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ARTICLE INFO ABSTRACT

Keywords: After an accident in open seas, the final fate for a damaged ship could be the loss of stability/floatability
Damage stability and consequently capsize/sinkage. The latter may occur even in calm water, but is more critical and probable
Time to capsize in adverse weather conditions, i.e., in irregular waves. Identifying a possible capsize event and determining

Extreme values
Mixed-Weibull distribution
Collisions

the time that it takes for the ship to capsize is extremely important for safety and risk assessment, meaning
whether it would be possible or not to evacuate the ship in a specific scenario and the possibility of loss of life.
In this respect, and notwithstanding the impact of many other factors, model tests or time-domain simulations
could be used to provide answers to this question. However, even in this case, dealing with irregular waves,
entails that both approaches are affected by the random nature of phase spectral components, which leads to
a different time to capsize determination at each run/simulation or to the identification of cases where the
vessel is not capsizing in the given time window. Here, a dedicated study is provided to describe the time
to capsize in irregular waves for critical damages. Simulations performed on a passenger ship at different
wave heights and different metacentric heights highlights the appearance of more than one capsize mode for
the same damage case. A model based on Mixed-Weibull distributions has been developed to describe the
multi-modal behaviour of the time to capsize distributions for the analysed damage cases.

1. Introduction determination of the Potential Loss of Lives (PLL). The determination of
risk is conceived in a multi-level mode, proposing decreasing levels of
The damage stability assessment of passenger ships (or ships in approximations for the vulnerability and evacuation analyses (Vassalos
general) requires the analysis of the consequences of multiple hazards. et al., 2022b).
Besides standard ship-to-ship collisions, which are included in the SO- To this end, the role of direct simulations is of utmost impor-
LAS framework (IMO, 2022), recent enhancements suggest considering tance (Mauro et al., 2023) and should not be limited to survivability.
also groundings and contacts in the damage stability assessment (Luh- A key requirement in the estimation of PLL relates to the evaluation
mann et al., 2018; Bulian et al., 2020). Such an addition allows for a of the Time to Capsize (TTC), which could be estimated only through
comprehensive overview of the potential flooding hazards affecting the direct flooding simulations.
ship. . . . In the present work, a novel approach is proposed for the estimation
. However, a th"ro‘}{é'h damage stability ana1y31s. should not be lm.1- of TTC through a detailed analysis of critical damage cases. It is noted
ited to the vulnerability assessment but should include an analysis . . .
. . that the diverse capsize modes that may occur in irregular waves
of risk (Vassalos et al., 2022a, 2023). The concept of risk has been . . .
for the same damage case leads to a multi-modal behaviour in the

already introduced in the field of damage stability in a set of EU funded . . . .
and industrial projects (GOALDS, 2012; FLOODSTAND, 2012; Luhmann re?sul'tlng. TTC. d%strlbutlon. Therefo?e, a model based. on Mlxed-Welb}lll
distributions is introduced to describe the TTC, considering the capsize

et al., 2018); however, a proper inclusion of the risk in a complete .
event as a system failure.

calculation framework has never been achieved in the past. This was o : . R .
The application of Mixed-Weibull distribution to the TTC requires

one of the main scopes of the recent EU funded project FLARE 2022. S ) - o
The damage stability framework developed in the EU founded project the determination of multiple parameters through a non-linear fitting,

FLARE 2022 introduces the concept of flooding risk, intending to here performed with a self-developed method based on a differential
consider first-principle analyses for the risk evaluation through the evolution algorithm (Mauro and Nabergoj, 2017).
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Because an accurate description of TTC requires the execution of
a large number of repetitions for each damage case, the proposed
approach is suggested for the application to critical cases only, suitably
selected with filtering methodologies (Mauro et al., 2022a,b). Here, an
example is provided on a critical damage case for a large cruise ship
employed for benchmark analyses in project FLARE (Ruponen et al.,
2022b). The damage case is reported for four different wave heights
and, on the highest wave, for four different values of the metacentric
height. The results of the analysis highlight the suitability of the
proposed method for the analysis of TTC on critical damage cases,
providing the following enhancements to the conventional predictions:

- Determination of distributions for the different capsize modes in
a compact format.

- Flexibility in selecting the appropriate statistical value for TTC
according to the provided distributions.

- More accurate evaluation of PLL for risk analyses.

To demonstrate the above, the paper first introduces in Section 2 the
different capsize modes that may occur in case of a flooding event.
Section 3 describes the concept of modelling the capsize as a system
failure, presenting the multi-modal approach based on Mixed-Weibull
distributions. Subsequently, the reference ship and the reference dam-
age are analysed in Section 4 for different wave heights and metacentric
heights. Finally, the implication of the adoption of a multi-modal
analysis of TTC in the risk assessment of passenger ships is discussed
in Section 5.

2. The capsize of a damaged ship

The most dangerous fate for a ship, in general, and particularly for
a passenger ship, is a capsize or sinking event as a consequence of
stability/buoyancy loss. As the capsize time is generally short compared
to a conventional sinking process, it is extremely important to identify
the conditions that may lead to a possible capsize event and potentially
reduce or eliminate their occurrence.

2.1. Capsize modes

The identification of a capsize event and the evaluation of the
time before this event after a hazard is of utmost importance for the
evacuation analysis of the vessel. In fact, in case a damage could
potentially lead to the sinking of the vessel, it should be possible
to evacuate passenger and crew in less than half an hour. However,
capsize may have a different nature, depending on the interaction
between floodwater and vessel motions and they are usually identified
with the flooding state they relate to.

When the flooding process is studied, the following states can be
identified after a hazard:

Transient state : is the first part of the flooding process. The water
rapidly inrushes through the breach, causing a rapid heeling into
or away from the breach side. The heeling process takes place
in a time interval generally shorter than the vessel’s natural roll
period.

Progressive state : in this state, the water propagates through un-
protected flooding paths within the ship, slowly diminishing
stability until the vessel sinks, capsizes or reaches a station-
ary condition. This state may take from minutes to hours, de-
pending on the damage dimension, location and environmental
conditions.

Stationary state : in this state, there is no more significant water
ingress/egress, the average ship motions are almost constant and
a prevalent function of the external loads. The ship may survive
or capsize depending on the sea state.
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Fig. 1. States of flooding for a damaged ship.

An overview of the above-described flooding states is given in Fig. 1.
In case the capsize occurred during the transient phase, the conse-
quences in terms of loss of lives are extreme, as the phenomenon is too
fast to even start the evacuation process. When an accident occurred
in calm water, then the mechanics of the capsize is only governed
by the floodwater progression. In an irregular wave environment, the
phenomenon is subject to the randomness of the sea state. In the latter
case, it is then not possible to identify a-priori whether the capsize will
occur or not in one of the three above-mentioned flooding states.

When a time-domain simulation is performed, a capsize event can
easily be recognised from the time history of the roll angle. Thus,
when the roll signal exceeds a given threshold (generally above 40
degrees) the vessel is considered to have capsized. However, according
to different damage stability frameworks, distinct capsize criteria can
be found both for calm water and irregular seas:

Criterion 1: SOLAS heeling failure that considers a maximum heeling
of 15 degrees.

Criterion 2: ITTC heeling failure that considers a maximum heeling of
30 degrees.

Criterion 3: ITTC criterion on average heeling that considers an aver-
age heeling above 20 degrees in an interval of 3 min.

Criterion 4: cases where the flooding process is still ongoing at the
end of the simulation.

The first three criteria refer properly to the roll angle time history,
whilst criterion 4 infers that the simulation time is not sufficient to
cover the whole flooding process of the selected scenario. Thus, this
last criterion is not properly a capsize criterion but could indicate a
case where the ship loss may occur with a longer simulation time. In
any case, all the above-mentioned criteria do not identify a true capsize,
thus when a ship reaches a heeling of +180 degrees. Furthermore, a
different failure mode can be given by the sinking of the ship, when the
vessel lose the whole buoyancy. However, they could be handy for the
identification of critical cases for ship safety worthy of being analysed
in more detail (Mauro et al., 2022a,b). In the present study, only ’true
capsizes’ are considered, and, therefore, an alternative methodology is
needed to assess the different capsize modes of a passenger ship.
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Fig. 2. Roll angle (top) and floodwater volume (bottom) time traces for 20 repetitions of the same sea state and damage for the FLARE benchmark cruise ship employing the

PROTEUS3 solver.
2.2. Time to capsize

When a true capsize is detected, the identification of the Time to
Capsize (TTC) is straightforward for the case of calm water, as it is
directly extracted from the roll time history of the single simulation:

TTC =t,,y —t, (€]

where 1,,, is the last time value of the simulation and 7 is the time
corresponding to the beginning of the flooding event. When simulations
take place in irregular waves, the TTC is influenced by the randomness
of the environment, leading to different TTC results for simulations
performed with the same wave parameters (i.e. significant wave height
H, and peak period T,). As a result, it is common practice to perform
multiple repetitions of the same sea state and then use the mean value
of the case as a reference for the selected scenario (Cichowicz et al.,
2016). In case Monte Carlo simulations are carried out to assess ship
survivability, then a cumulative distribution of TTC is found for all
damage cases, considering just few repetitions per each damage case
in waves (Spanos and Papanikolaou, 2014).

However, a reliable evaluation of the possible risk of loss of lives
requires the knowledge of TTC for those critical cases that are worthy of
being investigated with evacuation analyses (Vassalos, 2022; Vassalos
et al., 2023). Therefore, a more accurate and appropriate procedure
for TTC determination should be investigated to be applied only to a
restricted number of critical cases.

The conventional approaches to TTC do not consider in detail
the nature of the capsizes detected during the time-domain simula-
tions. Furthermore, the relatively small (or excessive) simulation time
does not allow for recognising properly reliable distributions for the
TTC, justifying the assumption of taking the mean value among the
repetitions as significant TTC for further analyses. However, the nu-
merical time-domain simulation codes benchmarking activities within
the FLARE project (Ruponen et al., 2022a,b) allow for analysing more
in-depth single damage case scenarios, comparing 20 repetitions for
a single damage scenario. The results obtained with the PROTEUS3
solver (Jasionowski, 2001) for a cruise ship are shown in Fig. 2,

highlighting the different nature of the capsize within 20 repetitions in
irregular waves. Nonetheless, also other simulation software highlight
the same behaviour for the capsizes (Ruponen et al., 2022b).

From Fig. 2 it is possible to recognise the three different capsize
modes described in the previous section. All 20 repetitions end with
a capsize; more precisely, 6 are transient, 4 progressive and the re-
maining 10 are forced oscillation capsize whilst in what was described
earlier as stationary state (stationary state capsize mode). The time
trace of the roll angle is not helpful to distinguish between progressive
and stationary state capsize modes; however, from a direct time-domain
simulation (e.g., performed with PROTEUS3 software) it is also possible
to monitor the amount of floodwater entering/leaving the ship during
the flooding process. Therefore, by analysing the water volume (the
bottom graph in Fig. 2) a distinction can be made between progressive
and stationary-state capsize modes. Here, an empiric distinction based
on the TTC has been made to distinguish between the three capsize
modes, namely considering time thresholds. The transient capsize have
been considered while occurring in the first 3 min of simulation, the
progressive until 12 min and the stationary above this last threshold.
This is an arbitrary assumption to give a rough distinction of the three
capsize modes as no officially recognised scale is present in literature.
As the distinction between the progressive state and the stationary one
is purely referred to the test case, no effective real distinction between
the cases can be done and it would be preferable to mention the cases
as slow-progressive and fast-progressive flooding cases. However, An
accurate distinction between the stages can be proposed only in the case
a detailed forensic analysis is performed in each specific case, which
is a process outside the scope of the paper and is not influencing the
findings of the present research.

Furthermore, it is worth noticing that during the benchmark tests,
only three repetitions have been carried out (Ruponen et al., 2022b),
all resulting, according to the used criterion, in a stationary or, better
for the specific case, a slow-progressive capsize.

According to the adopted criterion, the simulations show a net
distinction between the three different capsize modes, highlighting
a grouping between simulations having similar TTC. Therefore, it is
reasonable to assume that the three different capsize modes follow
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independent distributions instead of a single one. Such an observation
requires a more detailed analysis of the TTC estimation, with a partic-
ular emphasis on finding suitable probabilistic distributions that may
be used to describe the various phenomena.

3. Modelling capsize as a system failure

Determining suitable distributions to model the TTC is somewhat
new topic in damage stability. It is common practice to assume that TTC
is associated with a random Gaussian process and consider the mean of
multiple repetitions as a significant value for the analyses.

To enhance the perception of TTC, it could be useful to interpret the
capsize as a failure of a system (i.e. the damaged ship). This way, it is
possible to associate the failure with the commonly used distributions
for failure analyses as e.g. Weibull distributions. However, to properly
analyse the TTC as a failure, it is handy to define an auxiliary time to
capsize TTC* defined as follows:

TTC* =t,,, -~ TTC @)

where t,,.  is the maximum allowed simulation time for the dam-
age stability flooding analyses (usually set to 30 min) (Spanos and
Papanikolaou, 2014; Vassalos et al., 2022a). Then, it is possible to
adopt for TTC* the common representations for failure cases on the
Weibull plot, as shown in Fig. 3 for the capsizes reported in Fig. 2.
On the Weibull plot, a distribution following a 2-parameter Weibull
distribution is identified by a straight line whilst a 3-parameter dis-
tribution presents only a concavity or convexity. In the given example
of Fig. 3, it is possible to observe that the different capsize modes are
not following a single distribution as more than a concave/convexity
change is present. Therefore, a more detailed analysis is needed to
identify a suitable distribution for TTC*.

3.1. Failure distributions

According to the change of variable identified by Eq. (2), the
minimum values of TTC, corresponding to the transient capsize cases,
become the maxima of the TTC*. Therefore, with transient capsize
cases being the most critical to assess vessel survivability or PLL, it
is extremely important to capture such phenomena, thus reproducing
with sufficient accuracy the tail of the TTC* population. To this end,
the extreme value theory could aid in identifying a suitable distribution
for the TTC* description.

As for the multiple repetitions of flooding simulations all capsizes
are considered, a proper way to define the capsize event is given by the
Fisher-Tippet-Gnedenko theorem (Berliant et al., 1996), stating that
the Generalised Extreme value Distribution (GED) should be used to
describe the phenomenon under analysis.

GED can be described by the following general cumulative density
function:

F(x)=e"® (3)
where:
fo) = (1+B2)" ifp+0 @
T e if f=0
and:
z=27 )
n

The three real constants in Egs. (4) and (5) are the shape parameter
p, defined in (—o0, +0), the scale parameter 7, defined in (0, +), and
the location parameter y, defined in (—o0,+o0). The shape parameter
p value identifies three particular sub-cases of the GED distribution:
the Weibull, the Gumbel and the Frechet distributions, respectively.
The Gumbel distribution, obtained for f = 0, defines the extremes of
populations, which are supposed to follow an exponential distribution.
Frechet distribution (for § > 0) is used for particular populations
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Fig. 3. TTC* representation on the Weibull plot for the FLARE benchmark cruise ship
case study.

having a significant amount of data in the tale end (the so-called fat-
tale distributions); through a change of sign in the x values. Finally,
the reversed Weibull distribution (for § < 0) represents all the cases
not covered by the previous two distributions and is widely used for
engineering problems related to defect data analyses in its regular form
which implies the use of g > 0.

Here, Weibull distribution is used as the basis for TTC* analyses.
Therefore, it is convenient to rewrite Eq. (3) in the standard cumula-
tive distribution function form adopted for three-parameters Weibull
distribution:

u)ﬂ

F(x)=1 —e’< [ 6)

Eq. (6) is defined for location parameter values such that x > y.
However, for particularly complicated cases subject to high levels of
non-linearities (Mauro and Nabergoj, 2017), the use of a simple three-
parameters Weibull distribution is not enough to represent the data.
This is the typical case of multi-modal responses, i.e., sample data that
could represent more than one sub-population.

Multi-modal responses may appear for problems characterised by
high non-linearities or in failure analyses once a failure can be caused
by more than one independent source. This is the case of the capsizing
of a ship, where, as previously described, the capsize may have three
different modalities, the transient, the progressive and the stationary
one, respectively. For such a reason, it is necessary to identify a reliable
model capable to describe such non-linear behaviour in the failure
modalities. A possible solution could be splitting the record of the
capsizes in multiple subsets and directly analysing them with a indepen-
dent Weibull distributions. However, such a method will intrinsically
change the way of sampling of the pecks. In fact, considering some
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thresholds in the peaks distribution, makes the hypothesis of the Fisher—
Tippet-Gnedenko theorem no more valid. In such a case, the use of a
Generalised Pareto Distribution is suggested (Berliant et al., 1996). Fur-
thermore, the process of analysing three different distribution requires
the definition of specific thresholds values for the TTC, something that
is not available or officially recognised in the literature. Therefore, it is
advisable to proceed with a general approach capable of recognising
automatically the presence of more than one sub-distribution in the
dataset.

A good representation of the multi-modal behaviour of popula-
tions could be obtained by employing the so-called Mixed-Weibull
distributions. Such distribution is a combination of two or more three-
parameters Weibull distributions, resulting in the following cumulative
density function:

N x—ri \Bi
Fo=1-Y we L")

i=1

()

where N, is the number of sub-populations and w; are the percentiles
of sub-populations in the total population such that Y w; = 1. The
other parameters are the same as for the three-parameters Weibull
distribution defined in Eq. (6).

There are no limitations on N but as N increases the number
of parameters to estimate increases too. For example, fitting a two-
sub-population Mixed Weibull distribution requires the estimation of
7 parameters (shape, scale and location parameter for the two distri-
butions plus a single weight factor w), a three-sub-population requires
12 parameters (shape, scale and location parameter for the three sub-
populations plus three weights factors w;) and so on. For such a reason,
it is necessary to identify a proper fitting method for the estimation of
a high number of parameters.

3.2. Parameter determination

As mentioned above, the fitting of a three sub-population Mixed
Weibull distribution requires the determination of 12 parameters. To
this end, a methodology based on differential evolution algorithms has
been used.

Differential evolution algorithm is an optimisation method em-
ployed for multi-dimensional real-valued functions within a population
of individual solutions (Storn and Prince, 1997; Mallipeddi et al.,
2011). The process does not require the evaluation of gradient function,
thus the optimisation problem is not necessarily differentiable. The
algorithm investigates the design space using a population of candidate
solutions composed of a fixed amount of individuals. At each consecu-
tive iteration, the procedure combines the existing individuals into new
candidate solutions. Then, the candidates with the higher ranking for a
given objective are kept, so that the new population has a higher score
than the previous one. Such a process iterates until a given convergence
criterion is satisfied.

The general structure of the optimisation problem is as follows:

min z (X)

st. g (x) <0 forke{l,....N,} ®

where x € RN« is the population vector, where each of the Npp (pop-
ulation number) individuals contains an estimate of the N, unknowns.
g, are the N, constraints, all function of x. The process includes the
possibility of considering both linear and non-linear constraints, as the
method does not include the gradient evaluation.

The core steps of the algorithm consist of the process needed to
generate the new populations, ensuring the survival of the best mem-
bers. Considering x as a candidate solution of the minimisation problem
of Eq. (8), at every generation the algorithm forms a mutation vector
v for each x, following the subsequent mutation scheme:

Vi =X, +F (X,3 - sz) +F (x,3 - x,4) ©)
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where r|, 5, r; and r, are random integer numbers € [1, Np(p], distinct
and other than i. F is a real scale parameter varying in [0, 2], small
values of F generates low mutation of elements, large values of F are
suitable for wide investigations along the possible solutions space.

After the mutation process, the algorithm creates an auxiliary vector
t; using either elements of x; and v; adopting the following crossover
procedure on each element of x; and v;:

v,; ifs, . <
= ij ij = Pe (10)
k x;; otherwise

where i = {1,...,Npop}, j={1.....N,}, 5;; is a uniformly distributed
random number in [0,1] and p, € [0, 1] is the crossover probability.

After the crossover process, the algorithm calculates the objective
function z for t and compares z(t;) with z(x;). In case z(t;) <
z(x;), then z (t;) replaces z (x;). Such a process ensures that the new
population is a mix of the better elements of the old population and the
new individuals.

The process requires the user to provide only three parameters:
the population number Np,p, the scale factor F and the crossover
probability p,. Additional parameters could be added to provide con-
straints concerning the limitation to the parameters values or stopping
criteria for the objective function evaluation. Therefore, the method can
be easily applied to various optimisation problems, including the data
fitting of a mixed function.

For fitting problems, the objective function should represent the
quality of fitting. For such a reason, in the present work use has been
made of the determination coefficient R?, calculated in the following
way:

S,

res
20res 1)
SStot

R=1-
where:

N 2
SSres = Zi:"l (yi - fi (X))
N, \2
S8 = Z,-;l (yi - y) 12
- 1 N
y= N, Z,:l Yi

where y; are the N, record data point, y is the mean value of the
data and f; are the fitted value coming from the reference equations
at the same point. As the optimisation problem provided in Eq. (8)
is a minimisation and the objective of the fitting is maximise R2, the
effective objective function of the problem is —R2.

The algorithm has been already tested and compared against other
methods for data fitting (Mauro and Nabergoj, 2017), highlighting its
equivalence to least mean square, log-likelihood and moments method
for the fit of extreme value distributions, providing the capabilities to
work with mixture distributions like the three-sub-populations Weibull.
According to the previous studies on such kind of problems, the most
adequate parameters set to use for the algorithm are Npyp = 8N,
F = 1.1 and p, = 09. Such values have been utilised for all the
regression analyses performed during the present investigation.

4. Application on a cruise ship

The developed analyses described in the previous sections are ap-
plied here on a reference case employed through several studies in the
FLARE project. The test case refers to a large passenger ship (more
precisely a cruise vessel) having the general arrangement shown in
Fig. 4 and the main particulars given in Table 1. The vessel is the
same employed for the benchmark studies (Ruponen et al., 2022b)
and advanced investigations on first-principles-based damage stability
frameworks (Mauro et al., 2022a,b).
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Fig. 4. General arrangement of the reference cruise ship.

Fig. 5. Longitudinal and horizontal view of the reference damage breach.

Table 1

Main characteristics of the reference passenger ship.
Parameter Symbol Value Unit
Length overall Loy 300.0 m
Length between perpendiculars Lpp 270.0 m
Beam B 35.2 m
Subdivision draught T 8.2 m
Height at main deck D 11.0 m
Deadweight DWT 8000 t
Gross tonnage GT 95900 -
Number of passengers Np 2750 -
Number of crew members N¢ 1000 -

4.1. Reference damage case

To apply the TTC analyses, a reference damage case has been
selected, the same as the benchmark tests, the results of which are
shown in Figs. 2 and 3 for the time traces of roll and Weibull plot,
respectively. However, the ship model employed for the benchmark
study refers to a simplified internal layout of the vessel. Here, to address
a more realistic case, the full compartmentation of the vessel is used,
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Table 2

Environmental and GM values for the case study.
Test ID H, (m) T, (s) GM (m)
TEST-1 3.50 5.965 2.870
TEST-2 3.75 6.174 2.870
TEST-3 4.00 6.377 2.870
TEST-4 4.25 6.573 2.870
TEST-5 4.25 6.573 2.895
TEST-6 4.25 6.573 2.920
TEST-7 4.25 6.573 2.970

as it is represented in Fig. 4. Such an internal subdivision follows
the guidelines for time-domain flooding simulations established and
consolidated within the project FLARE (Guarin et al., 2021).

The selected breach damage has a length of 44.2 m, a penetration
of 10.0 m, a height of 16.0 m starting from a lower vertical limit
of 0.0 m. Fig. 5 provides an overview of the breach location and
dimensions on the longitudinal view of the reference ship. The damage
is representative of a significantly large and critical damage for the
reference ship, resulting from a preliminary set of calculations. This
preliminary screening of simulations represents a stress test for the ship,
including only damages with the maximum allowable damage length
by SOLAS and severe sea states with a significant wave height H, = 7.0
metres (Vassalos and Paterson, 2021).

The present study does not consider the 7.0 metres wave height,
this being not realistic as an operational scenario and also outside the
reliability bounds of the flooding simulation code employed during this
investigation. Instead, four different wave heights have been investi-
gated, starting from 3.50 to 4.25 metres in step of 0.25 m. Furthermore,
different conditions for the metacentric height GM have been tested
for the H; = 4.25 m, considering the initial GM of 2.870 metres and
increasing it up to 2.970 metres. Table 2 reports a comprehensive list
of the tests performed in this study with the associated conditions.

4.2. TTC analyses

The reference damage case consists of simulations having a maxi-
mum time of 30 min, as suggested by old and recent studies in damage
stability (Spanos and Papanikolaou, 2014; Guarin et al., 2021; Mauro
et al, 2023). All the simulations led to the vessel capsize within
the simulation time. Therefore, the resulting set of 100 capsizes per
test case represents a suitable population for the fitting methodology
described in the previous section.

It is advisable to check the goodness of fit through conventional esti-
mators. In this case, use has been made of the R? and Rg " coefficients,
defined as per equation (11) and as follows:

-1
R, =1-(1-R) ="

13)

n—np—l

For evaluating Ri 4 the number of predictors of the regression model

n, needs to be provided. Through these two coefficients it is possible
to determine the quality of the proposed regression models.

The following subsections describe the results of the multi-modal
analyses for the cases at constant GM and variable H; and for the
variable GM at constant H,, respectively.

4.2.1. Constant GM and varying H

The first set of calculations refers to the cases with constant GM and
different significant wave heights H,, corresponding to the tests from
1 to 4 according to the nomenclature provided in Table 2. For each
test 100 simulations have been carried out with PROTEUS3 software
in irregular waves, considering a JONSWAP (Hasselmann and Olbers,
1973) spectrum with an elongation parameter y; = 3.3, a constant
wave steepness of 0.2 and significant wave heights varying from 3.50
to 4.25 metres, in steps of 0.25 metres. The software PROTEUS 3 is
based on the resolution of 4DOF rigid-body ship motion equations
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(neglecting surge and yaw), coupled with the floodwater dynamics.
The flooding process is governed by the Bernoulli’s equation, while
the water inside compartment is modelled as a lumped mass. Froude—
Krylov and restoring forces are integrated up to the instantaneous
wave elevation both for regular and irregular waves. Radiation and
diffraction forces are derived from 2D strip theory calculations. Hy-
drodynamic coefficients vary with the attitude of the ship during the
flooding process (heave, hell and trim). The vessel is assumed free
to drift, with drift forces evaluated by empirical formulations. The
simulations considers only the damaged ship, without considering the
presence of a striking ship in the simulations. The model used for the
calculations is including corridors and staircases connected one to each
other by relevant openings to allow the progression of flooding across
and in-between adjacent decks. As an assumption, for the simulations,
all the openings have been considered opened.

The time to capsize has been derived for all the simulations, evalu-
ating TTC* according to Eq. (2). To present the results it is convenient
to adopt a representation on the Weibull plot, where the x-axis presents
the InTTC* and the y-axis reports In(—In(l — F (TTC*))). For this
particular plot, the Weibull distribution with 2 parameters (neglecting
the location parameter y) is represented by a straight line, while the 3
parameters distribution present a concavity or a convexity according to
the sign of y.

Fig. 6 presents the results for the four test cases on the Weibull
plot. The Figure reports the TTC* distributions together with the fitting
obtained with the Mixed Weibull models. The distributions highlight
the same behaviour noticed for the benchmark test case performed
in FLARE project and already reported in Fig. 3. Even though the
fitting obtained by applying the differential evolution algorithm seems
to capture the population’s behaviour well, it was thought appropri-
ate to check the goodness of fit through conventional estimators. As
mentioned above, use is made of R?> and Rﬁ " evaluated according to
Egs. (11) and (13), respectively. Employing the above indicators makes
it possible to evaluate the quality of the proposed regression model.
Table 3 gives the obtained regression parameters and the goodness of fit
indicators, where it is possible to observe the quality of the regressions.

For all the four tested cases, both R* and R2 = are above 0.99,
highlighting the good quality of the obtained regression models. The
values shown in the table allow for a more accurate description of the
distributions that characterise the different capsize modes. The location
parameter y allows for identifying the capsize type. High values of
y refer to the transient capsize as high TTC* corresponds to a low
TTC value according to Eq. (2). The scale parameter # does not add
additional considerations for the characterisation of the capsize event.
On the other hand, the shape parameter g identifies how the capsizes
are distributed along TTC*.

The transient capsizes present a high p value, which means that
they are all distributed along a short TTC* interval. The progressive
and stationary capsize distribution present a different shape compared
to the transient as they cover a wider interval of TTC*. As an example,
considering the case with H; = 3.75 m (TEST-2), the shape parameter
for the stationary case is close to 2, which means it is similar to a
Rayleigh distribution. For the same wave height, the progressive case
has a g value close to 5, which means that it follows a general Weibull
case. For all the other tests, the shape parameters for progressive and
stationary state are all between 0.9 and 2.0, so varying from shapes
close to exponential distribution up to a Rayleigh case. For such a
reason, the selection of a Weibull model for the modelling grants
sufficient flexibility to capture the behaviour of the capsize modes.

Fig. 7 shows the cumulative density functions of the individual
distributions for transient, progressive, and stationary state capsizes,
together with the Mixed-Weibull one. From this picture, all the afore-
mentioned considerations can be easily visualised. The figure highlights
the different progressive and stationary capsize behaviour between the
four different wave heights tested.
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However, by changing the significant wave height, the nature of
the distributions for progressive and stationary capsize also vary, sug-
gesting that the general Weibull model is appropriate to cover the
possible distributions of the different capsize modes. Adopting simpler
distributions commonly used in naval architecture, such as Rayleigh
or exponential models, may lead to appropriate fitting only in some
particular cases.

A final consideration relates to the weighting factors w. From
Table 3 it can be observed that the contributions of the stationary
and progressive sub-distributions to the final Mixed Weibull are always
between 0.34 and 0.46, while the transient contribution attests from
0.13 to 0.22, depending on the single cases. This means that there is
not a unique trend between the w factors and the wave heights for the
provided test case, but that the contributions remains almost constant
between the tests.

4.2.2. Constant H; and varying GM

A second set of tests has been carried out at constant H; and varying
the metacentric height GM. The aim of this set of tests is studying
the effect of the changes in GM on the distributions of capsizes, with
a particular interest to the distribution of the transient capsize case.
The tests have been performed for the higher significant wave height
considered in the previous set of calculations (4.25 m). The same
number of repetitions and the same settings for the environmental
conditions have been applied. Fig. 8 shows the Weibull plot for the
additional test cases TEST-5, TEST-6 and TEST-7, reporting also TEST-
4 to have a complete overview of the effect of GM change for the case
with H, = 4.5 metres. For the tests at higher GM, the calculation time
of the simulation has been increased to 1 h of simulation to detect all
the cases of stationary state capsize.

From the figure, it is evident how the increasing value in GM
changes the outcome of the damage simulations. Despite all the cases
leading to a final capsize, compared to TEST-4 the transient cases
diminished in amount for TEST-5 and disappear in TEST-6 and TEST-7.
Also in this case, the fitting curves highlight a good reproduction of the
simulated distributions of TTC*. As a confirmation, Table 4 shows the
R? and Ri i) values for the different GM tests, all above 0.99.

The Table shows also the regression coefficients of the Mixed dis-
tribution. As for the previous case, the location parameter y identifies
clearly the distributions of stationary, progressive and transient capsize.
High value of y corresponds to the transient case, while the lowest is
for the stationary case. Same considerations as for the previous tests
concern the shape parameter f, ranging from the identification of an
exponential distribution up to more generic Weibull shapes, especially
for the transient capsize. Relevant is the interpretation of the weights w.
As mentioned, the transient cases disappears as GM increases; however,
the differential evolution algorithm fits always three sub-populations.
Analysing the weighting factor, it is possible to observe that the weight
of the transient distribution drops down up to be almost equal to zero
for the higher GM cases.

For such a reason, the fitting algorithm is powerful as with a
single model could intrinsically capture also cases when only 2 sub-
populations are relevant to the modelling, like in TEST-6 and TEST-8.
Such a characteristics can be observed also in Fig. 9, where the cu-
mulative density functions of the tested case are shown. For TEST-4
and 5, the transient distribution has an impact on the final cumulative
function, but for TEST-6 and 7 the contribution is negligible. Such a
matter further highlights the high fitting capability of the implemented
differential evolution algorithm.

4.3. Concluding remarks

The previous sections presented the output of the Mixed Weibull
distribution fitting process on the test cases with varying H, or varying
GM. The possibility to identify the single distributions of stationary,
progressive and transient capsize is an added value to the forensic
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Fig. 6. TTC* cumulative distribution function and Mixed Weibull fitting on the Weibull plot for the reference damage case in TEST-1 (top-left), TEST-2 (top-right), TEST-3

(bottom-left) and TEST-4 (bottom-right).

analysis of critical damage cases leading to capsize. The possibility to
have a model that covers all the distributions allows for evaluating
more in detail which is a suitable value for the consideration of the
TTC, necessary to compare with evacuation analyses.

The most recent frameworks for damage stability considers only the
mean value of 5 repetitions as the significant value for the TTC (Vas-
salos et al., 2022a). Such an assumption is not taking into account
the possible extreme events that may occur in the reference damage
case, i.e. the transient capsize. In fact, defining the cumulative density
function of the TTC* distribution it is possible to consider the extreme
value for TTC*, and, consequently, evaluate the extreme TTC events

leading to transient capsize. Such a methodology, allows for consider-
ing statistically significant events like the 0.98 percentile, relevant to
establish extreme events (Mauro and Nabergoj, 2017). Table 5 reports
the mean values and the percentiles values of all the tested cases. It is
evident that the difference is extremely high, especially for cases where
the transient capsize are considerably height.

The identification of the percentile can be done by direct inter-
polation of the cumulative curve, as it is not possible to invert the
final formulation of the Mixed Weibull distribution. Inversion process
requires the adoption of simpler formulations. Table 5 reports also the
mean of the first 5 consecutive repetitions, value usually adopted by
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Fig. 7. Cumulative distribution functions for the transient, progressive and stationary capsize for TEST-1 (top-left), TEST-2 (top-right), TEST-3 (bottom-left) and TEST-4 (bottom-right).

Table 3
Best fitting parameters for the Mixed Weibull distribution on the reference damage case with constant GM and varying H,.
Test Tmax Distribution n Vi y w RrR? R? o
stationary 245.871 1.862 7.367 0.415
TEST-1 2005.16 s progressive 75.971 1.617 670.429 0.455 0.9984 0.9982
transient 48.998 4.588 1900.001 0.130
stationary 178.918 1.896 39.744 0.342
TEST-2 1762.77 s progressive 310.997 5.179 336.769 0.439 0.9982 0.9980
transient 931.325 208.191 776.948 0.219
stationary 374.252 0.950 67.988 0.467
TEST-3 1617.21 s progressive 88.412 1.997 536.251 0.382 0.9987 0.9985
transient 24.393 55.903 1479.750 0.151
stationary 253.183 0.985 27.708 0.352
TEST-4 1402.98 s progressive 120.585 1.100 429.318 0.444 0.9961 0.9956
transient 630.454 137.533 721.063 0.204
Table 4
Best fitting parameters for the Mixed Weibull distribution on the reference damage case with constant H, and varying GM.
Test Tmax Distribution n B y w R? R? "
stationary 355.162 1.644 1.001 0.653
TEST-5 1661.53 s progressive 229.838 6.955 353.779 0.278 0.9983 0.9981
transient 109.304 16.361 1500.004 0.069
stationary 288.142 1.788 1.000 0.892
TEST-6 2423.21 s progressive 142.517 0.702 818.822 0.103 0.9980 0.9977
transient 46.456 108.267 1123.096 0.005
stationary 277.574 1.615 1.000 0.917
TEST-7 2423.68 s progressive 140.762 0.802 825.970 0.079 0.9981 0.9978
transient 430.847 5.270 1020.743 0.004
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Fig. 8. TTC* cumulative distribution function and Mixed Weibull fitting on the Weibull plot for the reference damage case in TEST-4 (top-left), TEST-5 (top-right), TEST-6
(bottom-left) and TEST-7 (bottom-right).

damage stability framework as significant for the damage case. For the The results highlight variability in the detected shape, scale and
tests including transient capsize the value of the mean of 5 repetitions is location parameter, resulting in different forms for the individual dis-
strongly influenced by the occurrence of a transient event among the 5 tributions as the condition are changing. However, the number of
tests. In fact there is no monotonic decrease in the time to capsize from cases analysed in this paper is too low to permit the detection of a

TEST-1 to TEST-4 as expected and as predicted by the Mixed Weibull general trend for the coefficients as a function of the GM or the H,.
model. The same is for TEST-4 and TEST-5, where a high GM case In fact, possible correlations associated to the analysed breach could be

results in lower TTC. Only the cases without transient capsize (TEST-6 breach-specific as it is, at this stage, impossible to identify a connection
and TEST-7) highlight similar values to the mean of the Mixed Weibull between damage and parameter distributions. Therefore, an effective
distribution. However, also for those cases, the consideration of the characterisation of the parameters requires further analyses with an
extreme event instead of the mean decreases the TTC of about 800 s, extensive set of calculations on critical damage cases identified by a
which is impactfull on the evacuation analysis of the ship. risk analysis framework. As the number of cases analysed in the test is

10
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Table 5

TTC significant values for the provided test cases.
Test TTC (s)

mean first 5 rep. p=0.5 p=0.95 p=0.98

TEST-1 1164.34 1306.34 56.94 50.11
TEST-2 1373.52 1160.87 51.77 50.05
TEST-3 780.12 1023.01 51.38 48.36
TEST-4 1120.69 900.02 50.25 48.30
TEST-5 958.99 1223.78 61.08 51.95
TEST-6 2482.98 2492.09 1814.34 1576.99
TEST-7 2529.71 2505.77 1840.81 1709.62

not enough to characterise the parameters of the individual distribution
in such a way as to identify simpler formulations for the capsize cases,
the Mixed-Weibull model represents a good fitting proposal for all the
possible capsize modes.

Concerning the time required to estimate the parameters, the differ-
ential evolution algorithm takes at most one minute to find a conver-
gent solution, employing a regular laptop without employing parallel
programming. Therefore, the computational time for obtaining the
analysis is not an issue. The real computational effort is the one needed
for running the simulations. In fact, for irregular waves conditions
and a complex layout like the provided example, the ratio between
the computational time and the time simulated by the calculations is
about 1.6. This imply that 100 simulations requires at least 12 h of
calculations on a regular laptop, employing 10 parallel processes. For
such a reason, the procedure for the estimation should be restricted to
critical cases only, properly identified during a flooding risk assessment
procedure.

A last comment should be given upon a case that may occur but was
is not noticed by the reported test case. All the simulations performed in
this paper ends with a capsize event before the maximum time limit of
the simulation. However, it may happen that for certain damage cases
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and environmental conditions the ship will survive at the end of the
simulation time. In such cases, the fitting process for the Mixed-Weibull
model can be still applied with the consequence that the stationary
capsize distribution will have a negative location parameter y, thus
identifying potential capsize cases that may occurs when the TTC is
higher than the maximum simulation time 7,,,,.

5. Consequences for risk analyses

The characterisation of TTC* (and consequently TTC) through a
Mixed-Weibull allows for the opportunity to consider different kinds of
significant values for the TTC*, through the direct interpolation of the
cumulative curve. As mentioned, it is common practice to use the mean
among a few repetitions as a significant value for TTC. Here, instead
of the mean, different values can be considered, being representative
of the analyses of the extreme, as presented in Table 5. From some of
the reported cases, it is evident that a significant part of the capsizes
occurs in the transient stage. Thus, this condition is extremely critical
for the ship’s safety. By considering the mean value of the TTC, leads
to a too-optimistic prediction of ship safety.

Such an effect is evident also when the risk of flooding needs to
be estimated. In fact, the evaluation of risk through the Potential Loss
of Life (PLL) may be strongly influenced by the TTC. By employing
a multi-level framework for the evaluation of risk (Vassalos et al.,
2023), for the so-called Level-2 prediction, an estimation of the TTC
is necessary. In the case of a Level-2.1 prediction, the TTC enters
directly into the following empirical formulation for the fatality rate
FR determination:

0.0 i TTC > n
FR= 0.8(1—%3‘030) if30<TTC <n (14)
1.0 if TTC < 30

where n is the maximum allowable evacuation time in minutes accord-
ing to MSC.1/Circ. 1533.
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Fig. 10. Fatality rate estimation from different TTC for TEST-7.

In the case of a Level-2.2 prediction, the TTC needs to be directly
compared with the evacuation simulations. In such a case, it is of
utmost importance that a reliable value of TTC is used, as the TTC is the
time threshold necessary to determine the fatality rate of the analysed
evacuation scenario.

Therefore, with a flooding scenario that possibly leads to a transient
capsize being much more dangerous than others, the sole adoption of
the mean value of multiple repetitions as significant to the risk analysis
may lead to an underestimation of the risk itself. As an example, for
TEST-2, the mean value of TTC is 1,160.87 s, but considering the
extreme events with a percentile of 0.98, the significant TTC drops to
50.05 s. With the same assumption, considering TEST-4, the mean value
is 900.02 and the 0.98 percentile is 48.30 s. For the cases analysed in
this example, a level 2.1 prediction is dependent of the TTC only for
TEST-6 and TEST-7, as for the other cases the TTC is lower than 30 min;
thus, according to Eq. (14), the fatality rate FR is always equal to 1.0.
However, by considering the Level 2.2 prediction, which means a fully
direct approach to risk, different TTC led to different fatality rates.

Fig. 10 gives an overview of the process necessary to determine
the fatality rate from the evacuation analyses curve. The example refer
to a sample evacuation curve for the given scenario (Vassalos et al.,
2022b) where the TTC of TEST-7 are employed to evaluate the FR.
The reference value is the one for p = 0.50 (TTC in the figure) and
p=0.95 (TTC, in the figure) given in Table 5. The changes in the TTC
directly reflects on the 1 — F R with a factor 10, going from about 0.080
to 0.008. Thus, changing TTC brings changes in the FR (or 1 — FR in
the graph). This in turn reflects the PLL evaluation, as the risk is given
by the following formulation:

PLL=p;-cs (15)

where p, is the probability of flooding and c, identifies the conse-
quences of the associated flooding event. The consequences are eval-
uated from:

¢, =FR-POB (16)

where FR is the fatality rate and POB is the number of people onboard.
As such, the FR is directly influenced by the reference value for the TTC
as highlighted by Fig. 10, reflecting its consequences on the risk assess-
ment of a passenger ship in a modern damage stability framework. The
possibility to evaluate in a more appropriate way the TTC for critical
cases is for sure an added value compared to the standard assumptions
used in damage stability. Moreover, the methodology based on the
Mixed Weibull distributions enlarges the importance of first principle
method to study the flooding risk for passenger ships.
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6. Conclusions

The present paper proposes a novel methodology to determine the
statistics of Time to Capsize of a damaged ship by applying the extreme
value theorem. A Mixed-Weibull model is introduced to capture the
three different capsize modes: transient, progressive, and stationary.

Thanks to the application of an evolutionary algorithm, it is possible
to automatically fit the 12 parameters needed to characterise the
Mixed-Weibull regression model. The provided regressions on seven
reference cases highlight considerably high goodness of fit, evalu-
ated through both R*> and R2 ;; parameters. Furthermore, the dif-
ferential evolution algorithm directly assign the weights of single
sub-populations, allowing for recognising cases where only 2 sub-
populations are predominant as for the cases with higher GM values.

The reference cases have been tested with 100 repetitions per case
to capture the random nature of irregular waves. This is a completely
different methodology of estimating TTC, namely, employing the mean
of 5 repetitions only. As the number of calculations is significantly
high, taking into consideration the amount of time needed to perform
a calculation, it is not advisable to perform such a detailed analysis for
all the cases being analysed within a damage stability framework, but
only on a reduced set of critical cases, in such a way as to inform a
forensic analysis of the case itself.

The provided methodology highlights conditions between the rep-
etitions that are potentially dangerous for the vessel, as a transient
capsize case may still occur whilst progressive or stationary stage are
detected for other repetitions, something that the conventional methods
do not detect as only the mean of five repetitions is considered. In
addition, it should be specified that the simulations where performed
setting all the openings to be opened. The eventual consideration of
leaking and collapsing closed non-watertight doors may be further
influence the TTC, something that should be investigated in dedicated
studies on the topic.

Furthermore, being able to characterise the TTC by means of a
mixed distribution may allow for future studies aiming at a fully
probabilistic estimation of loss of life after an accident, which means
convolute the distribution of the time to capsize with the distribution
of the time to evacuate obtained by evacuation analyses.
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