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A Framework for Probabilistic Damage
Stability Assessment of Passenger Ships
Considering Collision, Grounding

and Contact Accidents
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Alberto Francescutto, Rainer Hamann, Daniel Lindroth,
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Abstract This contribution provides an overview of the framework implemented
in the joint industry project “eSAFE—enhanced Stability After a Flooding Event”
for probabilistic damage stability assessment of passenger ships. The framework
takes into account collision, bottom grounding and side grounding/contact acci-
dents, by providing specific corresponding attained subdivision indices. Damage
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cases and associated flooding probabilities are determined through a common auto-
matic non-zonal approach, while the post-damage survivability metric is based on
the SOLAS “s-factor”. The framework is intended for practical application and is
generally consistent with existing SOLAS probabilistic damage stability regulations.
To support designers in the application of the framework, a specific software func-
tionality has been developed, tested and applied. Some example applications of the
framework are reported.

Keywords eSAFE - Damage stability - Non-zonal approach - Collision -
Grounding + Contact - SOLAS

1 Introduction

The joint industry project “eSAFE—enhanced Stability After a Flooding Event” [28,
29] ran between 2017 and 2018, with the aim of investigating the survivability of
cruise ships in damaged conditions, taking into account the specific design features
of such complex type of vessels. As described by Luhmann et al. [28, 29], the project
investigated a series of aspects related to the assessment of cruise ships survivability
in damaged condition, with a view towards practical implementation of the findings
from the project in the actual ship design process. Overall, eSAFE represented a
significant step forward to achieve survivability standards beyond current statutory
SOLAS damage stability regulations.

One of the key objectives of the eSAFE project was the development of a holistic
probabilistic methodology, together with an associated NAPA software functionality
to be used in actual design, for assessing post-damage ship survivability combining
collision, bottom grounding and side grounding/contact damages, through a sound
and consistent generalised approach.

To achieve this target, the activities carried out in eSAFE leveraged on, further
developed and expanded relevant outcomes from the preceding EMSA 3 project [11],
for which a summary of overall final results and corresponding recommendations
for decision making have been provided by Vassalos et al. [44]. The results from
EMSA 3 and the applied methodology have also been evaluated by the IMO FSA
Experts Group [17].

During the EMSA 3 study, a probabilistic method was developed, implemented
in a software tool and tested on real designs, for addressing survivability following
bottom grounding and side grounding/contact in case of passenger vessels [4,46]. The
method was based on a non-zonal approach where: (a) breaches are directly generated
on the basis of a geometrical and probabilistic model for the damage extent through
a Monte Carlo approach; (b) “damage cases” are automatically created based on
the identification of breached compartments; (c) associated probabilities of flooding
are estimated by collecting the probability contribution from breaches leading to the
same “damage case”. Survivability for each damage case can then be determined
through the usual s-factor, and attained indices are eventually obtained for each



calculation draught and corresponding loading condition. Recently, Bulian et al. [8]
have provided a comprehensive description, together with example applications, of
the EMSA 3 non-zonal approach, embedding also some improvements stemming
from the eSAFE project.

The non-zonal method developed in EMSA 3 for bottom grounding and side
grounding/contact has been extended in eSAFE in order to address also collision
damages, keeping consistency with present SOLAS [19]. In this context, it was neces-
sary to develop a probabilistic model for the position of the lower edge of damage, as
this is missing in the present SOLAS framework [5, 6]. This development, combined
with a clear geometrical description of the breach, allowed to develop a non-zonal
approach for collision, which could be used alongside those for grounding/contact.

Then, approaches were explored in eSAFE for defining safety metrics in
order to combine survivability in case of collision, bottom grounding, and side
grounding/contact [47]. To this end, reference has been made to statistical anal-
ysis of accidents data and to existing risk-models [23, 46]. In this respect, it is worth
noting that, in general, risk-based approaches for damage stability are, of course, not
new, and have been developed and used already in the past. This can be appreciated,
for instance, from the content in Vassalos et al. [43], Papanikolaou [36], Neves et al.
[35] and Belenky et al. [2], and from the relevant papers in the review by Backalov
etal. [1].

Based on the findings from the mentioned eSAFE activities, a new functionality
for practical implementation of the non-zonal approach has been made available
in NAPA [27], and the tool has been tested within eSAFE to gain experience and
provide feedback.

A procedure for calculation and reporting of results was also envisaged which
takes into account the presence of random sampling uncertainty in the application
of the non-zonal approach [47].

It is noted that the outcomes from the eSAFE project also represented input
for further advancement and development activities within the subsequent FLARE
project [12].

Some brief discussion is also worth at this stage regarding the methodological
approach used in eSAFE for the results presented herein. In fact, as it will be evident
in the following, the reported eSAFE developments are essentially based on a combi-
nation of use of historical data and implementation of expert judgement for the risk
modelling, when necessary, and on the use of simplified models for the specification
of the post-damage survivability metric, essentially the s-factor. The use of histor-
ical data is the most common approach, and it has the benefits of being based on
evidence and to inherently embed information on design and operation of existing
ships. At the same time, historical accident data tend to be generally scarce (in terms
of total numbers and details), and this eventually leads to statistical uncertainty in
the estimation of frequencies/probabilities. Further uncertainty is introduced when,
in absence of sufficient historical data, it is necessary to resort to expert judgement.
The analysis by Hamann et al. [13] recognises the benefits as well as the shortcom-
ings of exploiting historical data for the development of risk models, and outlines
a framework where the analysis of historical data is combined with first-principle



simulation approaches. Such a combined approach has valuable potential, although
it should be recognised that the use of first-principle approaches is not free from
shortcomings itself. In fact, when first-principle approaches are used, uncertainty
may be shifted from the analysis of historical data to the inevitable assumptions
implemented in the usage of simulation tools. Nevertheless, the use of first-principle
approaches is definitely more flexible, and it allows to carry out more thorough anal-
yses taking into account in more detail ship-specific characteristics. Sensitivity with
respect to the used assumptions can also be properly assessed, as deemed necessary.
Furthermore, while modelling based on historical data, by its very nature, focuses
on “what has happened in the past”, the use of first-principle simulation approaches
has the potential for trying to foresee what “may happen in the future”. A typical,
well-known, example of first-principle approach for damage stability assessment is
the use of numerical time domain flooding simulation tools (e.g. [22, 40, 41, 45]),
that may have the potential for, at least, complementing the use of the SOLAS simpli-
fied s-factor. As another interesting example, recently, Conti et al. [9] have shown
how first-principle approaches for crashworthiness could be quantitatively embedded
into a SOLAS-like flooding assessment framework, in order to give proper credit to
differences in the ship structural design. Earlier work on this topic can also be linked
to the HARDER project [30]. The approach of Conti et al. [9] clearly shows its poten-
tial, but it also shows the necessity of introducing simplifying assumptions. Another
example in the direction of a more extensive use of first-principle approaches is
provided by Zhang et al. [48], who combined AIS traffic data analysis (see also, e.g.,
[33]), structural analysis and s-factor-based damage stability analysis, to determine
the attained subdivision index. Also the work by Zhang et al. [48] clearly shows
the potential of first-principle approaches, but, at the same time, it also shows the
associated complexity and the need to introduce working/simplifying assumptions.
Therefore, while the use of first-principle approaches shall definitely be pursed for
future advancement, still the approach based on historical data, expert judgement and
simplified survivability metric as used in eSAFE can be considered fully justified.

This contribution is based on Bulian et al. [7] and provides an updated summary
overview of the main outcomes of the mentioned activity (see also [28, 29]). In
the following, Sect. 2 provides a summary regarding the development of the non-
zonal approach for collision. Afterwards, Sect. 3 summarises the different approaches
that have been considered for addressing collision, bottom grounding, and side
grounding/contacts in a common framework. Section 4 then provides an overview of
the software implementation. Section 5 shows some examples from the testing and
application. Finally, Sect. 6 reports some summarising conclusions.

2 Non-zonal Approach for Collision

The present damage stability framework in SOLAS Ch.II-1 [19] allows deter-
mining the probabilities of flooding of a (group of) compartment(s) by using p-,
r- and v-factors (SOLAS/II-1/B-1/7-1, SOLAS/II-1/B-1/7-2). In particular, p-factor



accounts for transversal subdivision defining so-called “zones”, and this is why the
SOLAS approach can be shortly referred to as “zonal”. The analytical formulae
for such factors embed the assumed probability distributions of collision damage
characteristics (position, length, penetration and vertical extent above waterline).

It is well known that the basic ideas leading to the present SOLAS originated from
the HARDER project (see [30, 31]). Subsequently, some modifications regarding
damage distributions have been introduced during the discussion at IMO, leading
to the final formulation, as embedded in SOLAS 2009 and eventually in the present
SOLAS 2020 regulations.

In the EMSA 3 project a different methodology was proposed for addressing
bottom grounding and side grounding/contact [4, 8, 46], which was referred to as
“non-zonal”. In the “non-zonal” approach, single breaches are generated using a
Monte Carlo procedure based on the distributions of damage characteristics. Each
individual breach will lead to the flooding of a certain (set of) room(s), which repre-
sents what is usually called a “damage case”. Summing up the probabilities asso-
ciated to all breaches leading to the same damage case, it is possible to estimate
the probability of occurrence of each damage case. This can then be directly used
in the calculation of A-indices. The idea of exploiting Monte Carlo generation of
breaches for determining damage cases and associated probability of flooding was
used also by Kehren and Kriiger [24], Kriiger and Dankowski [25, 26], Valanto and
Friesch [42] and Dankowski and Kriiger [10] considering ship performance in terms
of regulatory damaged ship stability and/or oil outflow following MARPOL [14, 21,
46]. Given the ship model for damage stability calculations, the application logic of
the non-zonal approach is illustrated in Fig. 1.

During eSAFE, the EMSA 3 non-zonal approach was extended to cover also colli-
sion damages, keeping, as main target, the highest possible consistency with existing
SOLAS framework [5]. To this end, an explicit definition of the geometrical model
for collision damages was provided, and the generation of breaches due to colli-
sion damages was based on the distributions for damage characteristics according to
SOLAS background.

SOLAS, however, does not provide a distribution for the lower limit of vertical
extent of damage. Instead, SOLAS uses a “worst-case approach” (often referred to as
“damages of lesser extent™), where a systematic variation of the lower limit of damage
is carried out in the calculations to find the damage case giving the least s-factor when
there are horizontal subdivision boundaries below the waterline (SOLAS/II-1/B-1/7-
2/6.2). This approach, by its very nature, is conservative, as it leads to a systematic
conservative estimation of the attained subdivision indices [6, 47]. Shortcomings
of the use of “damages of lesser extent” have also been highlighted by Kriiger and
Dankowski [25]. In order to allow a consistent generation of breaches in the eSAFE
non-zonal framework for collision, it was therefore necessary to specifically develop
and embed a probabilistic model for the lower limit of vertical extent of damage.

The geometrical model for collision damage (conventionally referred to as damage
of type “C00” in eSAFE) was defined according to the following characteristics:

e The damage penetration is measured orthogonally to the ship’s centre plane;
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Fig. 1 Application logic of non-zonal approach

e The longitudinal extent of damage (damage length) is measured parallel to the
ship’s longitudinal axis;
The vertical damage extent is measured along the vertical direction;
The horizontal section (profile) of the damage follows the waterline at the actual
calculation draught. As a result, the damage, in general, is not box-shaped.

In addition, for consistency with SOLAS [15, 18], collision damages have been
defined to be always crossing the calculation waterline, i.e. the upper limit of damage
is always above the waterline and the lower limit of damage is always below the
waterline, for each calculation draught.

The damage is defined as a potential damage, this meaning that it can also partially
extend outside the vessel. The distributions of all relevant damage characteristics
were taken from the analysis of the SOLAS background, with the exception of the
distribution for the lower limit of damage that has been newly introduced in eSAFE.
In particular [5]:

e Damage side: 50% probability on each side, unless the damage side is specified
in the calculations.

e [ongitudinal position of centre of the extent of damage within the limits of the
ship length, X¢: uniformly distributed along the ship length.



¢ Longitudinal extent of damage (potential damage length), L, ,: bilinear proba-
bility density function, with characterising coefficients by, by, bo; and by, (see
[30, 31]) from SOLAS/II-1/B-1/7-1/1.1.

o Transversal extent of damage (potential damage penetration), L, ,: truncated
trapezoidal distribution depending on potential damage length. The cumulative
distribution function, before truncation, corresponds to the function C (z) reported
by Liitzen [30, 31].

e Vertical position of upper limit of damage above the waterline, zy; , — d: the
cumulative distribution function corresponds to the SOLAS v-factor.

For consistency reasons, the “ship length” to be considered in the calculations has
been taken as the subdivision length of the ship according to SOLAS.

Furthermore, in order to be consistent with the analytical and theoretical formu-
lation of zonal SOLAS p-factors for compartments at the extremities of the ship
length [30, 31, 39], it was necessary to pay particular attention to the proper posi-
tioning of the damage, given X¢ and L, ,. When the damage is fully contained
within the ship length, the longitudinal coordinate X¢ corresponds to the centre of
damage. However, if the potential damage partially extends outside the vessel, this
is no longer the case and the longitudinal coordinate of the midpoint of the potential
damage differs from X¢ [3, 16]. The procedure for the longitudinal positioning of
the damage is reported in Fig. 2, where, for simplicity of notation, the aft and the
forward end of the ship length are assumed to correspond to x = 0 and x = Lgp;p,
respectively. In the figure, L, ,,,, is the maximum damage length with centre in X¢
that can be within the ship length L, while x,,;,,, , and xpay, , are the longitudinal
coordinates for the aft end and forward end of potential damage, respectively.

A further point of attention concerned the proper generation of the potential
damage penetration L, ,, in order to be consistent with the zonal SOLAS r-factor.
The absolute maximum damage penetration according to SOLAS is B/2, where B
is the ship breadth, and this limit is directly embedded in the function C(Z) reported
by Liitzen [30, 31], and already mentioned before. However, in addition, the SOLAS
framework also implicitly assumes that the ratio between the dimensionless damage
penetration and the dimensionless damage length cannot exceed 15 [3, 16, 30, 31,
39]. One possibility to generate damage penetrations consistently with the maximum
limit embedded in SOLAS, is to initially generate a potential damage penetration
according to the distribution associated with C(z), then, in case the generated pene-
tration exceeds the maximum value L, p max = (15 B/Ls) - L, p, the penetration
is limited to Ly, , max, Otherwise the generated penetration is kept. It is noted that,
since Ly , max depends on L, ,, in this generation approach L, , has to be generated
before L, ,.

It is worth mentioning that Kriiger and Dankowski [25, 26] addressed SOLAS
probabilistic damage stability assessment using a Monte Carlo approach sharing the
fundamental logic of the non-zonal approach, and they highlighted some implemen-
tation problems related to the treatment of extremities and the treatment of penetration
consistently with SOLAS. Such consistency problems are actually resolved by the
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damage positioning procedure reported in Fig. 2 and by the described procedure for
the generation of penetration, as used in eSAFE.

As SOLAS does not provide a probabilistic model for the extent of damage below
the waterline, it was necessary to specifically develop one to be embedded in the non-
zonal approach. The development was based on the analysis of historical accident
data, using data from the HARDER accidents database as updated in the GOALDS
project [3, 16, 32]. Collision damages were considered to be always crossing the
waterline, i.e. with upper limit above the waterline and lower limit below the water-
line. Two probabilistic models for the lower limit of damage below waterline, with
different levels of complexity, were developed, discussed, implemented in the non-
zonal approach, and compared [5, 27]. Eventually, one of the two models was selected
for describing the vertical position of lower limit of potential damage from the ship
bottom, z7 1, ,. This model considers z; ., to be statistically independent of the other
damage characteristics, and to have the following cumulative distribution [5, 6]:

2
CDF(z1,) = 14- 252 — 0.4 (222)

zrL,p €10,d]

(1

where d is the actual calculation draught. This model is used for describing, and
hence generating, z;; , in the non-zonal approach. Details of the derivation of this
model are given by Bulian et al. [5, 6].

It is noted that the finally selected probabilistic model for the lower limit of
damage also allows to easily define a “u-factor” which can be directly embedded in
the existing SOLAS zonal framework (see [5, 6] for details).

3 Safety Metrics for the Combined Impact of Collision,
Grounding and Contact Accidents

For each type of accident (collision, bottom grounding, side grounding/contact), a
corresponding attained subdivision index (A-index) can be obtained from damage
stability calculations, namely A¢ for collision, Agg_p for bottom grounding, and
Aggr-—s for side grounding/contact.

The three mentioned A-indices represent ship survivability, separately, for each
type of accident. Depending on the application, these indices are either partial indices,
i.e. indices associated with a specific loading condition, or global indices, i.e. indices
obtained after averaging across different draughts as in SOLAS.

However, a measure is needed in order to provide a combined quantification
of the ship safety. To this end, two different methods to derive a measure of ship
survivability, covering all three accident types, have been considered in eSAFE:

e A risk-based safety metric, directly related to societal risk;



e A probability/survivability-based safety metric, based on the relative frequencies
of different types of accidents.

The metrics defined by the two approaches are both represented by weighted
combinations of individual A-indices corresponding to different types of accidents.
Relevant detailed information, in the framework of eSAFE, have been provided by
Zaraphonitis et al. [47] and Luhmann et al. [28, 29].

3.1 Risk-Based Safety Metric—SM

The risk-based safety metric SM is directly related to societal risk from collision,
bottom grounding and side grounding/contact damages. The fundamental ideas and
assumptions behind the developed risk-based safety metric have been anticipated in
the EMSA 3 project [23, 44, 46], and can be summarised as follows:

e With reference to consequences from flooding accidents, the total societal risk
which is accounted for is given by the sum of the risk due to collision, the risk
due to bottom grounding, and the risk due to side grounding/contact;

e The risk is measured through the “Potential Loss of Life (PLL)”, i.e. the expected
number of fatalities per ship-year (which, if needed, can be transformed to ship-
life);

e The reference risk models which have been used are those developed in the EMSA
3 study and which are relevant for cruise ships.

The approach has then been applied within eSAFE [28, 29, 47], as described in
the following.

The analysis started from existing risk models. Specifically, the reference risk
models that have been used in the derivation are those developed in the EMSA 3
study [23, 46] that are relevant for cruise ships. In particular, see Sect. 10.2.5 and
Figs. 10-22 in Konovessis et al. [23] for the collision risk model, and Sect. 8.9.2 and
Fig. 52 in Zaraphonitis et al. [46] for the grounding and contact risk model.

On the basis of the available risk models, the potential loss of life (PLL) associated
with each type of accident can be determined, in general, as follows:

2
j=CL, GR—B, GR—S @

{PLLJ- = POB-¢;-(1-4A))
where POB is the number of persons on board (crew and passengers, considering
assumptions with respect to occupancy). The coefficients ccr, cgr—p and cgr—s
depend on, and can be directly calculated from, the assumed reference risk models.
In fact, following the branches of the event tree of the relevant risk model (collision,
bottom grounding, side grounding/contact), PLL can be expressed explicitly as a
function of products of initial frequency, conditional probabilities, assumed percent-
ages of fatalities, 1 — A, and POB. Therefore, each coefficient ccr, cgr—p and cgr—s,
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can be determined as the proportionality factor between PLL and POB - (1 — A)
for each type of accident, and each coefficient reflects the whole underlying relevant
risk model.

It is noted that, according to Eq. (2), the same value of the attained index A
leads, in general, to different PLL for given POB, because coefficients ccr, cGr—5
and cgr—s are, in general, different. This is a direct consequence of the differences
among the relevant risk models, in terms of structure of the model, initial frequencies,
conditional probabilities and modelling of consequences.

The total PLL can then be determined by summing up the contribution to risk
from the three accidents, which provides the means for defining the safety metric
SM, as follows:

3)

PLLTOT = PLLCL + PLLGR_B + PLLGR—S =POB- CT - (1 - SM)
with ¢cr = ccr + cGr-B + CGR-5
The safety metric SM can then be obtained, in general, from its definition in Eq.
(3) and from the relations in Eq. (2), as follows:

4
kj =cj/er with j=CL,GR—B,GR—§ @

{ SM =kcp - Acr +kGr—B - Agr—B +kGr—s - AGr-s
and the following result has been obtained in eSAFE, on the basis of the background
information:

SMZO.ll-AcL +O-17'AGR73+0-72'AGR75 (5)

The weighting coefficients of the attained indices in Eq. (5) represent the relative
contribution to societal risk stemming from the different types of accidents on the
basis of the risk models from EMSA 3, in a hypothetical condition where the attained
index is the same for all types of accidents.

It can be noted that the weighting coefficient for side grounding/contact in Eq. (5)
is significantly larger than the other two coefficients, and this makes the attained index
Acr—s playing a dominant role in the quantification of the safety metric SM. This is
a direct natural consequence of the background information used in the development.
At the same time, this outcome raised a discussion within the eSAFE project, and
some relevant considerations are reported hereinafter in Sect. 3.3.

3.2 Combined Attained Subdivision Index—A

An alternative way for the derivation of a safety metric considering all three types of
accidents is through the definition of a Combined Attained Subdivision Index, using
appropriate weighting factors for the three individual A-indices, based on the relative
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frequencies (conditional probabilities) of the corresponding accidents, as follows:
A= Prcr-AcL+ Prgr- - AGr-B + Prgr-s - AGr-s (6)

The combined A-index, therefore, represents a measure of the probability of
survival conditional to the occurrence of a flooding accident, hence not considering
differences in the consequences for the different accident categories. The relative
frequencies (conditional probabilities) Prcr, Prgr—p and Prgr—s can be deter-
mined from the analysis of historical data. To this end, the accidents data analysis in
eSAFE relied on the accidents database developed in the EMSA 3 project [23].

Also this approach has been followed in eSAFE [28, 29, 47]. Itis noted that the size
of available accidents sample, after the filtering, was rather limited, corresponding
to 16 accidents in total (collisions: 4, bottom grounding: 3, side grounding/contact:
9). Although this is a good outcome from a safety perspective, it leads to a large
uncertainty in the estimated relative fractions of different types of accidents, i.e. in
the weighting coefficients of different A-indices. In fact, according to the available
data, the conditional probabilities with associated 95% confidence intervals have
been estimated as Prcy = 25% [7% ,52% |, Prgr—p = 19% [4% ,46% ] and
Prgr—s = 56% [30% , 80% ]. Therefore, from the analysis of data, the following
Combined Attained Subdivision Index, A, was eventually derived (see also [28, 29,
47]):

A =025 Acr +0.19- Agrp +0.56 - Agr_s (7)

It can be noted from Eq. (7) that also in case of the combined A-index, the side
grounding/contact accidents are associated with the largest weighting coefficient,
which reflects the highest relative fraction of observed accidents. The outcomes from
the analysis have been subject to extensive discussion within the eSAFE project, and
some relevant considerations are reported in the following Sect. 3.3.

3.3 Discussion on Selection and Use of the Safety Metric

Two safety metrics have been defined in eSAFE which share the characteristic that
they can both be represented by weighted combinations of individual A-indices
corresponding to different types of accidents, namely the risk-based safety metric
SM (see Eq. (5)) and the Combined Attained Subdivision Index A (see Eq. (7)).

Both options for a combined measure of survivability after a flooding event have
been thoroughly discussed during the eSAFE project, and it was concluded that the
risk-based approach is to be the preferred one.

Comparing Egs. (5) and (7), it can be seen that the weighting coefficients for the
three attained indices in the two metrics are different. This is a consequence of the
fact that the two metrics provide measures associated with two different quantities:
societal risk on the basis of the assumed risk models in case of SM, and probability

12



of ship survival conditional to the occurrence of a flooding accident in case of the
combined A-index. Accordingly, on the one hand, the weighting coefficients in the
combined A-index only accounts for relative frequencies of different types of acci-
dents. On the other hand, the weighting coefficients in SM also embed the relative
effect of consequences from different types of accidents, on the basis of the assumed
risk models.

The estimated weighting coefficients for both metrics are affected by uncertainty
due to the limited sample size coming from accidents data. In addition, the risk-
based safety metric SM also embeds a certain level of uncertainty coming from the
subjective expert judgement related to the structure of the underlying risk models
and to the specification of probabilities of some events. The topic of quantification
of uncertainty was discussed, but not fully explored during eSAFE. This is due to
complexity of the matter combined with the limited time frame. As a result, this topic
has been left as an important topic to be addressed in future research activities.

Considering the main characteristics and inherent limitations of the two alterna-
tives, it was agreed within eSAFE to use the risk-based safety metric SM.

However, as shown by the sensitivity analysis in EMSA 3 [23] and by the details of
the underlying accident statistics, the number of accidents in the various branches of
the event trees of the risk models is small. This, as already highlighted, increases the
uncertainty in the weighting coefficients of SM. In addition, the calculated weighting
coefficients show that side grounding/contact seems to be the dominating risk for
flooding. This result raised some concerns during the discussions, because it is based
on past casualty reports, and it may not reflect the actual situation of cruise ships.
Modern technical features and improved operational procedures may have changed
the probability for grounding and contact events, and respectively the consequences.
Hence, the application of the safety metric SM in its current form, which to a great
degree is based on historical accident data, may not lead to the proper focus during
the design of cruise ships. Thus, even if the combined evaluation of different types
of damages is regarded as favourable, these aspects require further investigations.

Therefore, it has been decided to use the attained indices separately for collision,
bottom grounding and side grounding/contact, for the time being.

In addition, a regular review and update of the risk models has been recommended,
in order to achieve a more reliable measure for the risk due to flooding [28, 29, 47].

4 Software Implementation for Practical Application

In industrially oriented projects like eSAFE, the implementation of scientific and
technical advances into practically applicable tools is of utmost importance in order
to quantify and maximize the impact and benefit of the fundamental developments.

By utilizing and extending the technology and a tool developed in the EMSA 3
project [46], a new functionality was originally developed in eSAFE for generating
bottom grounding, side grounding/contact and also collision damages, on the basis
of the non-zonal approach stemming from eSAFE. This functionality was initially
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made available in a modified test version of NAPA software, for evaluation use in
the project.

The tool in NAPA was first extended to cover collision damages which, as
described in Sect. 2, are consistent with current SOLAS with the addition of a prob-
abilistic model for the extent of damage below the waterline. In addition, the tool
embedded an update of the EMSA 3 approach for addressing bottom grounding and
side grounding/contact damages, with the aim of harmonizing some aspects of the
calculation methods among different types of damages.

The tool was then tested through pilot applications by the developers of the
methodology and by the designers [27]. Results from the pilot usage were eventually
used to provide insight to the newly developed approach and to guide subsequent
calculations within the project. Systematic tests have also shown the usability and
robustness of the tool.

The successful pilot testing led to the interest in continuing exploring the potentials
and benefits of the developed approach and associated tool. As a result, the original
eSAFE test tool has recently been further refined and implemented as a new feature
in NAPA software [34]. This recent evolution basically brings the eSAFE approach
from the research and development stage, to a new level with potential for generalised
practical application.

The tool allows the application of the non-zonal approach considering bottom
grounding (BOO damages) and side grounding/contact (SO0 damages) according to
EMSA 3 modelling [8, 46] and collision (CO0 damages) according to the approach
developed in eSAFE, which is in line with, and extends, SOLAS (see Sect. 2).

It is also noted that breaches for each damage type are generated separately for
each calculation draught. As a result, the calculation of flooding probability for each
damage case is also draught dependent for each type of accident. This represents an
improvement of the EMSA 3 approach, where, for reasons related to computational
time, damage cases and corresponding flooding probabilities were calculated only at
the deepest draught and then were kept the same for the other calculation draughts
[4, 46]. This updated capability is used in the application examples in the following
Sect. 5, and it has also been used by Bulian et al. [8].

5 Application Examples

The developed non-zonal approach has been extensively applied throughout the
eSAFE project. At first, a series of calculations were carried out to verify the correct
implementation of the non-zonal approach for collision [5, 27]. In this context, among
other checks, an example verification was carried out for abarge [27] with and without
double bottom, and without any additional horizontal subdivision boundary below
the waterline.

The barge configuration with double bottom is depicted in Fig. 3. The subdivision
of the configuration without double bottom is exactly the same as that shown in Fig. 3,
but without the inner bottom. The overall length of the barge, which corresponds to the
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subdivision length [19], is 170.25 m, while the length between perpendicular, which
is taken as ICLL length [20], is 165 m. The breadth of the barge is 28 m and its total
height is 16 m, with a double bottom height of 2 m and a bulkhead deck positioned
at 10 m above the bottom. The barge does not have any longitudinal bulkhead, all
compartments extend from side to side, and Fig. 3 reports the longitudinal coordinates
of the transversal bulkheads.

The loading conditions used in the calculations correspond to a light service
draught d; of 6.2 m, a partial subdivision draught d, of 6.8 m and a deepest subdivision
draught dg of 7.2 m, all with zero trim. The same metacentric height, GM =2 m,
was used for all calculation draughts.

Since the focus of this analysis was the relative comparison between non-zonal
and zonal approach, and not the assessment of A-indices in absolute sense, all
calculations have been carried out using a permeability u = 1.00 for all compart-
ments, without considering any connection between rooms, without considering any
opening, without considering any applied moment, and considering only Sgna. The
s-factor was calculated following SOLAS 2009 according to SOLAS/II-1/B-1/7-2,
assuming that the vessel is a passenger ship.

For the case of the barge without double bottom, the SOLAS zonal approach
provides exact results in terms of A-indices, because, for that configuration, the
“worst-case approach” adopted by SOLAS to deal with horizontal subdivision
boundaries below the waterline has no impact on the results. Therefore, the non-
zonal approach could be directly compared with SOLAS for such configuration
[27]. Instead, in case of the barge with double bottom, the standard SOLAS zonal
approach cannot be directly compared with the non-zonal approach due to the use of
the “worst-case approach” in SOLAS/II-1/B-1/7-2/6.2 [6]. Therefore, for the barge
configuration with double bottom, the outcomes from the non-zonal approach have
been compared with those from the SOLAS zonal approach supplemented by the
use of the “u-factor” [6]. The verification was successful in both cases, confirming
the proper implementation of the non-zonal approach for collision in a way which is
consistent with SOLAS.

As an example, a comparison of A-indices for the barge with double bottom is
shown in Fig. 4. The figure reports partial and global A-indices from standard SOLAS
zonal approach, from SOLAS zonal approach supplemented by “u-factor”, and from
non-zonal approach for collision. To increase the accuracy of non-zonal calcula-
tions, a total of 12 repetitions with 10° breaches for each repetition were carried
out, and non-zonal data in Fig. 4 correspond to the average A-indices across repeti-
tions, together with 95% confidence interval (which are so small that they are hardly
visible). The observed very small differences in Fig. 4 between SOLAS+*“u-factor”
and non-zonal results are associated with random sampling uncertainty. Instead, the
differences with respect to standard SOLAS are due to the use of the “worst-case
approach” in the standard SOLAS zonal approach.

A number of practical design-oriented applications have then been carried out
throughout the project to assess the developed approach. Among them, a series of
calculations have been carried out, as a pilot application, for a cruise ship with overall
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Fig. 4 Barge with double bottom. Comparison of partial and global A-indices obtained by stan-
dard SOLAS zonal approach, SOLAS zonal approach supplemented by “u-factor”, and non-zonal
approach (average values with 95% confidence interval)

length of about 240 m carrying more than 2000 persons onboard, using loading condi-
tions providing marginal compliance with SOLAS 2009 damage stability require-
ments [27]. An example result of this application of the non-zonal approach for
collision is shown in Fig. 5. This figure compares the attained subdivision indices
calculated according to standard SOLAS zonal approach, SOLAS zonal approach
supplemented by the “u-factor”, and non-zonal approach for collision (average index
across repetitions, with 95% confidence interval).

Differently from the case of the barge (see Fig. 4), for the cruise ship (see Fig. 5)
the zonal SOLAS+“u-factor” approach is an approximate one, because the cruise
ship is not box-shaped and the compartments are, in general, not box-shaped as well.
Therefore, in this case, results from the non-zonal approach are to be considered as
the “exact” ones, bearing in mind the random sampling uncertainty which is reflected
by the confidence intervals shown in Fig. 5. It is therefore expected that results from
the non-zonal approach and the SOLAS+‘“u-factor” approach do not perfectly match.
Nevertheless, it can be seen that the zonal SOLAS+“u-factor” provides a very good
approximation of the results obtained from the non-zonal approach. Further investi-
gations would be useful to better understand the general level of discrepancy between
the application of the approximate SOLAS+"“u-factor” approach and the non-zonal
approach. It can also be noticed that the introduction of a probabilistic model for
the lower limit of damage below the waterline (SOLAS+"u-factor” approach and
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Fig. 5 Example cruise ship. Comparison of partial and global A-indices obtained by standard
SOLAS zonal approach, SOLAS zonal approach supplemented by “u-factor”, and non-zonal
approach (average values with 95% confidence interval)

non-zonal approach) provides, as expected, an increase of the calculated attained
subdivision indices (see Bulian et al. [6] for more details on this topic).

Further example outcomes from practical application on the same cruise ship are
reported in Fig. 6, which shows partial and global A-indices obtained from the non-
zonal approach for the three considered types of accidents: collision (CL), bottom
grounding (GR-B), side grounding/contact (GR-S). In all cases, the global indices
are obtained by averaging the partial indices for the three calculation draughts using
standard SOLAS weighting factors, i.e. 0.2 for light service draught d;, 0.4 for partial
subdivision draught d,, and 0.4 for deepest subdivision draught d;. In this respect,
it is worth noting that the eSAFE project also investigated the suitability of SOLAS
assumptions regarding the relative frequency of different draughts in the specific case
of cruise vessels, showing that the actual operational profile of cruise vessels would
call for the use of weighting factors different from the standard ones [37, 38].

6 Conclusions

This contribution has provided an overview of the development and implementa-
tion of a common framework for probabilistic damage ship stability assessment of
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Fig. 6 Example cruise ship. Partial and global A-indices from non-zonal approach for collision
(CL), bottom grounding (GR-B) and side grounding/contact (GR-S). Average values with 95%
confidence interval

passenger ships, considering damages due to collision, bottom grounding and side
grounding/contact accidents, as carried out during the eSAFE project.

In this respect, the non-zonal approach, originally developed in the EMSA 3
project for bottom grounding and side grounding/contact has been extended in eSAFE
to the case of collision.

Consistency with present SOLAS has been taken as a key objective, and it has been
demonstrated. Moreover, the lack of a probabilistic description for the lower limit of
collision damage in the present SOLAS zonal approach has also been overcome with
the development of a specific model based on historical accidents data. This allows a
more consistent assessment of the effect of horizontal subdivision boundaries below
the waterline and, eventually, of the ship survivability in case of collision accidents.

A software functionality has been developed in NAPA software for the appli-
cation of the common non-zonal methodology for collision, bottom grounding and
side grounding/contact. A number of systematic tests have shown the usability and
robustness of the tool, so that it can be used in daily design work. Consequently, the
developed approach has a potential generalised practical applicability beyond the
research and development level.

Different alternatives have been considered in eSAFE for dealing with the attained
subdivision indices from different types of damages: a risk-based safety metric, a
combined attained subdivision index, and the separate use of attained indices from
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different types of damages. An extensive analysis and associated discussion were
carried out within eSAFE regarding the different alternatives. Eventually, it has been
recommended by eSAFE to actively use the new tools and first gain experience on the
impact of design changes on the survivability following a collision, bottom grounding
and side grounding/contact accident, by using the respective attained subdivision
indices separately, for the time being. In addition, a regular review and update of the
risk models has been recommended, to achieve a more reliable measure for the risk
due to flooding. In this respect, it can also be added that a more complete collection
of accident details, resulting in additional and higher quality data, would definitely
be important to achieve the goal of improving the risk models through the review
and update process. It is noted that advances with respect to revision and update of
the risk models are being pursued by the recent FLARE project.

The eSAFE non-zonal framework provides now the basis for a holistic assess-
ment of survivability after flooding considering collision, bottom grounding and
side grounding/contact. The experience gained during eSAFE also shows that the
approach can be of practical application in the actual design activity.
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