

8. Conclusions

The present explorative work proposes three different methods
to identify critical damage conditions for passenger ships, applying
them to two reference passenger ships. The methods have positive
and negative aspects, providing solutions that fit into a multi-level
damage stability framework but follow radically different paths. The
most conventional methods based on static analysis are the direct sum
between Level 1 and Level 2 analysis, even though the two levels refer
to different geometries and assumptions. In any case, these methods
grant a significant reduction of damage cases to analyse with dynamics.
Methods from energy-based filtering are still in an embryonic form
and need further development and analyses employing more accurate
models and tools. However, they could be attractive to figure out
possible innovative ways for damage breach generation.

The full dynamic-simulation based approach is the most attractive
solution to filter damages, as it represents an application of first-
principles tools throughout the damage stability process. The method
can also investigate irregular waves in the preliminary phase. However,
the calculation time can be higher than the static analysis filtering.
The filtering method can be further improved by studying alternative
forms for the limiting functions and the identification of the minimum
number of initial calculations. Furthermore, the process can be applied
to damage types as bottom and side groundings not covered in this
study. However, also in the present status, the newly developed dy-
namic filtering strategy represents a reliable starting point for applying
a total direct assessment of damage stability for passenger ships. The
process allows for even more extensive and appropriate use of dynamic
simulations in a damage stability assessment process for passenger
ships.

Further studies need to follow mainly concerning the Energy and the
Dynamic methods. The employment of direct calculations for damage
generation, not applied here but already employed during the research
activities in FLARE, could directly provide the Energy absorbed by
the collision. Then, attention should be given in finding a correlation
between the energy level absorbed in the impact and the survivability
of the ship after the impact. Such a study will avoid the use of empirical
correlation to establish the critical filtering thresholds.

On the other hand, the dynamic filtering has shown good perfor-
mances for collision, clearly identifying the main damage dimensions
influencing most ship survivability. The considerations are limited to
collisions and should be carefully checked also for the other dam-
age types considered in the multi-level damage stability framework,
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i.e. bottom and side groundings. It could be the case that other damage
parameters are relevant for ship survivability besides position and
length, especially for bottom groundings where the damage could
extend also starting from different transversal position under the hull
and leading to different functions to be studied to limit the critical
domain for survivability.
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Appendix A. Randomised Quasi-Monte Carlo sampling

The non-zonal approach method to generate damages allows the
application of non-deterministic Monte Carlo (MC) integration to eval-
uate the Attained survivability index. Eqs. (3) and (5) are already
representative of a multidimensional MC integration process. In such
a case, the integral value 𝐼𝑀𝐶 has the following form:

𝐼𝑀𝐶 = ∫𝛺
𝑓 (𝐱)d𝐱 ≈ 1

𝑁𝑠 ∫𝛺
d𝐱

𝑁𝑠
∑

𝑖=1
𝑓
(

𝐱𝑖
)

(12)

where 𝛺 ⊂ R𝑚 is a 𝑚-dimensional probability space, 𝐱 =
(

𝑥1,… , 𝑥𝑚
)

∈
is a set of independent random variables and 𝑁𝑠 is the number

f samples. Considering the probability space as a unit hypercube
= (0, 1)𝑚, the integral on 𝛺 becomes 1 and 𝐼𝑀𝐶 is determined by

he summation part only. It is also possible describe 𝐱 by uniform
andom variables 𝐔 =

(

𝑢1,… , 𝑢𝑚
)

∈ (0, 1)𝑚; then, direct sampling of
𝐔 through pseudo-random numbers represents the standard crude MC
method [73]. According to the strong law of large numbers, the approx-
imated integral always converges to the exact value as 𝑁𝑠 increases
without bounds. Besides, the process is subject to uncertainties that
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𝑥
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𝑚

f

𝐹

𝑏

asymptotically reduce increasing 𝑁𝑠. A possible way to decrease the
uncertainties without increasing 𝑁𝑠 is replace the independent random
variables 𝐔 by a set of deterministic points 𝐏𝑚 = (𝑝1,… , 𝑝𝑚) that
over the space 𝛺 more evenly. Such deterministic points are usually
eferred as low discrepancy sequences and grants a faster convergence
han crude MC in the evaluation of an integral. Here use has been
ade of Sobol low discrepancy sequence [74,75], where the generation

tarts from the selection of a set of polynomials of 𝑛𝑗 degree 𝑃𝑗 =
𝑛𝑗+𝑎1,𝑗𝑥

𝑛𝑗−1+𝑎2,𝑗𝑥
𝑛𝑗−2+⋯+𝑎𝑛𝑗−1,𝑗𝑥+1, where coefficients 𝑎𝑖,𝑗 are either

or 1, are used to generate a sequence of positive integer numbers
ccording to the following recursive relation:

𝑘,𝑗 = 2𝑎1,𝑗𝑚𝑘−1,𝑗 ⊕ 22𝑎2,𝑗𝑚𝑘−2,𝑗 ⊕⋯⊕ 2𝑛𝑗𝑚𝑘−𝑛𝑗 ,𝑗 ⊕𝑚𝑘−𝑛𝑗 ,𝑗 (13)

where ⊕ is the bit-by-bit exclusive-or operator, 1 ≤ 𝑘 ≤ 𝑛𝑗 is odd
and 𝑛𝑗 ≤ 2𝑘. Finally, the 𝑗th component of the 𝑖th point of the Sobol
sequence is given by:

𝑥𝑖,𝑗 = 𝑖1𝑣1,𝑗 ⊕ 𝑖2𝑣2,𝑗 ⊕⋯ (14)

where 𝑣𝑖,𝑗 = 𝑚𝑖,𝑗∕2𝑘 and 𝑖𝑘 is the 𝑘th binary digit of 𝑖. The process can
be implemented in software programs, generating Sobol sequences with
low computational effort [76,77].

However the adoption of a low discrepancy sequence, usually re-
ferred as deterministic Quasi-Monte Carlo (QMC) method, does not
allow for a straightforward evaluation of the integration error. A Ran-
domised Quasi-Monte Carlo (RQMC) method allows to re-randomise
the low discrepancy sequence, transforming sequence points 𝑝𝑖 in ran-
dom points 𝑥𝑖 that retain QMC properties method and expectation of
𝐼𝑀𝐶 . The randomisation process is performed by applying a left linear
matrix scramble [78,79] followed by a random digital shift to ensure a
uniform distribution of the scrambled points.

In the case of damage sampling, the evaluation of the integral
requires damage stability calculations on a set of breaches, whose
characteristics derives from the inversion process of cumulative density
functions given in Appendix B. The sampling is based upon the follow-
ing general property; if 𝐹 is a continuous cumulative density function
in R with inverse 𝐹−1 defined by:

𝐹−1 (𝑢) = inf {𝑥 ∶ 𝐹 (𝑥) = 𝑢, 0 ≤ 𝑢 ≤ 1} (15)

then, if 𝐔 is a uniform random variable in [0, 1], the inverse 𝐹−1 (𝐔) is
distributed according to 𝐹 . This is true also for distribution with finite
support, as in the case of damage breach characteristics. In general,
the procedure for a generic array of random variables 𝐱 with RQMC
method can be summarised in the following steps, assuming we know
the starting 𝑓 (𝐱) for the final sample:

1. Compute the cumulative density function 𝐹 (𝐱).
2. Compute the inverse 𝐹−1(𝐱).
3. Generate the QMC low discrepancy datasets 𝐏𝑚 (0, 1) with a

Sobol sequence using code given by [77].
4. Generate the RQMC sets 𝐔𝑚 (0, 1) with linear matrix scramble

and random digital swift as indicated by [79].
5. Compute 𝐹−1(𝐔).

The described procedure can be easily applied to the distributions
described in Appendix B for C00 collisions or for any kind of damage
types.

Appendix B. C00 collision damage probabilistic model

The sampling process for C00 damages requires the inversion of cu-
mulative distributions describing the potential damage characteristics
introduced in Section 2.1. The marginal distributions are derived in
such a way to be compliant with SOLAS2009 [25] indications, with the
addition of the lower limit of vertical extent. The probabilistic model is
reported here using the non-dimensional notation in compliance with
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the distributions shown in Figs. 2 and 3. Therefore, all the presented
random variables are defined in [0, 1].

The longitudinal position of the damage centre 𝑋𝐷 is assumed to be
uniformly distributed along the ship subdivision length 𝐿𝑠. Therefore,
the associated non-dimensional variable 𝑥1 = 𝑋𝐷

𝐿𝑠
has the following

cumulative and density function, respectively:

𝐹
(

𝑥1
)

= 𝑥1 (16)

𝑓
(

𝑥1
)

= 1 (17)

The probabilistic modelling tor the damage length 𝐿𝐷 depends on the
ship length 𝐿𝑠, as the maximum damage length 𝐿𝐷𝑚𝑎𝑥

necessary to
define 𝑥2 =

𝐿𝐷
𝐿𝐷𝑚𝑎𝑥

is determined as follows:

𝐿𝐷𝑚𝑎𝑥
= 𝐽𝑚𝐿𝑠 where 𝐽𝑚 =

⎧

⎪

⎨

⎪

⎩

10
33 if 𝐿𝑠 ≤ 198 m
60
𝐿𝑠

if 𝐿𝑠 > 198 m
(18)

Then the marginal cumulative and density functions for 𝑥2 are as
ollows:

(

𝑥2
)

=

⎧

⎪

⎨

⎪

⎩

0.5𝑏11𝐽 2
𝑚𝑥

2
2 + 𝑏12𝐽𝑚𝑥2 if 𝑥2 ≤ 𝐽𝑘

0.5𝑏11𝐽 2
𝑚𝐽

2
𝑘 + 𝑏12𝐽𝑚𝐽𝑘

+0.5𝑏21𝐽 2
𝑚
(

𝑥22 − 𝐽 2
𝑘
)

+ 𝑏22𝐽𝑚
(

𝑥2 − 𝐽𝑘
)

if 𝑥2 > 𝐽𝑘

(19)

𝑓
(

𝑥2
)

=
{

𝑏11𝐽 2
𝑚𝑥2 + 𝑏12𝐽𝑚 if 𝑥2 ≤ 𝐽𝑘

𝑏21𝐽 2
𝑚𝑥2 + 𝑏22𝐽𝑚 if 𝑥2 > 𝐽𝑘

(20)

where the parameters appearing in the distributions can be calculated
according to the following expressions:

𝐽𝑘 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐽𝑚
2 if 𝐿𝑠 ≤ 198 m
𝐽𝑚
2 + 1

11

(

1 −
√

121𝐽2
𝑚

4 − 55
6 𝐽𝑚 + 1

)

if 198 < 𝐿𝑠 ≤ 260 m

59
66𝐽𝑚 −

√

335
66 𝐽𝑚 if 𝐿𝑠 > 260 m

(21)

𝑏11 =
1

3𝐽𝑘
(

𝐽𝑚 − 𝐽𝑘
) − 11

6𝐽 2
𝑘

(22)

12 =

⎧

⎪

⎨

⎪

⎩

11 if 𝐿𝑠 ≤ 198 m
11 if 198 < 𝐿𝑠 ≤ 260 m
11
6𝐽𝑘

+ 1
6(𝐽𝑘−𝐽𝑚)

if 𝐿𝑠 > 260 m
(23)

𝑏21 = − 1

6
(

𝐽𝑚 − 𝐽𝑘
)2

(24)

𝑏22 = −𝑏21𝐽𝑚 (25)

The marginal cumulative and density distributions for the nondimen-
sional penetration 𝑥3 = 2𝐵𝐷

𝐵 have the following formulations:

𝐹
(

𝑥3
)

= 1
5
(

−3𝑥23 + 8𝑥3
)

(26)

𝑓
(

𝑥3
)

= 1
5
(

−6𝑥3 + 8
)

(27)

The lower vertical limit of the damage is described by the independent
random variable 𝑥4 = 𝑧𝐿𝐿

𝑇 , having the following marginal cumulative
and density functions:

𝐹
(

𝑥3
)

= 1
5
(

−2𝑥23 + 7𝑥3
)

(28)

𝑓
(

𝑥3
)

= 1
5
(

−4𝑥3 + 7
)

(29)

The upper vertical limit is measured from the ship draught considered
for the analysis and is identified by the independent random variable
𝑥5 = 𝑧𝑈𝐿

𝑧𝑚𝑎𝑥
, where 𝑧𝑚𝑎𝑥 = 12.5. The associated marginal cumulative and

density distributions have the following form:

𝐹
(

𝑥5
)

=

{

0.8 𝑥5
0.624 if 𝑥5 ≤ 0.624

12.5𝑥5−7.8 (30)

0.8 + 0.2 4.7 if 𝑥5 > 0.624
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𝑓
(

𝑥5
)

=

{ 0.8
0.624 if 𝑥5 ≤ 0.624

0.2 𝑥5
0.376 if 𝑥5 > 0.624

(31)

In addition, it can be considered that the damage occurs with the
same probability on each side of the vessel. This results in a probabil-
ity mass function (PMF) for the random variable 𝐼𝑠𝑖𝑑𝑒 describing the
damage side:

𝑃𝑀𝐹
(

𝐼𝑠𝑖𝑑𝑒
)

=
{

𝑃
(

𝐼𝑠𝑖𝑑𝑒 = 1
)

= 𝛼
𝑃
(

𝐼𝑠𝑖𝑑𝑒 = −1
)

= 1 − 𝛼
(32)

where 𝛼 = 0.5. 𝐼𝑠𝑖𝑑𝑒 = 1 and 𝐼𝑠𝑖𝑑𝑒 = −1 indicate starboard and port side,
respectively.

Appendix C. Empirical Minorsky method

Collision simulation models evaluate energy associated with a ship
to ship collision by the analysis of structure deformation on both the
striking and struck ship. However, besides these advanced analysis
techniques also empirical formulations have been developed for a fast
estimation of the energy absorbed during a collision. From the analysis
of 26 collision cases on full-scale ship accidents Minorsky derived the
following empirical formulation:

𝐸 = 47.2𝑅𝑇 + 32.7 (33)

here 𝐸 is determined in MJ and 𝑅𝑇 is the volume of destroyed
aterial on the striking and the struck ships. 𝑅𝑇 takes into account

he principal structural elements of the two vessels involved in the
ollisions, neglecting the side shell of the struck ship. As the formula-
ion is extremely simple, it is still quite often used in collision analyses
o have an initial prevision of the absorbed energy. There are some
laborations of the formula considering additional regression terms as
unction of the thickness of the structure elements. However, such
erms did not provide relevant correlation benefits compared to the
amage volume term. Therefore the Minorsky formula indicates that
he absorbed energy of a ship is proportional to the destroyed volume
f material during the collision event. This is not always true but can be
cceptable for a preliminary estimation when striking and struck vessel
haracteristics are not known.

The application of the Minorsky formula requires in principle the
nowledge of the destroyed volume also for the striking ship. As in the
resent work the characteristics of the striking ship are not known, the
stimate of the destroyed volume 𝑅𝑇 is referred to the struck ship only.
uch an assumption imply considering the sticking ship as infinitely
tiff, something that is often applied also in more advanced FEM analy-
es. Therefore, 𝑅𝑇 is here directly associated with the dimensions of the
ollision damage (length 𝐿𝐷, penetration 𝐵𝐷 and height 𝑧𝑈𝐿+(𝑇−𝑧𝐿𝐿)),
ssuming an average thickness for the struck ship in the damage area.
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