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A B S T R A C T

The in-force probabilistic framework for passenger ship survivability assessment covers collision hazards.
The framework primarily pertains to a static approach. Nonetheless, more complex dynamic analyses usually
employ the same damage definitions, adding besides the breach characteristics, the environmental condition
selection or, more precisely, the irregular wave environment necessary to simulate the damage scenarios.
The traditional dynamic approaches to survivability consider only the significant wave height sampled from
statistical formulations, with the wave period deriving from a constant steepness assumption. However, wave
height and period influence ship dynamics in waves differently, especially concerning survivability after
damage. Therefore, aiming at a direct assessment of ship survivability and the probability of loss of lives
determination in realistic operational scenarios, it is essential to properly study the influence of combined
variations of wave height and periods and their occurrence. The present study proposes a methodology for
dynamic simulations in site-specific conditions derived from the Global Wave Statistics. The study documents
the process in two critical collision damages for a reference passenger ship, using wave height and period
combinations typical of the main sea areas of interest for passenger ships and performing a sensitivity analysis
on the simulations needed to evaluate survivability. This enhanced analysis allows identifying the limiting
environmental conditions for the critical damage cases, including the effect of heading variations, determining
the ship’s survivability to specific damage in an operational area.
1. Introduction

Damage stability for passenger ships has widely developed as a
subject over the last 60 years (Papanikolaou, 2007; Manderbacka et al.,
2019), reaching the most relevant scientific advances during the past
two decades. Therefore, damage stability and, in particular, the study
of survivability after an accident is an integral part of the design
process of modern passenger ships, providing a life/cycle flooding risk
management for the vessel (Vassalos, 2022). As a consequence, the
survivability of a passenger ship is a relevant attribute for the design
of new vessels (Atzampos, 2019; Papanikolaou et al., 2013; Vanem
et al., 2007). However, the application of damage stability study has
been mainly oriented to simplified static approaches, easily usable
by designers and directly linked to in-force regulations (IMO, 2009,
2020). Moreover, with the rising complexity of passenger ship internal
layout, static calculations may deviate from a proper representation
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Strathclyde, 100 Montrose St., Glasgow, G4 0LZ, Scotland, UK.
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of the physical phenomena associated with flooding (Santos et al.,
2002; Ruponen et al., 2022a), especially in an irregular-sea environ-
ment (Spanos and Papanikolaou, 2012). It is then essential giving more
importance to the first principle-based tools for vessel survivability
during the design process of a passenger ship (Vassalos, 2016).

The assessment of damage stability with direct calculations requires
modelling complicated phenomena related to the coupling between
ship motions and the dynamic process of floodwater as well as its
interaction with the ship and the wave environment. In that respect, the
probabilistic framework considers the irregular wave environment by
giving importance to the significant wave height 𝐻𝑠 only, deriving for-
mulations from statistics of accidents (IMO, 2009; Jasionowski, 2009)
or generic worldwide statistics in open seas (Luhmann et al., 2018). The
modelling of the wave period (either the peak period 𝑇𝑝 or zero-crossing
period 𝑇𝑧) directly derives from the application of one parameter wave
vailable online 17 May 2023
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spectra or from the assumption of modelling irregular waves with a
constant slope. However, the wave period is also influencing the ship
dynamics in waves, both in intact and damaged conditions. Another
assumption intrinsic in statutory regulations and practical guidelines
for dynamic simulations is the evaluation of damage stability assess-
ment in beam seas, considering waves impacting the damaged side.
A limited number of studies in the literature address the variations of
survivability with heading angle 𝜒 (Kwon et al., 2019; Carette and van
Walree, 2019), without consistent conclusions, or the influence of the
wave period (Mauro and Vassalos, 2022a). Therefore, introducing the
variability of wave period and heading in time-domain dynamic simula-
tion is a substantial improvement to reach a more reliable survivability
prediction, especially for new vessel designs in operational conditions.

The present paper proposes a novel method for evaluating the
survivability of specific damage cases in a selected sea area, based
on the following main enhancements to state-of-the-art survivability
calculations:

1. Adoption of combined 𝐻𝑠 − 𝑇𝑧 direct statistics for the sea areas
of potential interest for passenger ships (as suggested by Mauro
and Vassalos (2022a)).

2. Perform a sensitivity analysis on the number of repetitions
needed to evaluate survivability in a predetermined sea area.

3. Perform a sensitivity analysis on the heading angle considering
a fixed yaw angle 𝜓 .

he sensitivity analysis on the repetitions is applied to a small sample
ruise ship for two critical collision damages and two side ground-
ng damages, performing the analyses in three different sea areas:
he Caribbean Sea, the Western Mediterranean and the Baltic Sea.
he heading variations have been applied to the collision cases only,
roviding a full 0–360 degrees prediction for the most critical damage.

The paper provides in Section 2 a review of the state-of-the-art
rinciples and methodologies to evaluate survivability with static and
ynamic approaches. Then, Section 3 outlines the new method based
n the joint 𝐻𝑠 − 𝑇𝑧 statistic, while the sensitivity analyses on repe-
itions and headings is described in Section 5 for the reference cases
presented in Section 4). The methodology uses statistics derived from
ave measurements available in the literature (i.e., wave scatter di-
grams (Hogben et al., 1986)) but also works with more accurate
ite-specific data, if available. The results show the diverse survivability
evels of the same damages in different sea areas, stressing the impor-
ance of modelling the wave period and heading angle to obtain a more
eliable site-specific survivability prediction for a passenger ship.

. Passenger ship survivability

Survivability is associated with the probability of a ship capsizing
r sinking when subjected to a potential feasible flooding scenario.
ence, the survivability analysis provides proper insight into the design
arameters affecting ship stability in flooding conditions. The in-
orce regulations on damage stability (IMO, 2009, 2020) provide the
undamentals of damage stability assessment for passenger ships. The
ramework considers only collisions, assuming the ship has an open-to-
ea breach on one side with consequent large-scale flooding. The At-
ained Survivability Index 𝐴 is the probabilistic measure of survivability

prescribed by the regulations, with the following formulation:

𝐴 =
𝑁𝑑
∑

𝑖=1
𝑤𝑖

𝑁𝑐
∑

𝑗=1
𝑝𝑖𝑗𝑠𝑖𝑗 (1)

here 𝑁𝑑 is the number of draughts used for the assessment, 𝑁𝑐 is the
umber of relevant analysed damage cases, and 𝐰 =

(

𝑤1,⋯ , 𝑤𝑁𝑑
)

∈
𝑁𝑑 is a vector of weights associated with the calculation draughts. The
ost significant variables in Eq. (1) are 𝑝𝑖𝑗 and 𝑠𝑖𝑗 , which identify the

eneric elements of two bidimensional vectors:

=
⎡

⎢

⎢

𝑝11 ⋯ 𝑝1𝑁𝑑
⋮ ⋱ ⋮

⎤

⎥

⎥

∈ R𝑁𝑑×𝑁𝑐 (2)
2

⎣ 𝑝𝑁𝑐1 ⋯ 𝑝1𝑁𝑑 ⎦

a

=
⎡

⎢

⎢

⎣

𝑠11 ⋯ 𝑠1𝑁𝑑
⋮ ⋱ ⋮

𝑠𝑁𝑐1 ⋯ 𝑠1𝑁𝑑

⎤

⎥

⎥

⎦

∈ R𝑁𝑑×𝑁𝑐 (3)

elements are the so-called p-factors, describing the probability as-
ociated with each damage case after a collision event, thoroughly
escribed by Vassalos et al. (2022a) and whose derivation depends on
he method utilised to generate the damages, namely zonal (Pawlowski,
004) or non-zonal (Bulian et al., 2016; Mauro and Vassalos, 2022b). 𝐬
re the so-called s-factors, which can be interpreted as the conditional
robability of survival after a flooding event due to the damage cases
nd draughts analysed. According to the definition provided by Eq. (1),
ndex A represents a conditional averaged probability of survival or,
onsidering the different draughts, a weighted average. In the case of
OLAS2009 regulations, the definition of three loading conditions is
rescribed, with the additional assumption to discard the possibility of
looding spaces above a horizontal subdivision. The rules for passenger
hips require the satisfaction of a deterministic criterion 𝐴 ≥ 0.9𝑅,
here 𝑅 is the Required Subdivision Index derived from vessel dimen-

ions and persons carried onboard, stating a threshold for safety at each
raught.

This definition derived from SOLAS regulations suits the evaluation
f survivability in calm water with static calculations. The employment
f a more direct approach based on rigid body time-domain calcula-
ions needs a different definition of survivability, especially considering
aves. The following sections describe the problem, elaborated in
etail by Vassalos et al. (2022c).

.1. Survivability with static approach

The assessment of survivability with a static approach implies the
etermination of s-factors through empirical formulations using param-
ters derivable from the static residual GZ curve for all the intermediate
looding stages and the final flooding stage of a damage case. Therefore,
ccording to SOLAS (IMO, 2020), the 𝑠𝑖𝑗 (s-factors) contributing to the
-index in Eq. (1) are determined as follows:

𝑖𝑗 = min
1<𝑘<𝑁𝑠𝑡𝑎𝑔𝑒

(

𝑠𝑖𝑛𝑡𝑖𝑗𝑘 , 𝑠𝑓𝑖𝑛𝑎𝑙𝑖𝑗𝑘𝑠𝑀𝑖𝑗𝑘

)

(4)

here 𝑠𝑖𝑛𝑡 indicates all the survivability factors for the 𝑁𝑠𝑡𝑎𝑔𝑒 intermedi-
te stages of flooding, 𝑠𝑓𝑖𝑛𝑎𝑙 is the survivability in the final equilibrium
tage, and 𝑠𝑀 is the survivability to additional external heeling mo-
ents in the final equilibrium stage. Regulations report the detailed

ormulations and the calculation process for the static s-factors which,
n any case, respect the necessity to be defined in [0, 1] to represent the
robability of survival in a specific flooding event.

From the static analysis, three different cases for the s-factor are
ossible:

1. 𝑠𝑖𝑗 = 0: cases where the Ship has an insufficient residual stability
margin or where it is assumed as statically capsized.

2. 0 < 𝑠𝑖𝑗 < 1: cases with a reduced reserve of stability, possibly
dangerous if further additional loads (e.g. waves) occurred.

3. 𝑠𝑖𝑗 = 1: cases with sufficient reserve of stability to be considered
safe.

hen the resulting s-factors, combined with the p-factors, determine
he 𝐴-index according to Eq. (1), to be compared with the required
ubdivision index 𝑅. However, 𝐴-index is not the only survivability
etric for a passenger ship, as alternative parameters like the Potential

oss of Lives (PLL) or the GM margin are more impactful from an
perator’s perspective.

Besides, a static assessment could be handy to identify a global
ision of the Ship’s vulnerability. Vassalos et al. (2022b) highlight that
uch a static risk profile may identify areas where risk control options
RCOs) can be identified but these may be too approximate to figure out
realistic and comprehensive vision of the flooding process. It would

hen become necessary to increase the fidelity level of survivability
ssessment, opting for a dynamic approach.
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2.2. Survivability with a dynamic approach

A dynamic approach changes the definition of survivability as it
was meant to be for static calculations or, more precisely, adds the
opportunity to consider a physics-based approach not described in
static analyses. The principal additions to the static problem are the
proper stochastic modelling of irregular waves environment and the
dependence of survivability to the exposure time 𝑡𝑒. The last con-
sideration is valid not only in the case of waves, as the dynamic
assessment involves time-domain simulations. Thus, simulating a still
water case, the flooding process may not end in the given simulation
time (equivalent to the exposure time in waves).

However, considering a probabilistic framework and the possibility
of describing a still water case as a case with significant wave height
𝐻𝑠 = 0, the following definition describes the s-factors:

𝑠𝑖𝑗 = 𝑝
(

𝐻𝑠𝑖𝑗 ≤ 𝐻∗
𝑠𝑖𝑗

)

= ∫

∞

0
𝑓
(

𝐻𝑠
)

𝑝𝑠
(

𝐻𝑠
)

d𝐻𝑠 (5)

where 𝑓
(

𝐻𝑠
)

is the probability density function describing 𝐻𝑠 for
collisions, and 𝑝𝑠

(

𝐻𝑠
)

is the probability of surviving flooding for the
given damage in the given sea state. 𝐻∗

𝑠 is a critical wave height,
identifying the limiting survival condition for the damaged Ship in the
specific damage case. Considering an infinite exposure time (𝑡𝑒 = ∞),
then Eq. (5) can be simplified as follows:

𝑠𝑖𝑗 = 𝑝
(

𝐻𝑠𝑖𝑗 ≤ 𝐻∗
𝑠𝑖𝑗

)

= ∫

𝐻∗
𝑠

0
𝑓
(

𝐻𝑠
)

d𝐻𝑠 (6)

The formulation (6) is valid as the function 𝑝𝑠
(

𝐻𝑠
)

ideally converges
to a step function centred on 𝐻∗

𝑠 :

𝑝𝑠
(

𝐻𝑠
)

=
{

1 if 𝐻𝑠 ≤ 𝐻∗
𝑠

0 elsewehre (7)

However, achievable simulation time with time-domain damage sta-
bility codes is not infinite (Ruponen et al., 2022a) but ranges from a
minimum of 30 minutes to 3 hours (Cichowicz et al., 2016). Hence
Eq. (6) needs to be reworked, including the exposure time 𝑡𝑒. Such an
inclusion leads to the following formulation:

𝑠𝑖𝑗 |𝑡=𝑡𝑒 = ∫

∞

0
𝑓
(

𝐻𝑠
)

𝑝𝑠
(

𝐻𝑠
)

|𝑡=𝑡𝑒d𝐻𝑠 (8)

As the inclusion of the simulation time in Eq. (8) neglects the
validity of the relationship (7), there is no longer a specific wave height
𝐻∗
𝑠 dividing the survivability space between capsize cases and safe

cases. An interval of 𝐻𝑠 is subject to the transition 0 < 𝑝𝑠(𝐻𝑠) < 1. Such
a band, called capsize band, varies with the exposure time 𝑡𝑒 (Tsakalakis
et al., 2010) and vessel loading conditions (Spanos and Papanikolaou,
2012), namely draught and GM of the ship. Even though extremely
simplified analytical formulations (based on Normal approximation or
Sigmoid function)are present in the literature (Cichowicz et al., 2016),
the most convenient way to determine 𝑝𝑠(𝐻𝑠) at each 𝐻𝑠 is through
the survival rate between multiple repetitions 𝑁𝑟, as it is arguable that
the occurrence of an extreme event, as the capsize, follows a Normal
distribution. Then, considering a fixed number of wave heights 𝑁𝐻 , the
dynamic survivability for a damage case becomes:

𝑠𝑖𝑗 |𝑡=𝑡𝑒 =
𝑁𝐻
∑

ℎ=1
𝑝(𝐻𝑠ℎ )

1
𝑁𝑟

𝑁𝑟
∑

𝑘=1
𝐼ℎ𝑘 (9)

where 𝑝(𝐻𝑠ℎ ) is the probability associated to the hth 𝐻𝑠, 1∕𝑁𝑟
∑

𝐼ℎ𝑘 is
the survival rate, and 𝐼ℎ𝑘 is an operator defined as:

𝐼ℎ𝑘 =
{

1 if the vessel survives after 𝑡 = 𝑡𝑒
0 otherwise (10)

The last term that needs to be defined to evaluate the survivability
with Eq. (9) is 𝑝(𝐻𝑠). The probability of a single wave height event is
associated with the probability density function 𝑓 (𝐻𝑠) used to model
the wave occurrence. The praxis after project (HARDER, 2000-2003)
3

Fig. 1. Wave height distributions for damage stability calculations.

consists in using marginal cumulative distributions for 𝐻𝑠 having the
following general formulation:

𝐹
(

𝐻𝑠
)

= exp
(

exp
(

𝑎 − 𝑏𝐻𝑠
))

(11)

which corresponds to the following probability density function:

𝑓
(

𝐻𝑠
)

= 𝑏 exp
(

𝑎 − 𝑏𝐻𝑠 − exp
(

𝑎 − 𝑏𝐻𝑠
))

(12)

Considering 𝐻𝑠 from collision accident statistics, regression parameters
were initially set to 𝑎 = 0.16 and 𝑏 = 1.12, leading to 99% of the sea
states below 𝐻𝑠 = 4 m. After successive reanalyses of accidents (Ven-
tikos et al., 2018; eSAFE, 2017-2018), the problem’s vision has changed
towards a sea-state definition independent from accident occurrence.
Foreseeing the constant evolution of passenger ships’ operational pro-
files throughout worldwide operations, Luhmann et al. (2018) proposes
new values for regression parameters (𝑎 = 1.7171, 𝑏 = 0.9042) based
on global wave statistics, imposing an upper truncation limit of 7 m
to avoid unrealistically high 𝐻𝑠. Fig. 1 compares the provided 𝐻𝑠
distributions, highlighting how the last worldwide regression proposal
increases the probability of higher sea states compared to collision-
based events. However, this modelling has a probabilistic weakness.
Limiting the analyses between 0 ≤ 𝐻𝑠 ≤ 7 meters implies employing left
and right-bounded distributions to preserve the definition of probability
and effective applicability of Eq. (9). Such a matter is also in need of
updating, even though the inversion process adopted to sample the 𝐻𝑠
in a damage stability framework hides the problem with the truncation
process.

To improve the analysis of operational conditions in the ship sur-
vivability assessment, modelling realistic environmental conditions is
essential. Regardless of adopting a more correct truncated distribution,
the approach using environmental modelling according to an equation
similar to (11) is still an approximation, as it considers only 𝐻𝑠. It is,
therefore, useful to study an alternative method to assess survivability
after an accident in a realistic operational environment, which means
an operational sea area.

3. Survivability in an operational sea area

The survivability evaluation in a specific operational area requires
adopting some assumptions for modelling the sea environment, which
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is generally associated with an irregular wave condition, characterised
by a significant wave height 𝐻𝑠, a wave period (typically zero crossing
𝑇𝑧 or peak 𝑇𝑝), and an encounter angle 𝜒 between the ship and the wave
redominant direction. Besides, it is possible to refer to long-crested
r short-crested scenarios, modelling the sea states with specific wave
pectra that account for the aforementioned characteristics. However, a
ave spectrum reflects only one combination of 𝐻𝑠 and 𝑇𝑝 for a given
. For the survivability evaluation, it is then mandatory to identify the

oint probability distributions 𝑓 (𝐻𝑠, 𝑇𝑝, 𝜒) of 𝐻𝑠 and 𝑇𝑝 (or 𝑇𝑧) and 𝜒
or the operational area of interest.

Adopting a joint distribution implies a change in the formulation of
ynamic survivability, as the traditional usage of 𝑓 (𝐻𝑠) in Eq. (8) does
ot fit the new sea environment. The definition of dynamic survivability
hould be extended to higher dimensions in such a way to include the
ew modelling parameters, leading to the following formulation:

𝑖𝑗 |𝑡𝑒 = ∫

2𝜋

0 ∬

∞

0
𝑓
(

𝐻𝑠, 𝑇𝑝, 𝜒
)

𝑝𝑠
(

𝐻𝑠, 𝑇𝑝, 𝜒
)

|𝑡𝑒d𝐻𝑠d𝑇𝑝d𝜒 (13)

uch definition is analogue to Eq. (8) but also considers the wave period
nd a generalised encounter angle between (0, 2𝜋). Furthermore, the
robability of survival at the event 𝑝𝑠(𝐻𝑠, 𝑇𝑝, 𝜒)|𝑡𝑒 is still representable
ith a capsize band. However, the band is not represented by a curve
ut by a hypersurface.

Direct application of Eq. (13) is problematic, as determining a joint
istribution for wave and encounter conditions may be challenging
o define. The encounter angle 𝜒 combines the vessel heading and
ave environment; thus, it is not only an environmental characteristic
ut depends on the vessel’s behaviour. It is, therefore, necessary to
ake some assumptions for the enhanced environmental modelling and

onsequent evaluation of survivability.

.1. Proposed environmental modelling

As a first assumption, it is likely to consider the heading 𝜒 inde-
endent from the wave parameters. Then Eq. (13) can be rewritten as
ollows:

𝑖𝑗 |𝑡𝑒 = ∫

2𝜋

0
𝑓 (𝜒)∬

∞

0
𝑓
(

𝐻𝑠, 𝑇𝑝
)

𝑝𝑠
(

𝐻𝑠, 𝑇𝑝, 𝜒
)

|𝑡𝑒d𝐻𝑠d𝑇𝑝d𝜒 (14)

ith 𝑓 (𝜒) as the marginal distribution of headings and 𝑓 (𝐻𝑠, 𝑇𝑝) as
he joint distribution of wave heights and periods. Such modelling
llows for considering waves separate from the heading, thus adopt-
ng distributions suitable for all incoming directions or specific for
elected angles of occurrence. In the current approach to environmental
odelling, the first option is selected, being more general and easier

o represent with discrete (Hogben et al., 1986) or continuous (DNV,
014) data available from the literature. Statistics of wave measure-
ents can be found in the form of discrete scatter diagrams or by

mploying continuous distributions derived from specific probabilistic
aws capable of approximating the joint 𝑓 (𝐻𝑠, 𝑇𝑧), preferring 𝑇𝑧 to 𝑇𝑝,
s visualised in Fig. 2. Eq. (14) presumes the application of a continuous
oint distribution for the wave environment, derived by combining two
arginal distributions through copulas or by using one marginal for the

irst parameter and a conditional one for the other. Fig. 2(a) shows the
econd option, using a marginal two-parameters Weibull distribution
or the 𝐻𝑠 and a Log-normal model for the conditional 𝑇𝑧 distribution.
ig. 2(b) provides the alternative discrete joint distribution typical of
ave recording statistics, often the base for determining the continuous
odels as presented in Fig. 2(a).

Modelling irregular wave environments requires particular atten-
ion, regardless of the method used to approximate the joint wave
istribution. Conventional hypotheses in damage stability, discussed
n Section 2.2, consider identifying a significant wave height for a
imulation. The associated wave period 𝑇𝑧 derives from a simplistic
ssumption of considering a constant wave slope 𝜎 = 𝐻∕𝜆 of 0.02,
here 𝜆 is the wavelength. Then, the associated wave systems relate
4

nly to specific combinations of 𝐻𝑠 and 𝑇𝑧, not covering the entire
ea area of interest, nor ensuring the coverage of most probable or
xtreme events. Furthermore, modelling the irregular wave system
n damaged stability problems typically employs a general Pierson–
oskowitz (PM) spectrum (Pierson and Moskowitz, 1963) with the

ollowing two parameters form:

𝜁𝑃𝑀 (𝜔) = 5
16
𝐻2
𝑠𝜔

4
𝑝𝜔

−5 exp

[

−5
4

(

𝜔
𝜔𝑝

)−4
]

(15)

or its extension to the following JONSWAP (J) model (Hasselmann and
Olbers, 1973) with reported standard parameters:

𝑆𝜁𝐽 (𝜔) = 𝐴 (𝛾)𝑆𝜁𝑃𝑀 (𝜔) 𝛾
exp

[

− 1
2

(

𝜔−𝜔𝑝
𝜎𝐽 𝜔𝑝

)2
]

(16)

𝜎𝐽 =
{

0.07 if 𝜔 ≤ 𝜔𝑝
0.09 if 𝜔 > 𝜔𝑝

(17)

𝐴 (𝛾) = 1 − 0.287 ln 𝛾 (18)
𝛾 = 3.3 (19)

with 𝛾 the peak shape/enhancement parameter, 𝜎𝐽 a curve slope con-
stant, 𝜔 the circular frequency and 𝜔𝑝 = 2𝑝𝑖∕𝑇𝑝 the peak frequency of
the spectra.

An alternative representation of the J-spectrum parameters en-
hances the irregular sea state environment modelling, including gamma
variability across the possible combination of 𝑇𝑧 and 𝐻𝑠. The J-spectral
formulation is a suitable general model describing sea states ranging
in 3.6 < 𝑇𝑝∕

√

𝐻𝑠 < 5 once more specific data are unavailable (DNV,
2014). The subsequent model allows for modelling 𝛾 as a function of
𝑇𝑝 and 𝐻𝑠, according to the following equations set:

𝛾 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

5 if 𝑇𝑝
√

𝐻𝑠
≤ 3.6

exp
(

5.75 − 1.5 𝑇𝑝
√

𝐻𝑠

)

if 3.6 < 𝑇𝑝
√

𝐻𝑠
< 5

1 if 𝑇𝑝
√

𝐻𝑠
≥ 5

(20)

As Eq. (16) and (20) consider 𝑇𝑝 instead of 𝑇𝑧, it is necessary to
identify a correlation between 𝑇𝑝, 𝑇𝑧 and the 𝛾 parameter. A possible
solution is as follows:
𝑇𝑧
𝑇𝑝

= 0.6673 + 5.037 ⋅ 10−2𝛾 − 6.23 ⋅ 10−3𝛾2 + 3.341 ⋅ 10−4𝛾3 (21)

Eq. (21) relates 𝑇𝑝 and 𝑇𝑧 through a polynomial formulation of
𝛾. However, being 𝛾 a conditional parameter to 𝑇𝑝, the resolution of
the process requires an iterative calculation within the validity limits
of 𝛾. The validity range for the peak enhancement parameter is in
1 ≤ 𝛾 ≤ 7, thus, Eq. (21) should be adequately limited to avoid
inconsistencies in the iterative determination of gamma. However, the
bounds provided by Eq. (20) are more restrictive than the existence
domain of 𝛾, ensuring validity for Eq. (21) through the possible couples
of 𝐻𝑠 and 𝑇𝑧 of a sea area.

Fig. 3 shows the spectral density of the enhanced J-based envi-
ronmental conditions compared with the standard PM and J spectra
with constant 𝐻∕𝜆 ratio for three reference wave heights 𝐻𝑠: 1.5, 3.5
and 5.5 m, respectively. The extended capability of the new modelling
is self-evident, and the figure allows for visualising the transition
between PM-like spectra (𝛾 = 1) and spectra with enhanced peaks
(𝛾 > 1) across different periods 𝑇𝑧 for the same 𝐻𝑠. Nowadays, such
modelling is widely adopted for seakeeping intact-ship analyses and
could also apply to damaged stability problems. During Project FLARE,
the model test design performed on a reference cruise ship made a step
towards this environmental modelling (van Basten-Batemburg et al.,
2020), resulting in test conditions employing a J-shaped spectrum with
different 𝛾 values from 3.3. However, only a few participants in the
benchmarking activities simulated the sea state with the tested spectral
formulation, preferring the standard J with 𝛾 = 3.3 embedded in their
codes (Ruponen et al., 2022b), and used for previous test cases on a
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Fig. 2. Different statistical representation for the reference sea Area 11 (North Sea).
Fig. 3. Differences between conventional damage stability spectral densities (left) and
enhanced ones (right) for 𝐻𝑠 = 1.0 m (top), 𝐻𝑠 = 3.5 m (middle) and 𝐻𝑠 = 5.5 m
(bottom).

Ropax (Ruponen et al., 2022a). According to the enhanced modelling,
a J-shaped spectrum with 𝛾 = 3.3 does not represent a condition where
𝐻∕𝜆 value is 0.02. Such a condition corresponds to a 𝛾 = 1, thus to a
PM spectrum.
5

However, the spectral shape changes the generated wave-train in
a time-domain simulation and, consequently, the wave-induced body
forces acting on the vessel. Fig. 4 shows the magnitude of the spectrum
shape change on the generated wave-train considering constant 𝐻𝑠 =
3.5 m. The figure illustrates the two aforementioned different possibil-
ities, thus, constant or variable 𝐻∕𝜆. Figs. 4(a) and 4(b) maintain the
same gamma values, and the wave-trains refer to the same phases (only
amplitudes change between reported curves), neglecting from the rep-
resentation the stochastic effect of irregular waves. Fig. 4(a) shows that
the differences in 𝛾 for the conventional modelling with constant 𝐻∕𝜆
are changing just the amplitude of the individual oscillations, whilst
Fig. 4(b) highlights more changes because of the different peak periods.
It is, therefore, expected that considering wave period variations will
change the loads more consistently than the variations between PM and
JP spectra in the conventional damage stability assessment.

The above considerations are valid for a long-crested sea without
the presence of a swell. However, such a model can be applied by
superposing a swell and considering an additional directional spreading
parameter for short-crested sea modelling.

3.2. Survivability of a damage scenario

The last alternative for calculating survivability in an operational
sea area is selecting a continuous or a discrete model for the joint
distribution of wave parameters 𝑓 (𝐻𝑠, 𝑇𝑧). For the present work, the
discrete option is the most suitable for preliminary study, requiring
fewer calculations than a continuous approach.

Having determined the spectral formulations for the environmental
settings, it is then possible to perform the dynamic simulations for the
specific cells of a scatter diagram according to the granularity of the
provided statistics for 𝐻𝑠 and 𝑇𝑧. For example, the widely diffused
discretisation employed by the Global Wave Statistics (Hogben et al.,
1986) implies simulating 𝐻𝑠 in steps of 1 metre and 𝑇𝑧 in steps of 1
second, limiting the environmental conditions to the cells containing
observed data. Taking Area 11, shown in Fig. 2(b), as a reference,
a number 𝑁𝑐𝑙=53 of cells is present. Therefore, recalling Eq. (9) for
a fixed number of simulations, the total amount of calculations for
a damage case is 𝑁𝑡𝑜𝑡 = 𝑁𝑐𝑙𝑁𝑟, with 𝑁𝑟 the number of repetitions
on a single cell to consider the stochastic nature of irregular waves.
A continuous approach to sea area modelling necessitates sampling
couples (𝐻𝑠, 𝑇𝑧) from the joint distribution, therefore using a much
higher number of simulations employing Monte Carlo or Quasi-Monte
Carlo-like methods as it is the case for the damage breach generation.
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Fig. 4. Wave realisations with different amplitude spectra and same phase for 𝐻𝑠 = 3.5
m.

The selection of the scatter diagram approach necessitates a discrete
formulation of Eq. (14). The survivability 𝑠𝑖𝑗 |𝑡𝑒 will be renamed 𝑠𝐴 to
simplify the indices and the time dependency nomenclature, referring
to a single damage scenario intrinsically associated at an exposure time
𝑡𝑒. Then, reusing arbitrary indices, Eq. (14) is discretised as follows:

𝑠𝐴 =
𝑁𝜒
∑

𝑖=1
𝑝(𝜒𝑖)

𝑁𝐻
∑

𝑘=1

𝑁𝑇
∑

ℎ=1
𝑝(𝐻𝑠𝑘 , 𝑇𝑧ℎ )

1
𝑁𝑟

𝑁𝑟
∑

𝑗=1
𝐼𝑖𝑗𝑘ℎ (22)

where 𝑝(𝜒𝑖) is the probability associated with the 𝑖th heading angle,
𝑝(𝐻𝑠, 𝑇𝑧) is the probability associated with the hth 𝐻𝑠 and 𝑘th 𝑇𝑧, and
1∕𝑁𝑟

∑

𝐼𝑖𝑗𝑘ℎ is the survival rate with 𝐼𝑖𝑗𝑘ℎ defined according to Eq. (10).
Eq. (22) intrinsically implies the utilisation of an omnidirectional scat-
ter diagram, as the wave joint probability is not associated with the
encounter angle. Rewriting the survival rate is advisable to simplify
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𝑠𝐴 formulation and facilitate the graphical representation of quantities,
leading to the following equation:

𝑠𝐴 =
𝑁𝜒
∑

𝑖=1
𝑝(𝜒𝑖)

𝑁𝐻
∑

𝑘=1

𝑁𝑇
∑

ℎ=1
𝑝(𝐻𝑠𝑘 , 𝑇𝑧ℎ )𝑠𝑖𝑘ℎ (23)

or, considering the survivability for a single angle 𝜒 :

𝑠𝐴𝜒 =
𝑁𝐻
∑

𝑘=1

𝑁𝑇
∑

ℎ=1
𝑝(𝐻𝑠𝑘 , 𝑇𝑧ℎ )𝑠𝑘ℎ (24)

The resulting calculation framework is then similar to operability
calculations used for ship motions (Gutsch et al., 2020) and successfully
extended to other fields of hydrodynamics as dynamic positioning in
discrete (Mauro and Prpić-Oršić, 2020) and continuous form (Mauro
and Nabergoj, 2022), encouraging its application to ship survivability.

However, it is necessary to figure out the initial conditions to set up
the survivability assessment of a critical case with dynamic simulations.
Experience gained with the recent international benchmark activities
on damage stability (Ruponen et al., 2022a,b) highlights that the initial
settings for complex rigid-body time-domain simulations are strictly
related to the code employed to perform the calculations. For the initial
development of the scatter diagram methodology for damage stabil-
ity assessment, Mauro and Vassalos (2022a) provided the following
settings and assumptions:

– Simulation type: rigid-body time domain simulation in 4 degrees of
freedom (sway, heave, roll and pitch motions), including coupling
with internal water motions. Water ingress/egress modelled with
the Bernoulli equation.

– Body forces: Froude–Krylov components integrated on the ac-
tual wetted surface and first-order wave forces evaluated by 2D
strip theory calculations at different ship attitudes. Drift forces
modelled with empirical models.

– Initial conditions: the vessel is initially intact with a fixed heading
of 90 or 270 degrees (according to the Damage side).

– Environmental conditions: 𝐻𝑠 and 𝑇𝑧 are according to the granular-
ity of a Global Wave Statistics scatter diagram. Waves are mod-
elled with a JONSWAP spectrum with variable 𝛾. No additional
current and wind loads.

– Simulation time and repetitions: a time 𝑡𝑒 of 30 minutes (Vassa-
los and Paterson, 2022) applies to all the tested environmental
conditions. Each simulation is repeated for 10 times (Spanos and
Papanikolaou, 2014; Cichowicz et al., 2016), to take into account
the effect of random phases in the wave realisations.

The above settings are presenting the state-of-the-art for damage
stability calculations in irregular waves by means of rigid-body time
domain simulations, except for the new proposed environmental mod-
elling. The assumptions reflect, especially concerning the simulation
time 𝑡𝑒 a compromise solution between accuracy in detecting critical
damage conditions and calculation time needed to perform the damage
stability assessment. Fig. 5 shows an example of the scatter-diagram
approach on a notional case according to the above settings. The rep-
resentation refers to Area 11 (the North sea) on an arbitrary damaged
ship on the starboard side, showing the behaviour of the capsizes ratio
𝑠ℎ𝑘 across the scatter cells. The case is purely indicative as the higher
wave heights are also above the validity limits of the codes used for
the simulations. The four scopes on time series (a, b, c and d) at the
reference 𝐻𝑠 = 3.5 m show the process of determining 𝑠ℎ𝑘 from the time
traces of the roll motion 𝜙 (the most significant to visualise a capsize
case). From the figure, the effect of the period change is evident. In the
reported case, based on 𝑁𝑟 = 10 repetitions, a change of 4 seconds
in the period (from 7.5 seconds of case a to 10.5 of case d) led to
transitioning from zero to more than 50% capsize cases. Therefore, the
approach is relevant to an enhanced damage stability assessment, and
more detailed analyses can supersede the initial assumptions reported
above.
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Fig. 5. Notional example of the survivability 𝑠𝐴𝑐ℎ𝑖 of a damage scenario for a single
heading 𝜒 = 90 deg on a scatter diagram.

4. Reference case

The capabilities extension of the scatter diagram approach beyond
the standard initial conditions reported in the preliminary study re-
quires additional analyses. To this end, it is necessary to identify a
proper set of reference cases in compliance with the initial investiga-
tion.

First of all, the same reference ship has been chosen, considering the
same loading conditions of the preliminary study and relevant damage
cases. The same is for the reference areas, opting for the sites of interest
for passenger ships and where environmental conditions remain within
the limits of the codes used for damage stability assessment. The fol-
lowing sections give a more detailed overview of the ship, the damage
cases and the reference areas.

4.1. The reference ship

The present study employs one of the sample ships (Luhmann, 2019)
available within the (FLARE, 2018-2022) project, already used in the
preliminary investigation (Mauro and Vassalos, 2022a). This specific
7

Table 1
Main characteristics of the reference ship.

Parameter Symbol Value Unit

Length over all 𝐿𝑂𝐴 128.0 m
Length between perpendiculars 𝐿𝑃𝑃 113.7 m
Subdivision length 𝐿𝑠 125.8 m
Breadth 𝐵 20.0 m
Calculation draught 𝑇 5.1 m
Calc. vertical centre of gravity 𝐾𝐺 9.584 m
Number of passenger 𝑁𝑃𝑎𝑠𝑠 323 –
Number of crew 𝑁𝑐𝑟𝑒𝑤 155 –
Deadweight 𝐷𝑊 𝑇 1250 t
Calculation displacement 𝛥 8404 t

Fig. 6. Reference ship lateral profile and general arrangement used for dynamic
calculations.

vessel is a small cruise ship with a total capacity of 478 people on
board. Table 1 lists the main characteristics of the cruise ship, and Fig. 6
shows an overview of the vessel’s profile and internal layout. The ship
complies with SOLAS 2020 probabilistic damage stability and has been
modelled considering 271 compartments and 227 internal openings,
which is a suitable granularity for dynamic simulations (Guarin et al.,
2021).

As the ship has a subdivision length 𝐿𝑠 below 198 m, the maximum
damage length for collisions will be 10∕33𝐿𝑠 with a significant higher
𝐿𝑥∕𝐿𝑥,𝑚𝑎𝑥 ratio compared to longer ships (Mauro et al., 2022b), with 𝐿𝑥
being the damage longitudinal length and 𝐿𝑥,𝑚𝑎𝑥 the maximum damage
longitudinal length, respectively. Therefore the vessel is a suitable
candidate to identify critical damage cases compared to other larger
passenger ships present in the initial set of FLARE sample ships, as
already highlighted in previous studies (Guarin et al., 2021).

However, this study addresses also side groundings. The proba-
bilistic models for collisions and side groundings admit two different
values for the 𝐿𝑥,𝑚𝑎𝑥 on the reference ship; the collision damages, as
mentioned above, allow for 10∕33𝐿𝑠, and side groundings extend the
limit to 0.632𝐿𝑠 resulting in 38.12 and 79.51 m, respectively. Such
a matter influences the following representation of critical cases in
non-dimensional form.
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4.2. The reference damage scenarios

The preliminary study on the scatter diagram approach employs a
set of 4 reference damages: two collisions and two side-grounding cases.
Damage cases refer to survivability analyses performed with static
calculations on an initial set of 30,000 breaches, equally distributed
between damage types. Breach definition employed damage dimen-
sions/locations distributions specific for collisions, side and bottom
grounding damages following a non-zonal approach (Bulian et al.,
2020; Mauro and Vassalos, 2022b). Conventionally in the static proce-
dure, the breaches involving the same compartments constitute the so-
called damage cases, statically analysed without considering differences
in the hull breach dimensions.

A damage case is a problem-simplification transitioning to dynam-
ics, as it misses the information on the breach dimension, which is
essential to simulate the inflow/outflow rate. Therefore, to reconsider
the breach dimension, the damage representative of the higher lateral
projected area has been considered, as a first assumption, the represen-
tative breach for dynamic calculations on a damage case. Calculations
have been performed on a restricted set of damage cases. As described
by Mauro et al. (2023), a preliminary subset of critical damages has
been filtered considering the static calculation results, retaining only
damage cases with a factor 𝑝(1 − 𝑠) above an arbitrary threshold of
⋅10−4. The analysis of the filtered cases continues with dynamic simu-
ations, performing calm water calculations with 𝑡𝑒 = 3 hours aimed to
dentify potentially critical damages worthy of investigation in irregular
aves employing specific dynamic survivability criteria (Mauro et al.,
022b). Such criteria aim to identify cases not leading to a true capsize
ut potentially dangerous in case additional loads occur. The criteria
re (Guarin et al., 2021):

A. SOLAS heeling : final average heel above ±15 degrees.
B. ITTC maximum heeling : maximum heeling above ±30 degrees.
C. ITTC average roll: cases where 3 minutes’ average roll exceeds

±20 degrees.
D. Large floodwater mass rate: cases where the mass rate is above

2000 t/h at 𝑡𝑒.

It has to be noted that criterion D has been established for large pas-
enger ships; therefore, it can be reasonable to adopt a lower threshold
alue for smaller cruise vessels as the reference ship. However, during
roject FLARE, the same threshold has been used for large and small
assenger ships during the damage stability assessment (Guarin et al.,
021). Furthermore, the criterion has been found as less critical than
thers, regardless of the vessel size. For such a reason, the threshold
alue for criterion D is kept at 2000 t/h, even though a displacement-
ependent threshold could be worthy of investigation in future research
rojects.

Besides dynamic criteria, the categorisation of actual capsizes could
e an interesting output of preliminary dynamic analyses (Mauro et al.,
022a), distinguishing between events occurring during the first os-
illations of the damaged ship (the so-called transient cases) or after-

wards when the flooding process is ongoing or finished (progressive or
tationary-state capsizes).

The results for the reference ships highlight 90 ‘true’ capsizes for
ollisions and 72 for side groundings, including 64 and 67 transient
ases. Besides, 113 collision scenarios and 107 side groundings fail
t least one of the dynamic criteria without leading to a capsize in
he simulated time, being potential critical cases leading to a capsize
n an irregular sea environment. The remaining scenarios could be
onsidered safe, as a first approximation, in case of adverse weather.
able 2 provides an overview of the screening of the preliminary
ynamic simulations results, showing also the damage cases failing
ach of the possible combinations between dynamic criteria A, B, C
nd D.

Besides the tabular representation, Fig. 7 gives a graphical rep-
8

esentation of the damage cases’ longitudinal location and length in
Table 2
Final status of preliminary dynamic simulation and dynamic criteria failed by
critical cases.

Final status Collision Side grounding

Safe 20 85
Capsize 26 5
Transient capsize 64 67

Criteria Collision Side gr. Criteria Collision Side gr.

A 48 51 B,C 0 0
B 0 0 B,D 0 0
C 0 0 C,D 0 0
D 2 9 A,B,C 13 8
A,B 16 22 A,B,D 4 3
A,C 20 9 B,C,D 0 0
A,D 4 2 A,B,C,D 0 1

non-dimensional form, providing the categorisation between capsizes
(including transient cases), failing criteria instances and safe condi-
tions. it is interesting to notice that for the collision cases, two critical
areas appear: one in the aft and one in the fore shoulder of the ship
(see Fig. 7(a)). For the side groundings in Fig. 7(b), the critical area
corresponds to the fore shoulder only without presenting a concen-
tration of criticalities in the aft end of the ship. Such behaviour is
mainly due to the marginal distributions of the damage locations, which
differs between collisions and side groundings. Collisions are uniformly
distributed across the subdivision length while side groundings present
a higher density in the fore ship (Bulian et al., 2020), thus resulting in
different areas for criticalities.

Simulations leading to capsize already in a calm water environment
are not of interest for irregular wave simulations as they almost lead
to 100% capsizes adding external wave loads. On the other hand,
safe cases are not particularly interesting as they may be subject to
capsizing conditions with considerable high 𝐻𝑠, thus for conditions not
appropriately modelled by dynamic simulation codes. Therefore, the
selection of critical scenarios pertains to cases where the simulation
does not satisfy the above-mentioned dynamic criteria (the light yellow
dots in Fig. 7). The damage cases categorisation, reported in Table 2,
highlights that few damages fail three criteria, whilst only one collision
case falls all four dynamic criteria while surviving the simulation after
𝑡𝑒. Then, it is appropriate to focus attention to breaches that lead to
a failure of one or at most two dynamic thresholds, representing the
highest occurrence for both damage types.

Such damages have different locations and dimensions, inheriting
the respective occurrences from the static p-factor analysis, which is
a function of the internal layout and the probabilistic damage model.
Therefore, cases with large longitudinal extensions are less probable
than shorter ones for both the considered damage types. The preference
is then for damages of medium longitudinal extension (between 10
and 30 m) but still capable of having a significant impact on the
final ship attitude at the end of the flooding process, thus considering
an added displacement due to water ingress of more than 15% of
the intact one. Concerning the location, the choice goes for the most
vulnerable areas detected in Fig. 7, thus the fore and the aft shoulder
for collisions. The same selection also pertains to side groundings to
cover comparable internal spaces of the ship, even though the area of
the critical grounding is denser in the fore-ship. Besides, aiming for
running dynamic simulation in waves with 𝑡𝑒 = 30 minutes, the cases
should reach a steady state of flooding before the 30 minutes in calm
water.

Applying these criteria allows for selecting four cases: two collisions
and two side groundings. Table 3 gives the main breach characteristics
and the dynamic criteria failed by the considered criticalities. A brief
description of the four damages, all located on starboard, is as follows:

DAM-1 is a collision case between the aft shoulder and midship. The
damage in calm water fails only criterion A, reaching a maxi-
mum heeling of −26 degrees in the initial stage of flooding and



Ocean Engineering 281 (2023) 114786F. Mauro and D. Vassalos
Fig. 7. Damage categorisation of collision (a) and side groundings (b).

Table 3
Main characteristics of the reference damage cases for survivability analysis.

Dam. ID Dam. type 𝑥𝐷 𝐿𝑥 𝐿𝑦 𝐿𝑧 Criteria

DAM-1 collision 35.45 20.51 1.94 4.19 A
DAM-2 collision 64.29 12.05 6.83 8.71 A,B
DAM-3 side grounding 82.05 21.82 0.24 4.87 B
DAM-4 side grounding 51.13 25.82 0.57 2.96 A,B
9

Fig. 8. Floodwater mass (top), 𝜙 angle time history (middle) and highlight on transient
stage bottom in calm water for the four sample damages.

then reaching a steady angle of about −15 degrees, as reported
in Fig. 8, together with the amount of floodwater entered during
the flooding process.

DAM-2 is a collision case across midship, with a lower length but
higher penetration and height compared to DAM-1. The damage
in calm water fails criteria A and B, reaching an initial heeling
of about −35 degrees in the transient stage and a steady angle
of −19 degrees, as reported in Fig. 8. The Figure shows that the
amount of floodwater is almost three times that of DAM-1. The
higher steady angle may indicate a more severe condition for
simulations in irregular waves compared to DAM-1.

DAM-3 is a side grounding case between the midship and the fore
shoulder. The damage in calm water fails only criterium B,
reaching a maximum heeling above −30 degrees. After the
transient stage, the flooding progress continues until the ship
reaches almost even keel condition (see Fig. 8). The amount of
floodwater is nearly double that of DAM-1.

DAM-4 is a side grounding case between the aft shoulder and midship.
The damage in calm water fails criteria A and B, reaching a
maximum heeling above −30 degrees and a final equilibrium
heel below −20 degrees (see Fig. 8). The amount of floodwater
is comparable to DAM-1.

Damages DAM-2 and DAM-4 reach a final equilibrium stage below
an absolute value of 20 degrees for the heel angle. Hence, they do
not fail criterion C, but they could still be even more dangerous than
the other 2-failing criteria damages for irregular wave simulations.
Fig. 9 shows the damage location and length of simulations failing
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Fig. 9. Non-dimensional location,length and number of failing criteria of the initial
damage set of collisions (a) and side groundings (b).

the dynamic criteria for collisions and groundings, highlighting the
number of thresholds exceeded by each simulation. Fig. 10 displays
the longitudinal positioning of the already described critical damages
selected for the subsequent analyses on survivability in an operational
sea area.
10
Fig. 10. Longitudinal location and dimensions of the for damages along the ship’s
profile.

4.3. Reference operational sea areas

With the test vessel being a small cruise ship, it is worth selecting
as reference sea areas for the critical collision analysis of sea areas of
the world that are of primary interest for cruises. The following sea
areas are idoneous to have a more general environment suitable and
significant for a large set of cruise ships: the Caribbean Sea (Area 47
for the Global Wave Statistics), the Western Mediterranean (Area 26)
and the Baltic Sea (Area 5). Such a choice allows for avoiding extreme
and particular operational areas that can be operated by dedicated ships
only (e.g. Artic or Antarctic areas).

Fig. 11 shows the scatter diagrams of the three mentioned areas. It is
possible to observe the different natures of the three sea areas; Area 47
presents waves not exceeding 𝐻𝑠 of 6 m, but the wave periods could
be up to 12 seconds, with higher density in the range between 6 and
8 seconds. Area 5 has the same limits for 𝐻𝑠, but the wave periods 𝑇𝑧
are quite different, with higher density between 4 and 6 seconds and
not exceeding 10 seconds. Area 26 has 𝐻𝑠 limits up to 8 m, but the
periods’ limitations are comparable to Area 5.

The scatter diagrams are representative of an average statistics of
a developed wide fetch sea area. However, the study considers also
side groundings/contacts cases (i.e. DAM-3 and DAM-4) which most
likely occur near shore or near harbours, where the environmental
conditions may present lower values of 𝐻𝑠 and in presence of relatively
shallow waters. As such additional data are not available for specific
cases, general scatter diagrams are applied also to the grounding case
to demonstrate the approach on a different damage type than pure
collisions.

5. Influence of operational area on ship survivability

The present Section reports the survivability analysis performed on
the reference ship for the three reference sea Areas and four selected
damages (all described in Section 4) according to the scatter diagram
approach described in Section 3. The presentation of the results consists
of two parts:

1. Sensitivity analysis on 𝑁𝑟: presentation of a set of simulations
aiming at identifying a suitable convergence threshold for the
survivability evaluation with a scatter diagram approach.

2. Heading variations: presentation of a set of simulations showing
the effect of heading on survivability, considering yaw motion
fixed.

All the reported data derive from time-domain simulations per-
formed with code PROTEUS3 (Jasionowski, 2001), which solves the
6DOF rigid-body ship motion equations coupled with the floodwater
dynamics. In this study, as usual for damage stability problems, ship
dynamics is in 4DOF, neglecting surge and yaw motions. The flooding
process is governed by Bernoulli’s equation, while a lumped mass
model describes the motion of water inside compartments. Froude–
Krylov and restoring forces consider the instantaneous wave elevation
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Fig. 11. Wave scatter diagrams of the principal sea areas of interest for passenger ships (Mauro and Vassalos, 2022a).
for regular and irregular waves, radiation and diffraction derive from
2D strip theory. Hydrodynamic coefficients vary with the vessel attitude
during the flooding process. The vessel is assumed free to drift, with
drift forces evaluated by empirical formulations. Here the indications
are provided by trying to be more general as possible, giving more
specific advice, where needed, only for the PROTEUS3 software used
for the reported simulations.

5.1. Sensitivity on the number of repetitions

The preliminary study performed with a scatter diagram approach
took into account a fixed number of repetitions 𝑁𝑟 = 10. Here, 𝑁𝑟
has been increased to 50 to analyse the variation of 𝑠𝐴𝜒 across the
repetitions s for 𝜒 = 90 degrees. Figs. 12 to 15 show the scatter diagram
results on the three see areas at the fixed 𝑁𝑟 of 10, 25 and 50 for
DAM-1, DAM-2, DAM-3 and DAM-4, respectively.

Considering the collision damages, Fig. 12(a) shows the surviv-
ability in the three areas for DAM-1 with 𝑁𝑟 = 10, Fig. 12(b) with
𝑁𝑟 = 25 and Fig. 12(c) with 𝑁𝑟 = 50. The differences in wave
occurrences between the three scatter diagrams impact the 𝑠𝐴𝜒 value
among the sea Area; however, the repetitions influence the result too.
The colour change in the scatter cells visually highlights the differences,
which lead to different survivability values. Analysing the reported 𝑠𝐴𝜒
variations with 𝑁𝑟 area by area, it is evident that DAM-1 survivability
is affected by environmental conditions with a 𝐻𝑠 above 4 m, thus
conditions with low occurrence in all the three sea Areas, especially for
Area 5. Therefore, the survivability changes with 𝑁𝑟 are small, below
1.5% (Area 47) or about 0.4% in the case of Area 5.

Fig. 13 shows the results for DAM-2 with 𝑁𝑟 = 10 (Fig. 13(a)),
𝑁𝑟 = 25 (Fig. 13(b)) and 𝑁𝑟 = 50 (Fig. 13(c)). The damage case is
more severe than DAM-1, leading to a lower survivability level in all
three analysed sea Areas. The survival rate changes in the single cells
modify the shape of the capsize region, which for DAM-2 extends in an
area where wave occurrences are higher than for DAM-1. Consequently,
the variability of the results obtained varying 𝑁𝑟 is higher than in the
previous case in all three sea Areas, reaching about 2.5% for Area 47
and being above 1% also for Area 5.

Switching to the side grounding cases, Fig. 14 shows the results for
DAM-3 with 𝑁𝑟 = 10 (Fig. 14(a)), 𝑁𝑟 = 25 (Fig. 14(b)) and 𝑁𝑟 = 50
(Fig. 14(c)). DAM-3 is the less severe of the four analysed damages, and
for the three selected sea Areas, only one cell with survival rate equal to
zero is present. Therefore, the variations of 𝑠𝐴𝜒 pertain only to the bi-
dimensional capsize band, leading to little survivability level variations
with 𝑁𝑟, all with a magnitude below 1%. Even though the differences
are minor across the repetitions, the survivability value changes with
the reference sea Area in line with variations observed for DAM-1.

At least, Fig. 15 shows the results for DAM-4 with 𝑁𝑟 = 10
(Fig. 15(a)), 𝑁 = 25 (Fig. 15(b)) and 𝑁 = 50 (Fig. 15(c)). Even though
11

𝑟 𝑟
Table 4
𝑠𝐴𝜒 values at different 𝑁𝑟 for the four analysed damage cases in the three
reference sea areas.

Dam. ID 𝑁𝑟 Area 47 Area 26 Area 5

10 0.9593 0.9518 0.9769
DAM-1 25 0.9495 0.9497 0.9756

50 0.9444 0.9479 0.9745

10 0.7151 0.8507 0.8919
DAM-2 25 0.7240 0.8489 0.8902

50 0.7332 0.8594 0.9009

10 0.9498 0.9715 0.9863
DAM-3 20 0.9680 0.9740 0.9884

50 0.9673 0.9734 0.9886

10 0.7226 0.8680 0.9118
DAM-4 20 0.7231 0.8708 0.9149

50 0.7262 0.8665 0.9100

DAM-4 is a side grounding, it presents a survivability level similar to
the collision case DAM-2. Therefore, the considerations valid for DAM-
2 remain the same for DAM-4, with survivability variations between
2.5% for Area 47 and 1% for Area 5. As a final recap, Table 4 reports
the survivability values at fixed 𝑁𝑟 for all analysed damages and sea
Areas.

A simple comparison of 𝑠𝐴𝜒 at the three 𝑁𝑟 values reported in the
graphic examples cannot establish the 𝑁𝑟 value, which ensures the con-
vergence of the survivability calculation. The process convergence can
be checked by monitoring the relative differences between consecutive
𝑠𝐴𝜒 values:

𝛥𝑠𝐴𝜒𝑗 =
|

|

|

|

𝑠𝐴𝜒𝑗 − 𝑠𝐴𝜒𝑗−1
|

|

|

|

for 𝑗 = 2,⋯ , 𝑁𝑟 (25)

where 𝑠𝐴𝜒 derives from Eq. (24).
The identification of adequate convergence thresholds is necessary

to avoid the necessity of executing too many simulations to reach a
reliable result. To this end, it is essential to understand the meaning of
the variable under analysis and its relation to end-users necessities. The
description of survivability with a scatter diagram approach introduces
the concept of a downtime period, means the amount of time the
vessel could survive in one year, parallel to the probability of capsizing
in a given sea state. The adopted scatter diagrams have an annual
definition, which means that survivability is associated with a fraction
of a year where the ship can be considered safe in a sea Area after a
given accident. It is then possible to quantify the threshold in terms of
days a year, which means adopting a consolidated practice for vessel
operability evaluation for onboard workability or Dynamic Positioning.
Therefore, a convergence threshold of 1 day a year corresponds to a
𝛥𝑠𝐴𝜒 of 2.74 ⋅ 10−3. Increasing the tolerable days a year increases the
threshold value; like one of 5 days a year corresponds to a 𝛥𝑠 of
𝐴𝜒
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Fig. 12. DAM-1 survivability in the three selected sea areas considering 10 (a), 25 (b) and 50 (c) repetitions.
13.70⋅10−3, 30 days corresponds to 82.19⋅10−3 and so on for all relevant
thresholds.

Fig. 16 reports the variations of survivability 𝑠𝐴𝜒 and 𝛥𝑠𝐴𝜒 with 𝑁𝑟
for the four analysed damage cases in the three reference sea Areas.
For each sea Area, the upper graphs report the curves referring to the
four damages, highlighting the differences in the survivability value of
each damage across the three Areas. As also emphasised in Table 4,
the differences are higher for the two most critical damages (DAM-2
and DAM-4) rather than less severe cases (DAM-1 and DAM-3), where
there is only for Area 5 an effective survivability change. Such a matter
confirms the trend already shown for 𝑁𝑟 = 10 by Mauro and Vassalos
(2022a) and is essentially due to the different coupling between the
12
bi-dimensional capsize band and the wave occurrences across the sea
Areas. However, the survivability level also influences the oscillations
of 𝑠𝐴𝜒 with 𝑁𝑟, clearly observable in the given figure. Once survivabil-
ity is between 0.9 and 1.0, the differences across consecutive iterations
are relatively small, regardless of the sea Area of interest, as it is
observable, especially for DAM-1 and DAM-3.

As mentioned, Fig. 16 also shows the variation of 𝛥𝑠𝐴𝜒 with 𝑁𝑟,
which is visible in the lower set of graphs adopting, to improve read-
ability, a logarithmic representation on the 𝑦-axis. The variations of
𝛥𝑠𝐴𝜒 across consecutive repetitions present significant oscillations for
all four damage cases and in all three reference sea Areas. However,
the survivability value seems to influence the oscillation magnitude,
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Fig. 13. DAM-2 survivability in the three selected sea areas considering 10 (a), 25 (b) and 50 (c) repetitions.
as the 𝛥𝑠𝐴𝜒 values for Area 5 (the one presenting higher survivability
levels) are lower than the other two sea Areas. The individual damages
DS for the same Areas confirms such a trend, with lower 𝛥𝑠𝐴𝜒 values
for DAM-1 and DAM-3 than for DAM-2 and DAM-4. Nevertheless,
the main scope of the 𝛥𝑠𝐴𝜒 analysis is to identify a suitable number
of repetitions to achieve a reasonable convergence threshold for 𝑠𝐴𝜒 .
To this end, the 𝛥𝑠𝐴𝜒 graphs in Fig. 16 also report the convergence
thresholds corresponding to one day and five days a year. Observing
the 𝛥𝑠𝐴𝜒 curves for all damages and sea Areas, after ten repetitions,
all the variations are below the five days a year threshold. That means
the assumption of 𝑁𝑟 = 10 of the initial reference studies (Spanos and
Papanikolaou, 2014; Mauro and Vassalos, 2022a) give a confidence of
13
at most about one weak on the detected survivability levels for the
analysed cases. When the survivability level is high (e.g. between 0.9
and 1.0 as for Area 5, or close to 1.0 in general), the threshold of 1 day
a year is satisfied also with ten repetitions.

However, when the 𝑠𝐴𝜒 value is lower than 0.9, thus representative
of a more critical damage case, ten repetitions appear to be few to
reach a threshold close to 1 day a year. Assuming that the convergence
threshold of 1 or 2 days a year is a good approximation for the scatter
diagram approach to damage stability, ensuring a reasonable balance
between accuracy and amount of calculations, 20 repetitions are a
suitable minimum amount of repetitions for a single cell. Therefore,
after this sensitivity analysis, 𝑁 = 20 is the suggested minimum
𝑟
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Fig. 14. DAM-3 survivability in the three selected sea areas considering 10 (a), 25 (b) and 50 (c) repetitions.
amount of repetitions for each environmental condition of interest. To
reach a higher convergence level, the number of consecutive repetitions
increases, as it is for the operability evaluation of a ship (Mauro and
Nabergoj, 2022), where values of 1 hour a year are used. However,
such restrictive thresholds are, for the moment, too accurate for the
assumptions of state-of-the-art damage stability calculations.

According to the sensitivity analysis results, all the survivability
analyses reported in the paper adopt 𝑁𝑟 = 20, which is higher than the
𝑁𝑟 adopted in damage stability studies available in the literature (Rupo-
nen et al., 2019; Mauro and Vassalos, 2022a; Spanos and Papanikolaou,
2012; Cichowicz et al., 2016; Mauro et al., 2022b, 2023) but in line
14
with recent benchmarking studies in irregular waves (Ruponen et al.,
2022a,b).

5.2. Effect of heading

After determining a minimum number of repetitions suitable for
survivability calculation on a single condition, this Section discusses the
effect of heading on the capsize rates. The sensitivity study highlighted
no substantial differences between collisions and side-groundings cases;
therefore, the present investigation on the heading effect considers
DAM-1 and DAM-2 only.
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Fig. 15. DAM-4 survivability in the three selected sea areas considering 10 (a), 25 (b) and 50 (c) repetitions.
The time-domain simulations at different headings do not consider
the yaw motion; thus solving a 4 DOF system of equations as it is for
the conventional simulations at 𝜒 = 90 degrees. The Section reports in
graphical and tabular form the cells survivability 𝑠𝑘ℎ and the Area 𝑠𝐴𝜒 .

As mentioned in Section 2, the survivability calculations consider
only the beam sea encounter condition 𝜒 = 90 or 270 degrees,
according to the side of the damage. Such an initial setting reflects the
concept of performing a simulation on the possible worst condition the
vessel may encounter, thus being on the safe side. Here, the simulations
evaluate the survivability in the sea area by changing the heading
around the intrinsically supposed worst condition. 60 and 120 degrees
are the first heading conditions investigated for both collision damages.
15
Figs. 17 and 18 show the results for the three reference scatter
diagrams, adopting an analogue representation of Figures from 12 to 15
in the previous Section. Fig. 17 shows the survivability in the three sea
areas for damage DAM-1 at heading 60 degrees (Fig. 17(a)), 90 degrees
(Fig. 17(b)) and 120 degrees (Fig. 17(c)). All cases consider 𝑁𝑟 = 20;
thus, the 90 degrees condition does not match the solutions provided in
Fig. 12. The reported local cells survivabilities 𝑠𝑘ℎ highlight that there
is a difference between the safe and unsafe combinations of 𝐻𝑠 and 𝑇𝑧
at different headings. Also, the area survivability levels confirm such a
difference, registering higher 𝑆𝐴𝜒 for 𝜒 = 90 degrees and comparable
values for 𝜒 = 60 and 120 degrees. Of course, the differences between
the individual areas remain due to the already described local wave
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Fig. 16. Survivability (top) and variations (bottom) as a function of 𝑁𝑟 for the four damages in the three reference sea areas.
statistics. Looking more in detail at the cells 𝑠𝑘ℎ between 60 and 120
degrees, the critical values with 𝑠𝑘ℎ > 0 appear for higher couples
𝐻𝑠−𝑇𝑧 for 𝜒 = 120 rather than 𝜒 = 60 degrees. However, the occurrence
of the cells where the highest differences are present is statistically
insignificant, leading to almost equal area survivabilities.

Fig. 18 shows the survivability in the three sea areas for damage
DAM-2 at heading 60 degrees (Fig. 18(a)), 90 degrees (Fig. 18(b)) and
120 degrees (Fig. 18(c)), considering 20 repetitions per cell simulation.
As for DAM-1, the differences among the headings are visible in the cell
survivability 𝑠𝑘ℎ values, confirming the lower survivability level for the
beam sea condition. However, the survivability in the three reference
areas is lower for 𝜒 = 60 degrees instead of 120, opposing the trend
shown by DAM-1. Being DAM-2 a most severe case than DAM-1, as it
is representative of a two-failure case damage (see Section 4), the area
survivability levels in the three areas is lower than DAM-1, and the
differences in 𝑆𝐴𝜒 between headings are higher too. A reason for the
different trend with the encounter headings between the two damages
is the location of the damage. DAM-1 stands on the aft shoulder of
the ship, whilst DAM-2 is between the midship and fore shoulder.
Such a matter may justify the higher impact on survivability of 60
degrees for DAM-2 and 120 deg for DAM-1, thus conditions where the
damage is facing more directly the incoming wave system. Besides the
damage location, also the internal layout and the consequent coupling
with trim and flow-mass entering the ship emphasise the differences
in damage severity. In any case, the worst state remains 90 degrees;
however, additional calculations have been carried out on DAM-2 (the
worst damage case), considering intermediate headings between 60
and 120 degrees. The supplementary simulations confirm that 𝜒 =
90 degrees is the worst case for that damage, as the survivability
decreases while reaching the beam sea conditions. Figs. 19(a) and 19(b)
graphically report the trend of the above-described considerations on
𝑆𝐴𝜒 survivability and headings. The representation also includes the
two-day-a-year threshold, highlighting how 𝑆𝐴𝜒 differences among the
𝜒 are outside the threshold value. Not the same falls for the different
𝑆 between the sea areas on the same damages, whereas for DAM-1,
16

𝐴𝜒
Table 5
𝑠𝐴𝜒 values at different 𝑁𝑟 for the four analysed damage cases in the three
reference sea areas.
𝜒 (deg) 𝑝 (𝜒) (–) Area 47 Area 26 Area 5

0 0.042 0.8870 0.9660 0.9853
30 0.083 0.8768 0.9593 0.9822
60 0.083 0.8010 0.9195 0.9574
75 0.000 0.7642 0.8832 0.9231
90 0.083 0.7123 0.8504 0.8934
115 0.000 0.8433 0.9361 0.9678
120 0.083 0.8787 0.9521 0.9781
150 0.083 0.9414 0.9786 0.9929
180 0.083 0.9436 0.9812 0.9943
210 0.083 0.9637 0.9839 0.9962
240 0.083 0.9303 0.9681 0.9881
270 0.083 0.8533 0.9198 0.9535
300 0.083 0.8244 0.9302 0.9642
330 0.083 0.8811 0.9615 0.9838
360 0.042 0.8870 0.9660 0.9853

𝑆𝐴 (–) 0.8744 0.9476 0.9724

the final 𝑆𝐴𝜒 for Areas 47 and 26 lay inside the thresholds. Therefore,
the severity of DAM-1 for the given heading is equivalent between the
two areas without a statistic-consistent difference.

The survivability level 𝑆𝐴 of a damage case in a sea area, according
to Eq. (23), considers the presence of multiple headings. Therefore, a
complete survey should investigate a broader set of encounter angles.
To this end, an additional set of calculations has been carried out,
systematically changing the heading 𝜒 from 0 to 360 in steps of 30
degrees. As the investigation around 𝜒 = 90 degrees showed that DAM-
2 presents more 𝑆𝐴𝜒 variations across the headings, this collision case
is the best candidate for additional simulations.

Fig. 20 shows the obtained 𝑆𝐴𝜒 for the different headings in polar
form, also keeping the intermediate angles around 90 degrees. It is
observable that the trend of the 𝑆𝐴𝜒 polar plots is similar between the
sea areas, confirming the higher severity for 90 degrees. As expectable,
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Fig. 17. DAM-1 survivability in the three selected sea areas considering a heading 𝜒 of 60 (a), 90 (b) and 120 (c) degrees on 20 repetitions.
the survivability of encounter conditions changes with the headings,
being higher for 𝜒 angles where the damage is not directly facing
the breach. Therefore, the resulting capability plot is not symmetric
between 0 and 180 degrees nor between 90 and 270 degrees. Table 5
reports the survivability level 𝑆𝐴𝜒 for all the analysed headings, giving
the weights used to obtain the final global survivability 𝑆𝐴. In such
a case, only the 30 degrees steps contribute to the 𝑆𝐴 values for the
three reference sea areas, considering homogeneous weights among
headings. The obtained survivability levels 𝑆𝐴 are different for each sea
area and, of course, are higher than the survivability level for heading
17
90 degrees only, which means the traditionally adopted encounter
conditions. The ranking between the sea areas remains the same as the
90 degrees condition, confirming Area 47 as the most severe for the
considered damage case.

The evaluation of 𝑆𝐴 according to Eq. (23) and considering 12
headings requires the execution of 52 simulations repeated 20 times
(or with an alternative 𝑁𝑟). The execution of such a high number
of calculations for a damage case (12,480 in total) suggests that,
without having a dedicated calculation cluster for damage stability, the
complete scatter diagram approach is suitable only for selected damage
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Fig. 18. DAM-2 survivability in the three selected sea areas considering a heading 𝜒 of 60 (a), 90 (b) and 120 (c) degrees on 20 repetitions.
cases filtered from a broader initial set of dynamic simulations aimed
to identify critical damages.

5.3. Concluding remarks

The current work presents alternative methodologies for evaluating
the survivability of a damage case in an irregular sea environment.
The previous sections focus on the methodology, calculation settings
and results obtained employing these newly introduced environmental
modelling. However, here and in the preliminary study from the litera-
ture (Mauro and Vassalos, 2022a), a comparison between survivability
18
levels obtained with the conventional methods and the proposed ones
is still missing.

Table 6 presents the obtained results adopting the conventional
survivability 𝑠𝐻𝑠

, based on the application of Eq. (9), the area-specific
survivability 𝑆𝐴𝜒 for 𝜒 = 90 degrees (Eq. (24)) with fixed and free yaw,
and the 𝑆𝐴 based on Eq. (23). For a fair comparison, all the reported
data refer to 𝑁𝑟 = 20 repetitions for simulations of 30 minutes of
exposure time. As mentioned during the individual analyses, a complete
comparison between all the tested options is available only for DAM-2;
however, the results for other damages highlight the main differences
between a conventional and a scatter diagram approach. The table
reports the survivability values and the relative comparison between
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Fig. 19. Survivability levels for DAM-1 and DAM-2 with 2 days uncertainty thresholds considering fixed heading simulations.
Fig. 20. Polar representation of survivability 𝑆𝐴𝜒 for DAM-2 for the three reference
sea areas.

conventional and alternative survivability measured through the index
𝛿𝑠 having the following form:

𝛿𝑠 (%) = 100
𝑠𝑛𝑒𝑤 − 𝑠𝐻𝑠

𝑠𝐻𝑠

with 𝑠𝑛𝑒𝑤 ∈
(

𝑠𝐴, 𝑠𝐴𝜒
)

(26)

The reference survivability 𝑠𝐻𝑠
used in the formulation is already

a function of a higher number of repetitions than the standard used
in conventional damage stability simulations, but, as mentioned, 𝑁𝑟 =
20 is the standard of this study after the sensitivity analysis. There-
fore, the relative differences obtained by employing the five or ten
repetitions suggested by other studies may differ from the reported
values in Table 6. However, the provided comparison is representative
of calculations having the same confidence on the final survivability
level and, therefore, more reliable than mixing values with different
convergence thresholds.
19
Table 6
Survivability for the four analysed reference damages according to different methods
and percentage differences 𝛿𝑠 (in the brackets).

Survivability DAM-1 DAM-2 DAM-3 DAM-4

𝑠𝐻𝑠
Eq. (9) 0.8417 0.6067 0.9073 0.6621

Area 47 0.9495 0.7123 0.9623 0.7177
(+12.81) (+17.41) (+6.06) (+8.40)

𝑠𝐴90◦
Eq. (23) Area 26 0.9493 0.8504 0.9735 0.8685

(+12.78) (+40.16) (+7.30) (+31.17)

Area 5 0.9753 0.8934 0.9878 0.9128
(+15.87) (+47.26) (+8.87) (+37.86)

Area 47 – 0.8744 – –
(–) (+44.12) (–) (–)

𝑠𝐴 Eq. (22) Area 26 – 0.9474 – –
(–) (+56.16) (–) (–)

Area 5 – 0.9724 – –
(–) (+60.27) (–) (–)

The results listed in the table summarise the differences between the
alternative methods already stressed in the previous sections, adding
a comparative variation with state-of-the-art predictions. All the pro-
posed alternative methods for the survivability evaluation in a realistic
sea environment produce higher survivability values than conventional
simulations. The 𝛿𝑠 increases range from 6 to almost 60% of the
𝑠𝐻𝑠

values among the damages, stressing the dependency on the sea
areas, damage severity and analysis type. Less severe is the damage
case, and lower is the difference in 𝛿𝑠 changing the analysis type. On
the contrary, an opposite trend correlates with sea areas, where less
severe wind-wave occurrences generate a higher advantage in terms
of gained survivability. Concerning the proposed methods, the total
area survivability 𝑠𝐴 (Eq. (23)) has the highest increase compared to
𝑠𝐻𝑠

, even though it has been tested only for DAM-2. In any case, the
number of calculations needed to perform the survivability analysis
in specific sea states and encounter conditions significantly increases
compared to standard damage stability assessments, also by considering
a reduced number of repetitions instead of 𝑁𝑟 = 20 coming from the
sensitivity study. It is then advisable to use these more detailed and
advanced predictions only for a significant set of critical damages, for
forensic analyses or for demonstrating the effectiveness of an internal
layout in severe conditions. An alternative application of the proposed
methodologies requires an improvement in the calculation time of the
damage stability codes and a simulation-oriented transition of designers
to the damage stability problem (Mauro et al., 2023), giving more space
to complex simulation in the design process of passenger ships.

The last consideration concerns the suggested number of repetitions
of irregular wave cases. The sensitivity study focuses on the repetition
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Table 7
Time to capsize mean values at different 𝑁𝑟 for the four damage cases in
a given environmental condition (𝐻𝑠=3.5 m, 𝑇𝑧=6.5 s and 𝜒=90 deg).
𝑁𝑟 Mean TTC (s)

DAM-1 DAM-2 DAM-3 DAM-4

10 1220.8 201.1 1622.8 139.7
20 1256.1 203.6 1533.2 339.4
25 1232.0 238.5 1586.6 333.8
50 1202.4 242.4 1622.1 427.5

Fig. 21. Time to capsize TTC cumulative distributions at different 𝑁𝑟 for the four
sample damages.

needed to reach a given confidence threshold in the survivability level.
However, time-domain simulations provide additional outputs relevant
to the interpretation/analysis of damage stability of ships, such as, for
example, the time to capsize TTC (Cichowicz et al., 2016; Spanos and
Papanikolaou, 2014).TTC is extremely relevant for the determination
of the risk assessment of the ship (Vassalos et al., 2022d), as it con-
tributes to the estimation of the fatalities occurring after an accident
in combination with the results of evacuation analyses. Then, accurate
estimation of TTC is of utmost importance for risk analyses. As an exam-
ple, Table 7 reports the mean TTC values extrapolated from simulations
performed in 𝐻𝑠=3.5 m and 𝑇𝑧=6.5 s for the heading of 90 degrees with
fixed yaw. The values refer to different repetitions, highlighting that
the mean value of TTC is not reaching a clear trend for convergence
between the 50 repetitions. The mean value for TTC is the significant
measure of TTC used in the literature (Cichowicz et al., 2016); however,
as recognisable in Fig. 21, the TTC may have a cumulative distribution
where the mean TTC is less significant than other statistical orders to
20
define an extreme event. In any case, Fig. 21 highlights that the cumula-
tive TTC distributions do not reach convergence after 50 repetitions for
the reported cases. Therefore, for performing detailed forensic analyses,
it is advisable to increase the number of repetitions, but this should
require dedicated analyses and studies. In addition, despite the fact
that PROTEUS3 software is capable of reproduce model experiments on
damaged large passenger vessels (Ruponen et al., 2022b), there are still
concerns about the code reliability for severe sea states (i.e. simulations
with 𝐻𝑠 higher than 4.5–5.0 m). Such a matter is crucial once quantities
like TTC needs to be evaluated, as the associated uncertainties increases
as indicated by benchmarking activities. Furthermore, there is still not
available measurement for ship survivability as a function of vessel
heading. Even though the study remains purely numerical, it is still a
good starting point to promote enhanced analyses of damaged stability,
with emphasis on more realistic operational environmental conditions.

As a last comment, all the calculations performed in this study refer
to an environmental modelling which refers to a long-crested sea. The
obtained results are valid for this condition; however, it could be of
interest evaluating the survivability of the damaged ship also for short-
crested seas, employing a spreading function for the wave spectra, and
checking whether the survivability and TTC remains present different
peculiarities.

6. Conclusions

The present work proposes alternative methods to conventional
damage stability analyses for performing survivability evaluation of
critical damage cases in a site-specific irregular sea environment. The
adopted methods abandon the standard definition of the damaged
ship wave environment employing the significant wave height only
in favour of a bi-dimensional characterisation, including the zero-
crossing period. Adopting a continuous bivariate wave distribution or
a scattered approach (scatter diagram) allows for avoiding statistical
incongruences highlighted for the conventional wave height distribu-
tion employed in damage stability. Sensitivity analysis identifies the
minimum number of repetitions needed to gain a satisfactory level of
convergence for survivability. With the selected number of repetitions,
the application of operativity calculation in different sea areas and
headings highlight the different severities of the same damage in dis-
tinct operational areas, with a consistent decrease in damage severity
compared to conventional analyses.

The main considerations and way forward from additional research
can be summarised in the following points:

- Wave distribution: despite the adoption of a scatter diagram ap-
proach, with the consequent adoption of site-specific bivariate
wave distributions, dedicated work needs to be done for an ap-
propriate an consistent formal description of the 𝐻𝑠 distribution.
As highlighted in the paper, the distributions in use in the dam-
age stability assessment does not represent a probability space
and should be reformulated to provide a reliable instrument for
standard assessments.

- Scatter approach: the survivability evaluation on a given set of
wave parameter combination allows for detecting the damage
severity in operational areas specific for passenger ships. The
evaluation of more than one single encounter condition con-
tributes to the detection of higher survivability levels compared
to standard survivability assessment. The adoption of a scatter
diagram approach implies the execution of a higher number of
calculations compared to conventional analyses; however, such
an approach provides more insight in the identification of critical
conditions. An effective and capillary application of the pro-
posed methods in the damage stability assessment requires the
improvement of the computational performances of state-of-the-
art damage stability codes. Furthermore, benchmarking has been
performed, nowadays, for beam seas condition only. Even though
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the code PROTEUS3 shows a good agreement with the model
tests in irregular waves, a verification is needed for the software
capability in different heading conditions. Thus, it is highly rec-
ommended to promote further benchmarking studies on damaged
ship survivability for more realistic operational conditions.

- Number of repetitions: the sensitivity analysis performed highlights
that 20 repetitions of an irregular wave condition may be suffi-
cient to grant a convergence threshold of 2 days in a year. Such a
𝑁𝑟 can be enough for survivability evaluation but appears to be
not sufficient for other quantities of interest as the time to capsize,
suggesting the need for additional investigation on that topic.

The application and in-depth analyses of the highlighted points will
further increase the information available on vessel survivability since
the early ship design process. Such a matter will strongly contribute
towards the transition from prescriptive approaches to fully direct
calculations to assess the damage stability problem in the design of
passenger ships.
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