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 a b s t r a c t

Safety in case of a flooding event is a primary concern in the design process of passenger ships and should be 
thoroughly assessed from the initial design phases. To evaluate the risk of flooding events, an effective metric is 
needed to compare various design solutions. The Potential Loss of Lives (PLL) is a valuable tool for quantifying 
this risk from the early stages of design, enabled by a multi-level framework developed during the FLARE project, 
which enhances the reliability of predictions as the design progresses. This approach facilitates the examination 
and assessment of countermeasures, known as Risk Control Options, aimed at reducing or preventing risk in the 
event of flooding. This study analyses the implementation of different Risk Control Options across a sample of 
nine passenger ships, including cruise and Ro-Pax vessels. The analysis is conducted at various levels of fidelity in 
accordance with the established framework, highlighting the effectiveness of mitigation and prevention measures 
in reducing PLL.

1.  Introduction

Flooding is a major threat to the safety and operability of ships, 
and it remains one of the leading causes of maritime casualties world-
wide (Mujeeb-Ahmed et al., 2021). The consequences of internal flood-
ing, from hull breaches, structural damage, or failures in watertight
integrity, can rapidly compromise a vessel’s stability and buoyancy, 
leading to capsizing or sinking (Vassalos, 2016). As modern ship design 
trends push toward greater size, complexity, and automation, rigorous 
flooding risk assessment has become a fundamental component of mar-
itime safety engineering and regulatory compliance (Vassalos and Pa-
terson, 2021).

Flooding risk assessment for ships involves evaluating the likelihood 
and consequences (Aven, 2012, 2022) of water ingress under various 
damage scenarios, such as collisions, groundings, and side contacts (Bu-
lian et al., 2019a). This includes both deterministic and probabilistic 
methods, which analyze parameters such as damage location, extent, 
ship geometry, and the time-dependent progression of flooding (Vassa-
los, 2020).

The recent developments of project FLARE (FLARE, 2022) focuses 
on the possibility to asses the risk with multiple levels of fidelity (Vassa-
los et al., 2022c), allowing designers to use both simplified or advanced 
methods for the flooding risk determination (Mauro et al., 2023b). In 
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this sense, besides the concept of flooding risk, the concept of risk miti-
gation has been introduced, providing solutions to reduce the risk levels 
onboard vessels (Cardinale et al., 2022). These solutions are called risk 
control options (RCOs) and could be active or passive devices. The most 
valuable solutions are the implementation of foam installations (Vas-
salos et al., 2022b), the adoption of crashworthy reinforcements (Naar 
et al., 2002; Paik, 2020) or changes to the internal layout and protection 
of openings of the ship.

During project FLARE, a set of 9 passenger ships has been selected 
for testing the developments achieved in the running project (Luhmann 
et al., 2022), resulting in the possibility of testing the impact of the RCOs 
directly by the implementation of designers in their sample projects. 
Such a possibility allows for comparing the effect of RCOs at different 
levels of accuracy, thanks to the multiple level flooding risk assessment 
framework developed during the project. All the selected RCOs have 
been assessed with the lower level of fidelity tools (Level 1), which 
means employing static solvers for damage stability. Some of the de-
vices have been also tested with more advanced tools for damage stabil-
ity (Level 2.1), allowing for a comparison of the risk level obtained by 
employing different fidelity methods. Unfortunately, none of the design 
teams implemented all the possible RCOs not allowing for determining 
a ranking among the risk mitigation measures; however, the indication 
provided by the study suggests the suitability of RCOs in reducing risk, 
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especially after a detailed and correct analysis of preliminary calcula-
tions.

The present work gives a detailed analysis of the positive effects in 
reducing the risk of flooding provided by the application of risk con-
trol options. The study highlights the differences achieved by various 
design teams in applying RCOs according to their design strategies and 
interpretations of flooding risk reduction strategies. To present the main 
achievements and findings, the paper has the following structure:
- Section 2 presents the multi-level risk assessment framework devel-
oped during project FLARE.

- Section 3 describes the different kinds of RCOs employed in the 
present study.

- Section 4 presents the database of ships considered for the analysis.
- Section 5 describes the implementation of RCOs according to design-
ers expertise and constraints.

- Section 6 presents the results of the multy-level risk assessment.
- Section 7 summarises the main findings of the study and gives some 
hints for future developments.

Following the above-mentioned structure, the paper demonstrates the 
effectiveness of different RCOs in mitigating and preventing the risk of 
flooding onboard passenger ships. With the RCOs selection and imple-
mentation driven by different design teams with different design strate-
gies and philosophies, the obtained results indicate that the trend for fu-
ture passenger ship designs should include an extensive range of RCOs to 
reduce and prevent the risk of flooding. The present work gives the first 
example in the literature of the application of RCOs to the flooding risk 
reduction of passenger ships, providing a framework to be followed for 
RCOs implementation and evaluation. Furthermore, the paper stresses 
the differences achievable by different interpretations of the working 
principles of RCOs.

2.  Risk assessment multi-level framework for the vessel life-cycle

Safety assessment in the case of flooding is a recursive process in the 
life-cycle of passenger ships. Therefore a framework for flooding risk 
assessment needs the iterative execution of the following steps:
- Definition of ship loading conditions and calculation scenarios.
- Flooding risk evaluation on the selected scenarios.
- Identification of flooding risk mitigation or prevention measures.
- Implementation of the countermeasures (i.e. Risk Control Options).
- Reassessment of flooding risk.
These steps could be performed either in designing a new unit, 
retrofitting an existing one or changing a vessel operational profile.

The risk can be measured through the Potential Loss of Lives (𝑃𝐿𝐿), 
a metric which follows the conventional general definition of risk:
𝑃𝐿𝐿 = 𝑝𝑓 𝑐𝑓 (1)

where 𝑝𝑓  is the probability of a flooding event and 𝑐𝑓  is its consequence. 
To assess the risk of flooding through the vessel life-cycle it is necessary 
to determine an attained index 𝑃𝐿𝐿𝐴 and compare it with a tolerable 
level of risk. It could be convenient to evaluate the 𝑃𝐿𝐿𝐴 per years of 
service 𝑃𝐿𝐿∗

𝐴, providing a more flexible tool for the assessment of mul-
tiple operational profiles. Then, the 𝑃𝐿𝐿∗

𝐴 for each operational scenario 
can be assessed with a formulation structured as Eq. (1) but having a 
more detailed description of 𝑝𝑓  and 𝑐𝑓 :

𝑃𝐿𝐿∗
𝐴 =

𝑁ℎ𝑧
∑

𝑖=1

𝑁𝑜𝑝
∑

𝑗=1

𝑁𝑙𝑑
∑

𝑘=1

𝑁𝑐
∑

ℎ=1
𝑝𝑓𝑖,𝑗,𝑘,ℎ 𝑐𝑓𝑖,𝑗,𝑘,ℎ (2)

where 𝑁ℎ𝑧 is the number of hazards, 𝑁𝑜𝑝 is the number of operational 
areas, 𝑁𝑙𝑑 is the number of loading conditions and 𝑁𝑐 is the number of 
flooding cases. The probabilities and consequences of Eq. (2) are defined 
as:

𝑝𝑓𝑖,𝑗,𝑘,ℎ = 𝑝ℎ𝑧𝑖𝑝𝑜𝑝𝑗 𝑝𝑙𝑑𝑘𝑝𝑐ℎ = 𝑝ℎ𝑧𝑖𝑝𝑜𝑝𝑗 𝑝𝑙𝑑𝑘𝑝
∗
𝑐ℎ

(

1 − 𝑠𝑐ℎ
)

(3)

𝑐𝑓𝑖,𝑗,𝑘,ℎ = 𝐹𝑅𝑖,𝑗,𝑘,ℎ𝑃𝑂𝐵𝑖,𝑗,𝑘,ℎ (4)

According to the flooding risk assessment framework developed dur-
ing project FLARE (2022), the number of hazards 𝑁ℎ𝑧 is equal to 
three, comprehending to three different damage types: collisions, bot-
tom and side groundings. The number of operational areas 𝑁𝑜𝑝 is also 
three, considering to operation in open seas, in restricted or in port 
areas. Two loading conditions are considered (𝑁𝑙𝑑 = 2), correspond-
ing to 𝑇1 = 𝑇𝑙 + 0.75

(

𝑇𝑠 − 𝑇𝑙
) and 𝑇2 = 𝑇𝑙 + 0.45

(

𝑇𝑠 − 𝑇𝑙
)

, with 𝑇𝑠 and 𝑇𝑙
the deepest and light subdivision draughts as defined by SOLAS (IMO, 
2020). The adoption of two draughts has been promoted by designers 
after the execution of preliminary studies in the early developments of 
Project FLARE (Paterson et al., 2019). The number of cases 𝑁𝑐 is set to 
10,000 for each hazard and loading condition, which means a total of 
180,000 flooding cases. The selection of 10,000 cases as significant for a 
hazard at one loading condition is a compromise between effective con-
vergence study (Bulian et al., 2016; Mauro and Vassalos, 2022; Mauro 
et al., 2022a) and designers necessities (Mauro et al., 2023b). For the 
generation of damage cases, use is made of a non-zonal approach (Bu-
lian et al., 2016; Mauro and Vassalos, 2022). The first three probabili-
ties defined by Eq. (3) result from damage database analysis, specific for 
passenger ships (Mujeeb-Ahmed et al., 2021; Mujeeb-Ahmed and Vassa-
los, 2022). The damage case probability 𝑝𝑐ℎ  can be found by employing 
the common definition of p and s-factors (Pawlowski, 2004; IMO, 2009; 
Vassalos et al., 2022a). Eq. (4) describes the consequences of a flood-
ing accident. In this case, the consequence is modeled as the product 
between the fatality rate 𝐹𝑅 and the number of people onboard 𝑃𝑂𝐵. 
As all the quantities appearing in Eqs. (3) and (4) change scenario by 
scenario, the risk assessment process requires a global number of cases 
equal to 𝑁 = 𝑁ℎ𝑧𝑁𝑜𝑝𝑁𝑙𝑑𝑁𝑐 , each one to be assessed with survivability 
and evacuation analyses.

As a result, the total number of calculations is considerably high, 
requiring a great deal of computational effort, specially once the assess-
ment is to be performed by means of first-principles tools (Mauro and 
Vassalos, 2024a). However, the adoption of a multi-level framework can 
consistently reduce the computational load, employing different compu-
tational tools according to the level of fidelity and accuracy needed by 
different phases of the vessel life-cycle. This is of utmost importance for 
the framework applicability, especially during the design phase (Mauro 
et al., 2023b).

2.1.  Multi-level framework

During the EU funded project FLARE, several frameworks have been 
studied, developed and applied. Initially considering survivability only, 
and, afterwards, extending the developed concepts to risk. These frame-
works connected for the first time the practical needs of designers with 
the research-oriented approach of the academy, providing a suitable 
compromise between calculation time and robustness (Mauro et al., 
2023b). In fact, the global characterisation of flooding risk through a 
complete set of first-principles direct calculation is not practicable due 
to the excessive amount of computational time, which is not in line with 
the timing of the design process. Therefore, a multi-level approach has 
been hypothesised with consequent multi-fidelity results, but still signif-
icantly improving the in-force regulatory frameworks for damage stabil-
ity of passenger ships.

The multi-fidelity framework acts on the determination of the pa-
rameters associated to the flooding and evacuation processes, meaning 
on the parameters composing the following formulation of 𝑃𝐿𝐿∗

𝐴 for a 
single scenario:
𝑃𝐿𝐿∗

𝐴𝑖,𝑗,𝑘,ℎ
= 𝑝∗𝑖,𝑗,𝑘,ℎ

(

1 − 𝑠𝑖,𝑗,𝑘,ℎ
)

𝑐𝑓𝑖,𝑗,𝑘,ℎ (5)

According to Eq. (5), 𝑝∗ indicates the weight and the probability of oc-
currence of a flooding scenario, while 𝑠 determines the survivability 
to the flooding event. 𝑐𝑓  is the consequence described as in Eq. (4). 
The probability 𝑝∗ is determined during the input preparation phase of 
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the survivability assessment, which, according to the multi-level frame-
work starts at a Level 1. Level 1 or Level 2 survivability assessments 
determines 𝑠 through different simplification for damage stability cal-
culations. The same applies for the evacuation analyses needed to asses 
consequences 𝑐𝑓  (i.e the fatality rate 𝐹𝑅). Going deeper into details, the 
multi-level framework considers the following levels:
- 𝑃𝐿𝐿 Level 1: this first level is totally based on static damage sta-
bility calculations, evaluating p-factors according to the non-zonal 
approach and s-factors according to SOLAS indications. As the num-
ber of fatalities is strictly related to the time it takes the vessel to 
capsize, the determination of 𝐹𝑅 needs an approximation because 
static calculations does not give any information on the time to cap-
size (𝑇𝑇𝐶). More specifically, the following extremely simplified for-
mulation is given:

𝐹𝑅 =
{

0.8 if 𝑠 < 1
0.0 if 𝑠 = 1

(6)

This simplified and conservative approach is derived from the 
method used in the EMSA III Project (EMSA, 2020), the results of 
which were used to support political decisions at IMO, leading even-
tually to SOLAS 2020 regulations for damage stability.

- 𝑃𝐿𝐿 Level 2: compared to Level 1, a Level 2 prediction is based on 
direct dynamic simulations for damage survivability. Thus, it is pos-
sible to evaluate 𝑇𝑇𝐶 and directly compare it with the time to evac-
uate (𝑇𝑇𝐸) the ship. 𝑇𝑇𝐶 is an output of a dynamic analysis, that 
according to the framework should be carried out with validated 
rigid-body time domain simulations (Ruponen et al., 2022b,a), giv-
ing the best compromise between calculation time and reliability of 
given results. 𝑇𝑇𝐸 results from time-domain evacuation analyses. 
However, the multi-level framework allows for considering two sub-
levels of accuracy for the 𝑇𝑇𝐸, leading to:
- 𝑃𝐿𝐿 Level 2.1: this sub-level of approximation considers only 
time-domain simulations for the 𝑇𝑇𝐶 evaluation. More specif-
ically, the time to capsize is evaluated from the roll angle time-
series, considering a threshold of 50 degrees. 𝑇𝑇𝐸 is estimated 
without the need of performing direct evacuation analyses, mak-
ing reference to the following empirical formulation for the fa-
tality rate 𝐹𝑅:

𝐹𝑅 =

⎧

⎪

⎨

⎪

⎩

0.0 if 𝑇𝑇𝐶 > 𝑛
0.8

(

1 − 𝑇𝑇𝐶−𝑛
30−𝑛

)

if 30 ≤ 𝑇𝑇𝐶 ≤ 𝑛
0.8 if 𝑇𝑇𝐶 < 30

(7)

where 𝑛 is the maximum allowable evacuation time in minutes 
according to MSC.1/Circ. 1533. Eq. (7) requires that 𝑇𝑇𝐶 is ex-
pressed in minutes. The simplified formulation given for the 𝐹𝑅
intrinsically considers the nature of the capsize detected with dy-
namic simulations, assuming that is impossible to evacuate the 
ship in case of a rapid transient capsize.

- 𝑃𝐿𝐿 Level 2.2: this level represents the highest level of accuracy 
for the FLARE framework. Here, also the direct calculation of 
𝑇𝑇𝐸 is considered by employing direct time-domain evacuation 
simulations. In the analysis, the flooding simulation results of the 
selected case can be imposed to the evacuation solver, allowing to 
consider the ship motions and the flooding path in the evacuation 
analysis. To reduce computational effort, such simulations are not 
performed on all the scenarios but only for the critical cases iden-
tified by the dynamic survivability calculations. The reliability of 
evacuation analysis is increased by the opportunity to consider 
motions and flooding path imported from the dynamic flooding 
simulations. In this case, 𝐹𝑅 (or 1-𝐹𝑅) can be determined by the 
direct comparison between the 𝑇𝑇𝐶 and the evacuation path (see 
Fig. 1).

The paper provided by Vassalos et al. (2022c) gives the full details, 
justifications and applied examples for the FLARE multi-level risk as-
sessment framework; therefore, these are omitted here for the sake of 

Fig. 1. Fatality rate determination for a critical flooding case according to a 
Level 2.2 prediction.

brevity. The definition of the individual probabilities and values as-
sociated with occurrences, survivability and fatality changes not only 
according to the scenario or with the selected level of approximation 
according to the multi-level framework but also with the phase of the 
vessel operational life. The following section describes the specific case 
of the design phase, which is the focus of the present work.

2.2.  Design phase framework

A risk framework for flooding risk assessment in the design phase 
should be capable of defining all the inputs and parameters needed for 
the estimation of 𝑃𝐿𝐿∗

𝐴 according to Eq. (2), employing the information 
available in this specific stage of the vessel life-cycle. Furthermore, at 
the design stage, the framework should be compliant with the in force 
regulations on damage stability, providing outputs relevant to the statu-
tory damage stability framework. Then, all the definitions and selections 
on frequencies and probability associated with occurrence, survivabil-
ity and fatality rate of a scenario should be properly revised, having an 
impact on the generation of cases to be analysed. The main focal points 
can be summarised as follows:

- Hazards definition: the framework handles three types of casualities 
(𝑁ℎ𝑧=3): collisions, bottom and side groundings. The framework 
adopts specific frequencies of occurrence 𝑝ℎ𝑧 that are interchange-
able with the relative weights 𝑤 necessary to define the attained sub-
division index 𝐴 in the statutory damage stability framework. Such 
𝑝ℎ𝑧 values, global or specific for vessel type, derive from database 
of accidents analysis and are reported in Vassalos et al. (2022a), to-
gether with the corresponding 𝑤 values.

- Operational areas: during the design phase only the open sea condi-
tion is considered (𝑁𝑜𝑝=1), restricting the survivability calculations 
to a significant wave height 𝐻𝑠 of 4 metres. This assumption is es-
sential to take into account while assessing Level 1 or Level 2 risks.

- Loading conditions: as already mentioned above, the framework con-
siders two draughts 𝑇1 and 𝑇2 with equivalent weight on the final 
assessment. Such an assumption is maintained across the different 
levels, not following the SOLAS indications based on three draughts. 
The selection of two draughts has been promoted by designers during 
the studies performed in project FLARE (Vassalos et al., 2022c).

- Calculation scenarios: according to the FLARE risk assessment frame-
work, the number of calculation conditions changes with the chosen 
level. In case of a Level 1 prediction, a starting number of 10,000 
breaches is generated for each one of the possible hazards. The gen-
eration implies the determination of damage location and dimen-
sions through the sampling from relevant cumulative distributions
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(Bulian et al., 2019a). In case a Level 2 is selected, the initial num-
ber of conditions is lowered to 1000 to reduce the computational ef-
fort as the dynamic flooding simulations require more computational 
time. In any case, the damage distributions employed for Level 1 and 
Level 2 assessments remains the same and are an updated version of 
the ones described in SOLAS for collisions (Bulian et al., 2019b) and 
in EMSA III project for bottom and side groundings (Bulian et al., 
2020).

To take into consideration the above assumptions in the estimation of 
risk, the formulation of 𝑃𝐿𝐿∗

𝐴 of Eq. (2) should be rewritten in the fol-
lowing forms for Level 1 and Level 2 assessment, respectively:

𝑃𝐿𝐿∗
𝐴𝐿𝑒𝑣𝑒𝑙1

=
3
∑

𝑖=1

2
∑

𝑘=1

𝑁∗
𝑐

∑

ℎ=1
𝑝ℎ𝑧𝑖𝑝𝑙𝑑𝑘𝑝

∗
𝑐ℎ

(

1 − 𝑠∗ℎ
)

𝐹𝑅𝑖,𝑘,ℎ𝑃𝑂𝐵𝑖,𝑘,ℎ (8)

𝑃𝐿𝐿∗
𝐴𝐿𝑒𝑣𝑒𝑙2

=
3
∑

𝑖=1

2
∑

𝑘=1

1,000
∑

ℎ=1
𝑝ℎ𝑧𝑖𝑝𝑙𝑑𝑘

1
1000

(

1 − 𝑠∗ℎ
)

𝐹𝑅𝑖,𝑘,ℎ𝑃𝑂𝐵𝑖,𝑘,ℎ (9)

Eqs. (8) and (9) differ mainly for the definition of case probability 𝑝∗𝑐
and for the total amount of cases 𝑁∗

𝑐  to be analysed. The breaches gen-
eration follows a non-zonal approach (Bulian et al., 2016; Mauro and 
Vassalos, 2022) either in the case of Level 1 or Level 2 assessment. 
More specifically, the framework suggests the employment of an en-
hanced sampling method based on a Randomised Quasi-Monte Carlo 
technique (Mauro and Vassalos, 2022). However, while selecting a Level 
1 assessment based on static calculations it is not necessary to consider 
multiple times damages that penetrate the same internal compartment. 
In such a case, it is convenient to group them, leading to a final amount 
of cases 𝑁∗

𝑐<10,000, strictly depending on the internal layout of the 
considered ship. This grouping process led to the definition of proba-
bilities associated with the group of damages, which defines the sce-
nario probability 𝑝∗𝑐 . Conversely, while using a dynamic approach for 
survivability assessment (Level 2), the grouping becomes impossible be-
cause the breach dimensions influence the amount of water that could 
ingress/regress the ship at each time step. Then, for Level 2 calculations, 
all the damages are equiprobable; thus, considering 1000 damages, the 
𝑝∗𝑐  is equal to 1

1000  (Mauro et al., 2023b).
A Level 2 assessment allows also to adopt an hybrid approach (Mauro 

et al., 2022a), filtering breach cases to be assessed with dynamic anal-
yses (Mauro et al., 2022b). However, the hybrid process accepted by 
designers involved in project FLARE, accounts for an empirical filtering 
of data, choosing the breach with the wider opening area as the rep-
resentative of all the damages harming the same compartments (Mauro 
et al., 2023b). Regardless, FLARE’s recommendations and advancements 
are meant to standardise the use of dynamic analyses in the damage sta-
bility evaluation of passenger ships, opting for a Level 2 flooding risk 
assessment or an hybrid approach as shown in Fig. 2. For the determi-
nation of survivability 𝑠∗ℎ, the Level 2 approach considers the result of 
the time-domain simulation, in case the vessel survives it is equal to 1, 
0 otherwise. This is valid in the simplified approach of the framework, 
where only one time-domain simulation is considered for each damage 
case. (Mauro et al., 2023b) A more detailed and thorough estimation of 
𝑠∗ℎ requires more calculations, as exhaustively described in Mauro and 
Vassalos (2024b).

For the consequences evaluation, and 𝐹𝑅 in particular, preliminary 
calculations performed during the FLARE project detect small differ-
ences between a Level 2.1 and a Level 2.2 assessment (Vassalos et al., 
2022c). During project FLARE, the application of Level 2.2 design phase 
framework on one cruise ship and one Ro-Pax vessel highlights a sub-
stantial equivalency of the final 𝑃𝐿𝐿∗

𝐴 assessed with the case of a Level 
2.1 prediction; thus, assessing 𝐹𝑅 with a not sophisticated method ac-
cording to Eq. (7).

However, it is of utmost importance to encourage the application of 
first principle tools for increasing the reliability of the results since the 

Fig. 2. Flowchart of a multi-level hybrid damage stability framework.

first stages of a design, promoting their application for the generation 
of breaches, the flooding simulations and the evacuation analyses.

Notwithstanding the above, the FLARE framework for flooding risk 
assessment during the design phase is still a powerful design tool to as-
sess the risk level of a passenger ship. Moreover, the capillary definition 
of inputs and calculation conditions make the framework a robust base 
to assess also the differences in term of attained risk 𝑃𝐿𝐿∗

𝐴 between 
different design alternatives. This is extremely relevant specially in the 
case of studying the effect of some active or passive devices or design 
solutions (i.e. the Risk Control Options) in reducing/preventing the risk 
of flooding.

3.  Risk control options for flooding

In the last decades, several design and operational measures have 
been considered to increase the survivability of a damaged passenger 
ship. These devices or solutions are usually called Risk Control Options 
(RCOs) and could have different level of complexity and working prin-
ciples (Tompuri et al., 2020). As such, some of them are directly ap-
plicable to an existing layout of a ship, others require a local or global 
reconfiguration of the internal spaces (Vassalos et al., 2016).

RCOs may be effective for risk reduction or prevention in different 
phases of the vessel lifecycle. As such, they are usually divided into 
two main categories: design measures and operational measures (pre 
and post-accident). Typically, design measures includes passive coun-
termeasures, meaning systems/solutions that are permanently installed 
on the vessels like the implementation of a crashworthy structure (Naar 
et al., 2002), a change in the layout or subdivision (van’t Veer et al., 
2004; Ruponen et al., 2019), equalisation systems for asymmetric flood-
ing (Vassalos et al., 2004) or other design measures to limit progres-
sive flooding (Kang et al., 2018). Operational measures before an acci-
dent occurrence considers the prevention of collisions/groundings dur-
ing navigation (Montewka et al., 2022) and the appropriate training 
of the crew (human factors). Post-accident countermeasures typically 
includes the use of active flooding mitigation systems (Vassalos et al., 
2016).

In the progress of project FLARE, the different kinds of RCOs have 
been considered, analysed and hypothesised for on-board application in 
direct contact with designers, classification societies and academy. As 
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Fig. 3. Permanent foam installation example.

a result, the most effective solutions in terms of applicability and cost 
effectiveness (Hamann et al., 2022) are the following:
- Fixed foam installation (passive device).
- Deployable watertight foam barriers (active device).
- Implementation of a crashworthy structure (passive device).
- Changes of internal layout and openings (passive device).
In the following, the above-mentioned options are discussed and de-
scribed in order to understand their working principles prior to analyse 
the effect of their implementation on the flooding risk reduction of pas-
senger ships.

3.1.  Permanent foam installations

The first RCO selected to investigate flooding risk reduction onboard 
passenger ships is the installation of permanent foam. The system aims 
to increase the ship’s initial stability and restoration forces in the event 
of flooding after an accident. The stability increase is independent from 
the fact that the areas interested by foam installation are flooded or not 
after the damage occurs, as the foam cannot be replaced by floodwater. 
The permanent foam is installed in void spaces along the ship, trying 
to cover the most vulnerable areas, respecting the original layout of the 

vessel as a part of a passive flooding protection system (Vassalos et al., 
2022b).

These installations have the advantage of being impenetrable and 
works similarly to buoyancy tanks, as the permeability of the associated 
space changes. Therefore, foam could provide buoyancy in the damaged 
areas instantaneously after the hazard occurs. Thanks to this effect, the 
device is particularly efficient in reducing the risk of transient capsize 
cases, meaning capsizes that occurs extremely rapidly after the damage 
occurrence. In fact, transient capsizes are closely linked to the insuffi-
cient reserve of stability during the early stages of flooding. Therefore, 
the passive foam installations act as an additional reserve of stability 
aiming at improving initial stability. Fig. 3 shows a possible site of in-
stallation for permanent foam in available void spaces on a lower deck 
of a passenger ship.

The identification of the most vulnerable area of the ship where it is 
preferable to install the permanent foam could be derived directly from 
a Level 1 flooding risk assessment. Analysing the damage cases having 
a high value of the product 𝑝∗𝑐

(

1 − 𝑠𝑐
) it is possible to identify a static 

risk profile of the vessel (Vassalos et al., 2021). The area at high risk are 
those where it is advisable to install the passive RCO. Of course, the final 
selection of the area where to install the foam should take into account 
the available void spaces at disposal, in order not to drastically change 
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Fig. 4. Flooding paths on a cruise ship and deployable barriers examples.

the internal layout of the vessel. This kind of RCO is suitable both in case 
of a retrofitting of an existing unit or in the case of a complete new de-
sign. The latter option could give more freedom in the foam installation, 
predisposing void spaces in dedicated areas along the ship.

3.2.  Deployable watertight foam barriers

The second type of RCO considered during project FLARE is also 
related to a foam installation; however, instead of a fixed installation as 
in the previous case, here the application concerns a deployable active 
device to activate only in case a flooding event occurs. The installation 
of such devices should take into account the flooding path development 
after an accident.

Once the flooding process progresses in a complex environment (as 
it is the case of the internal layout of a passenger ship), the progres-
sive flooding paths can be divided into major and minor floodwater 
paths. Major paths are referring to large passageways that link two adja-
cent zones of the ship, acting as principal arteries that quickly disperse 
floodwater through the vessels. On the contrary, the minor paths are 
small narrow passages that connect local areas, allowing a local collec-
tion of water. Fig. 4a gives an overview of the difference between main 
and secondary flooding path in a specific zone of a cruise ship. An ef-
fective strategy to prevent progressive flooding progression onboard a 
passenger ship is to limit the transition of floodwater between contigu-

ous zones, which means to interrupt the main flooding paths (Vassalos 
et al., 2022b). To this end, deployable foam barriers are a good solution 
to prevent this specific flooding situation, without the need of design 
changes to the interior layout of the vessel.

Deployable barriers are composed of two lightweight shutters spaced 
30 cm apart, usually composed of steel laths or GRP with an A-class fire 
rating. Therefore, the deployable devices can be used also in case of 
fire incidents. For the specific case of flooding, the interstice between 
the shutters is filled with expanding foam, delivered from a compressed 
foam canister. In order to comply with the local arrangements and struc-
tures in different locations of the ship, the shutters can be mechanically 
adjusted to be deployed either horizontally (see Fig. 4b) or vertically 
(Fig. 4c). In addition, the barrier may be extended up to 30 metres over 
intermediate supports in a matter of minutes, limiting and managing 
floodwater channels that were previously determined to be crucial.

The flexibility of the device allows for installing the selected RCO in 
areas that were identified as critical for the flooding progression while 
analysing the flooding progression time traces of critical damage scenar-
ios simulations (means employing a Level 2 assessment). Furthermore, 
the presence of a deployable barrier can be considered also while sim-
ulating the evacuation paths after an hazard, obtaining a more realistic 
estimation of the Time to Evacuate. This provides an effective benefit 
over the passive countermeasure systems which provide less flexibility 
and effectiveness in likely critical loss circumstances.
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3.3.  Crashworthy structures

The last RCO studied for reducing the risk of flooding is crashworthi-
ness. This is an effective risk mitigation measure against flooding stud-
ies since the early 90s (Egge and Bockenhauer, 1991; Pedersen, 1994; 
Naar et al., 2002; Paik, 2020; Bai and Paik, 2024). However, the lack of 
suitable tools for its extensive application in the early design stages of 
passenger ship and the complexity introduced by the Alternative Design 
and Arrangements process outlined in MSC.1/Circ.1212 have limited its 
application.

In general, crashworthiness refers to the structural capacity to with-
stand impact and minimise the extent of damage resulting from col-
lisions or groundings. Consequently, the design of crashworthy struc-
tures in passenger ships requires a comprehensive reevaluation of the 
layout of main longitudinal and transverse structural elements, with 
an emphasis on optimising energy absorption and damage localisation. 
Project FLARE provided dedicated effort in studying potential design 
solutions in the attempt of considering crashworthiness as a suitable 
RCO for preventing flooding risk. The strategy was to derive a suit-
able scaling method from the conventional distributions employed to 
generate damage dimensions (Mauro and Vassalos, 2022) to enhanced 
new distributions considering the implementation of specific crashwor-
thy reinforcement along the hull (Cardinale et al., 2022). By employing 
super-element codes (meaning codes modelling only the main relevant 
resistance structures of the ship) for crash analyses (Sourne, 2020; Buld-
gen et al., 2012; Conti et al., 2022), corrections have been derived for 
the following damage dimensions of specific damage types involved in 
flooding risk assessment:

- Collisions: damage length, damage penetration, damage height.
- Bottom groundings: damage length.
- Side groundings: damage length.

The correction has the form of a scaling function, obtaining the new 
damage dimension 𝑑∗ by multiplying the one derived from statistical 
distributions for a scaling factor 𝜆 (𝑑∗ = 𝜆𝑑). As the resulting damage is 
always smaller than the original one, 𝜆 is always less than 1. The refer-
ence study considers the following types of reinforcements, pertinent to 
different damage types:

1. Doubling of inner bottom plating thickness: only for bottom groundings.
2. Doubling the number of girders within the inner bottom: only for bottom 
groundings.

3. Increase of bottom structures material grade to AH36: only for bottom 
groundings.

4. Installation of a double hull at B/20 with transversal web frames and an 
inner plate of 12mm: for collisions and side groundings.

5. Installation of a double hull at B/10 with transversal web frames and an 
inner plate of 12mm: for collisions and side groundings.

6. Installation of a double hull at B/30 with transversal web frames and an 
inner plate of 12mm: for collisions and side groundings.

7. Installation of a double hull at B/20 with transversal web frames and an 
inner plate of 7mm: for collisions and side groundings.

8. Installation of a double hull at B/20 with transversal web frames and an 
inner plate of 17mm: for collisions and side groundings.

9. Increase of side shell plating thickness by 10mm: for side groundings 
only.

10. Doubling of hull thickness: for collision only.

During the preliminary study in FLARE, the ten possibilities mentioned 
above have been implemented on a reference ship, considering collisions 
with a set of 11 possible striking ships (Conti et al., 2022; Mauro et al., 
2023a). The developed approach allows for considering the implemen-
tation of a crashworthy structure through all the levels of the flooding 
risk assessment framework. In fact, the strategy of scaling the damage 
dimensions influences only the definition of the inputs; more specifi-
cally, it influences the compartments affected by the damage. Therefore, 

crashworthiness is directly considered in the preparation phase of the 
survivability calculation, thus allowing the estimation of risk with either 
a Level 1 or Level 2 approach.

3.4.  Internal layout and openings

An option to reduce the risk of flooding onboard is finding design 
solutions that limit the floodwater propagation after an accident. In this 
sense, instead of studying an active system, like the foam barriers, it is 
possible to analyse which are the most critical areas subject to flood-
ing and mitigate the risk by changing the local internal layout or by 
reinforcing the local openings.

Such options imply the execution of progressive flooding simulations 
on the original layout of the ship, to identify the flooding progression 
paths and the most critical openings. Most vulnerable openings are de-
termined from the analysis of the critical damage cases identified with a 
Level 1 assessment. Those cases should be than assessed with a Level 2 
analysis, determining which are the openings that are mostly involved 
in the different flooding processes. Afterwards, it is possible to increase 
reinforcements of these doors in such a way to make them more resistant 
to the water hydrostatic pressure.

Another solution is the identification of an alternative layout for a 
specific section of the ship. Having identified the flooding paths may 
allow to study alternative solutions for rooms and corridors in such a 
way to limit the flooding progression in that area. This kind of solution 
should be studied carefully as it involves also the layout change for all 
auxiliaries located in the area. As such, the last option could generate 
extra costs (especially in case of a retrofitting) that may limit the appli-
cability of this RCO.

4.  Ship database

During project FLARE, a number of sample ships, representative of 
large cruise vessels and Ro-Pax ferries, has been provided to reflect the 
typical designs of the existing world-wide fleet. For the identification of 
the most suitable vessels, the following general constraints were applied 
to the world-wide fleet database (SHIPPAX, 2019), setting the focus on 
large ships:

- Gross tonnage > 10,000 GT.
- Length > 120 metres.
- Number of Main Vertical Zones (MVZ) > 2.

The database resulting from these constraints is shown in Fig. 5 for 
the cruise ships and in Fig. 6 for the Ro-Pax vessels. The graphs represent 
the Gross Tonnage versus the number of passengers 𝑁𝑝 for each ship in 
the database, being the two variables present in the database that could 
link the vessel size with the 𝑃𝑂𝐵. Observing the cruise ships distribution 

Fig. 5. Cruise ships database and sample ships selected for the study.
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Fig. 6. Ro-pax ships database and sample ships selected for the study.

(Fig. 5), a linearity between the two parameters can be observed. To 
have a suitable sample of this fleet in the project it has been concluded 
to select 5 ships from approximately 10,000 GT to more than 230,000 
GT.

The distribution of Ro-Pax ferries shows a much greater variety 
(Fig. 6). The reason for this may be different objectives in the design 
and operation of Ro-Pax ships. Some ships have the focus on cargo trans-
port with a smaller passenger capacity; others are rather designed for a 
large number of passengers. Another reason may be the specific design 
of some RoPax ships for one special trade, which may induce design con-
straints and unusual design concepts. As the focus in the FLARE project 
is on the development on measures to enhance safety after flooding these 
measures may be proven even with a smaller selection of ships. There-
fore only four Ro-Pax ships have been selected between 28,000 GT and 
70,000 GT, where the focus is laid on passenger transport.

The figures also show the nine ships selected for the risk analysis 
studies in FLARE (Luhmann et al., 2022). These sample ships are not 
existing ships but are realistic complete designs provided by the indus-
try that have never been materialised. This solution has been adopted to 
share the results of the research, avoiding possible issues with the intel-
lectual property rights of shipping companies. In any case, the adopted 
projects have been developed up to the advanced stage of design (ready 
to built conditions) and reflect the actual state of the art of passenger 
ship design. 7 of the 9 ships are compliant with modern SOLAS 2020 
regulations, while 2 ships (older projects) have been designed accord-
ing to SOLAS 90 regulations. Hereafter, a short description of the vessels 
is provided:

- SHIP#1: this is the project of a modern large cruise ship propelled 
with 3 pod units. The 6 main engines are dual fuel, so the vessel 

has space under the bulkheads to fit the LNG tanks. The ship accom-
modates 10,000 𝑃𝑂𝐵. The vessel has 8 MVZ and is compliant with 
SOLAS2020, Intact Stability Code, Load Line Convention, MARPOL, 
IGF Code and Marine Labour Convention 2006.

- SHIP#2: the project conceived a modern large cruise ship with two 
pod units as main propulsors. Also in this case the vessel is equipped 
with LNG tanks to supply the 5 main dual fuel engines installed on-
board. The ship accommodates 4940 𝑃𝑂𝐵 The vessel has 6 MVZ and 
is compliant with SOLAS2020, Intact Stability Code, Load Line Con-
vention, MARPOL, IGF Code and Marine Labour Convention 2006.

- SHIP#3: the vessel is a large cruise ship (with 3750 𝑃𝑂𝐵) equipped 
with two conventional propellers. Main engines are conventional 
diesel generators. The ship is designed with 6 MVZ and is compli-
ant with SOLAS2020, Intact Stability Code, Load Line Convention, 
MARPOL and Marine Labour Convention 2006.

- SHIP#4: this is an example of a small cruise vessel designed for explo-
ration cruises, that accommodates 478 𝑃𝑂𝐵. The ship is equipped 
with two conventional propulsors and standard diesel generators. 
The design presents 3 MVZ and is compliant with SOLAS2020, In-
tact Stability Code, Load Line Convention, MARPOL and ICE rules.

- SHIP#5: this is a project of a modern small Ro-Pax, accommodat-
ing 3000 𝑃𝑂𝐵. The vessel is equipped with dual fuel diesel engines 
and the space for LNG tanks is fitted below the bulkheads deck. The 
design presents 4 MVZ and is compliant with SOLAS2020, Intact Sta-
bility Code, Load Line Convention, MARPOL and Marine Labour Con-
vention 2006.

- SHIP#6: this is a project of modern large Ro-Pax, accommodating 
3500 𝑃𝑂𝐵. The vessel has 5 main fire zones and is compliant with 
SOLAS2020, Intact Stability Code, Load Line Convention, MARPOL 
and Marine Labour Convention 2006.

- SHIP#7: this design refers to a LNG fueled Ro-Pax ship where the 
LNG tanks are located under the bulkhead deck in an area tradition-
ally dedicated to car holds. The vessel accommodates 2800 𝑃𝑂𝐵 and 
has 5 MVZ. The design is compliant with SOLAS2020, IS code 2008, 
Load Line Convention and MARPOL.

- SHIP#8: this is a relatively old design of a Cruise ship accommodat-
ing 2790 𝑃𝑂𝐵. The ship is designed with 6 MVZ and is compliant 
with SOLAS 90, Load Line Convention, IMO resolution A749 and 
MARPOL.

- SHIP#9: this is a relatively old design of a Ro-Pax vessel capable of 
accommodate 2400 𝑃𝑂𝐵. The ship has 5 MVZ and the design is com-
pliant with SOLAS90, Stockholm agreement, Load Line Convention, 
IMO resolution A749 and MARPOL.

Table 1 summarises the main particulars of the nine reference ships. 
No one of the reference designs is equipped with RCOs, but dedicated 
calculations have been carried out to derive the 𝑃𝐿𝐿∗

𝐴 according to the 
FLARE flooding risk assessment framework described in Section 2. Re-
sults are available for Level 1 and Level 2.1 predictions (Mauro and 
Vassalos, 2024a), and are briefly reported in Table 2. The implications 

Table 1 
Reference ships main particulars.

 SHIP#1  SHIP#2  SHIP#3  SHIP#4  SHIP#5  SHIP#6  SHIP#7  SHIP#8  SHIP#9
 Vessel type  –  –  Cruise  Cruise  Cruise  Cruise  Ro-Pax  Ro-Pax  Ro-Pax  Cruise  Ro-Pax
 Length over all 𝐿𝑂𝐴  m  373.00  308.00  300.00  128.00  162.00  229.00  213.00  264.00  211.30
 Length between perpendiculars 𝐿𝑃𝑃  m  346.50  299.40  270.00  113.70  146.72  214.32  195.40  222.00  195.30
 Subdivision length 𝐿𝑠  m  366.00  307.71  296.74  125.80  152.22  227.97  213.00  220.00  212.25
 Breadth 𝐵  m  48.00  39.80  35.20  20.00  28.00  33.20  31.50  32.00  25.80
 Design draught 𝑇  m  8.80  8.20  7.95  5.10  6.10  6.50  6.95  8.55  6.50
 Subdivision draught 𝑇𝑠  m  9.10  8.50  8.20  5.30  6.30  6.70  7.10  8.82  6.70
 Construction height 𝐷  m  12.40  11.80  11.00  7.23  9.20  9.70  10.30  10.45  9.40
 Number of passengers 𝑁𝑝  –  7,800  3,640  2,750  323  1,900  3,300  2,617  2,070  2,315
 Number of crew members 𝑁𝑐𝑚  –  2,200  1,300  1,000  155  100  200  183  720  85
 Persons on Board 𝑃𝑂𝐵  –  10,000  4,940  3,750  478  2,000  3,500  2,800  2.790  2,400
 Gross tonnage 𝐺𝑇  –  230,000  130,000  95,900  11,800  28,500  70,000  50,000  69,100  36,822
 Deadweight 𝐷𝑊 𝑇  t  13,000  10,200  8,500  1,250  3,800  6,900  5,300  6,270  5,575
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Table 2 
Level 1 and Level 2.1 risk assessment results for the nine reference ships.
 Ship ID  Type  Regulation  SOLAS 2020 R-Index  SOLAS A-Index 𝑃𝐿𝐿∗

𝐴 Level 1 𝑃𝐿𝐿∗
𝐴 Level 2.1 –  –  1/ship year  1/ship year

 SHIP#1  Cruise  SOLAS2020  0.9173  0.9185  2.3400  1.7730
 SHIP#2  Cruise  SOLAS2020  0.8935  0.9067  1.0091  0.7840
 SHIP#3  Cruise  SOLAS2020  0.8835  0.8938  1.0888  0.8334
 SHIP#4  Cruise  SOLAS2020  0.7323  0.7436  0.2454  0.1955
 SHIP#5  Ro-Pax  SOLAS2020  0.8611  0.8892  0.5348  0.3649
 SHIP#6  Ro-Pax  SOLAS2020  0.8811  0.8948  0.6132  0.6154
 SHIP#7  Ro-Pax  SOLAS2020  0.8730  0.8825  1.0698  0.9313
 SHIP#8  Cruise  SOLAS90  0.8730  0.7691  1.4204  1.2542
 SHIP#9  Ro-Pax  SOLAS90  0.8675  0.8142  0.5372  0.4677

of using a Level 1 or a Level 2.1 assessment for flooding risk have been 
widely discussed by the authors in previous publications (Mauro et al., 
2023b; Mauro and Vassalos, 2024a) and are not repeated here for the 
sake of brevity. However, the results reported in Table 2 are the ref-
erence points for each project, means the base for a comparison with 
alternative designs aimed at increasing the safety of the ship.

All the design teams performed Level 1 and Level 2.1 calculations 
with the same softwares. More specifically, NAPA Stability (NAPA, 
2025) has been used for static calculations and PROTEUS3 (Jasionowski, 
2001) for time-domain damage stability analyses. The selection of static 
software has been decided by designers, as is the standard used in the 
industry. For the time-domain analysis, PROTEUS3 provided a good 
agreement with benchmark studies, especially in simulating flooding 
in waves. Software limitations concerns the application of Bernoulli 
model for the flooding progression and 2D strip theory for the hy-
drodynamic coefficients. However, dealing with geometries with more 
then 500 internal spaces, the flooding model gives the right compro-
mise between accuracy and calculation time. Concerning hydrodynamic 
loads, the limitation are for high sea states, where nonlinearities are 
present. However calculations have been performed for moderately 
high sea states, where the software highlighted good reproduction of
results.

The vessels selected for the study comes from 5 different design 
teams, four representing the industry and one the academy. The follow-

ing section illustrates the different strategies employed by each team for 
their vessels to try reducing risk in the most efficient way.

5.  RCOs implementation

Starting from the initial design configuration and assessed risk level, 
the nine reference ship designs have been upgraded by the respective 
design teams by implementing different kinds of RCOs. More specifi-
cally, the options presented in Section 3 have been considered, analysing 
which ones were suitable with internal layout of the vessels, without re-
quiring an extensive re-elaboration of the internal layout. As such, not 
all the solutions have been implemented on all the ships, as designers 
judged that some solutions were not applicable to some of the ships un-
der analysis. In addition to the RCOs presented in Section 3, in some 
cases also the combination between the proposed solution has been hy-
pothesised. In the following sections, a brief overview of the design 
choices to implement RCOs for flooding risk reduction is presented ship 
by ship. Table 3 summarises the single design solutions tested for each 
ship, together with the nomenclature used to identify the different types 
of RCOs. As mentioned, the study considers not only the implementation 
of single RCOs but also the combined deployment of different risk mit-
igation solutions. Table 4 gives an overview of the RCOs combinations 
studied for each vessel. All the new design solutions were implemented 
to the reference ships and reassessed according to the flooding risk

Table 3 
RCOs implemented and analysed for each reference ship design.
 RCO  ID  Description  Ships

 #1  #2  #3  #4  #5  #6  #7  #8  #9
 Foam installations  A1  Deployable barriers  –  –  –  –  –  –  –  – ✓

 A2  Permanent installations ✓ ✓ ✓ ✓  – ✓ ✓ ✓ ✓

 Chrashworthiness  B1  Doubling inner bottom thickness  –  –  –  –  –  –  –  –  –
 B2  Doubling number of inner girders  –  –  –  –  –  – ✓  –  –
 B3  Steel upgraded to AH36  –  –  –  – ✓  –  –  –  –
 B4  Double hull offset B/20, thickness 12mm  –  – ✓  –  – ✓  –  –  –
 B5  Double hull offset B/10, thickness 12mm  –  –  –  –  – ✓  - ✓  –
 B6  Double hull offset B/30, thickness 12mm  – ✓  –  –  – ✓ ✓ ✓  –
 B7  Double hull offset B/20, thickness 7mm  –  –  –  –  – ✓  –  –  –
 B8  Double hull offset B/20, thickness 17mm  –  –  – ✓  – ✓  –  –  –
 B9  Side shell thickness +10mm ✓  –  –  – ✓  –  –  –  –
 B10  Doubling hull thickness  –  –  –  –  –  –  –  –  –

 Internal layout  C1  Double hull with 1m width  –  – ✓ ✓  –  –  –  –  –

Openings
 D1  Reinforced doors ✓  –  –  –  –  –  –  –  –
 D2  Additional doors to bulkhead deck  – ✓  –  –  –  –  – ✓  –

Table 4 
RCOs combinations implemented on the nine reference ships.

 SHIP#1  SHIP#2  SHIP#3  SHIP#4  SHIP#5  SHIP#6  SHIP#7  SHIP#8  SHIP#9

RCOs combinations  C1+A2
A2+B8 B3+B9

 B5+B6  A2+B6
D2+A2 C1+B4  A2+B5+B6  B5+B6

The abbreviations refer to the nomenclature of Table 3.
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Fig. 7. Critical collision damages considered for Ship#1.

assessment framework. Finally, all the changes in loading conditions 
due to the implementation of the RCOs have been considered by de-
signers in the reassessment of the flooding risk.

5.1.  SHIP#1

The selection of the RCOs for this vessels derive from the analysis 
of Level 1 and Level 2.1 𝑃𝐿𝐿𝐴 calculations. Fig. 7 shows the critical 
collision damages used by designers to implement the RCOs. The Figure 
shows the non-dimensional penetration of the collision damage (𝐿𝑦∕𝐵) 
as a function of the non-dimensional longitudinal position of the centre 
of the damage (𝑥∕𝐿𝑠). At this stage, designers didn’t follow a concept 
of optimal possible RCO but focused on the implementation of possi-
ble solutions having less impact on the original layout of the vessel. As 
reported in Table 3, the following RCOs have been considered:

- Reinforced doors on bulkhead deck: the purpose of this RCO is to im-
prove the damage stability performance of the vessel by reinforcing 
critical openings on the bulkhead deck. More specifically, designers 
select to reinforce the fire doors leading to the staircases, in such a 
way to slow down water ingress from lower decks.

- Passive foam installations: the second selected RCO for this ship is the 
application of fixed passive foam installations. The foam has been 
applied in void locations under the bulkhead deck, filling a final vol-
ume of 5,873m3. To not compromise the functionality requirement 
of the ship, preference has been given to void spaces only, without 
changing the layout of the ship. As such, the locations where to ap-
ply foam are not optimal, with reference to the static risk profile of 
the vessel.

- Side shell thickness increase of 10mm: this risk control option as-
sociated with crashworthiness aims at improving safety in case of 
side groundings. According to the distribution of most critical side 
groundings damages, designers selected to reinforce the area from 
0.3𝐿𝑃𝑃  to 0.8𝐿𝑃𝑃 . The vertical extent of the reinforcements goes 
from the bilge up to the bulkhead deck. Such a solutions led to a 
weight increase of 450 t, with a consequent effect on the draught 
and position of the vertical centre of gravity.

For this case, the resulting RCOs are not representative of an optimal 
disposition of the devices but represent a compromise solution between 
potential risk loss and cost of changes.

5.2.  SHIP#2

The selection of the RCOs to implement on SHIP#2 reflects the 
choices of designers after the analysis of flooding risk at both Level 1 
and Level 2.2 on the original vessel configurations. Fig. 8 shows the col-
lision damages used by designers to study RCOs implementation. Also in 
this case, the design team didn’t focus on optimising the impact of RCOs 

Fig. 8. Critical collision damages considered for Ship#2.

on flooding risk but preferred to minimise the consequences on the in-
ternal layout. From these considerations, the following RCOs have been 
studied:

- Permanent foam installations: with the vessel being equipped with an 
LNG fuel system, the spaces around the LNG tanks are designed to be 
void spaces or, in some cases, dedicated to crew cabins. The design 
team decided to fill all the spaces around the LNG tanks with per-
manent foam installations, moving part of the crew cabins in upper 
decks.

- Double hull with offset B/30 and 12mm thickness: the implementation 
of this crashworthy measure has been decided because of its easy 
implementation in the engine room area. Also in this case, the selec-
tion of the location is not derived directly from the static risk profile 
of the vessel, as suggested by the risk framework, but derive from 
criteria of easy and effective applicability of the proposed modifica-
tion.

- Additional doors to bulkhead deck: to limit the flooding progression 
along corridors, the number of watertight doors has been increased 
on the bulkhead deck. More specifically, the additional doors are 
added in correspondence with the watertight bulkheads. The design-
ers assumed that these watertight doors are limited strength doors 
(called Semi Watertight Doors) that can be easily opened and closed 
as normal sliding fire doors. This allows for not compromising the 
escape routes in case of harms.

Also in this case, the implementation of this RCOs is not optimal for the 
flooding risk reduction but a compromise with the necessities of limiting 
changes to the internal layout of the vessel. However, starting from the 
above configurations, the ship equipped with RCOs has been reassessed 
to estimate the new risk level, bearing in mind that the potential risk 
reduction is mitigated by the necessity of limit the cost of changes.

5.3.  SHIP#3

Also for SHIP#3, the analysis of the RCOs to be implemented is sub-
sequent to the interpretation of results obtained from Level 1 and Level 
2.1 risk analysis. The critical damages considered by designers for the 
RCOs implementation are shown in Fig. 9. From the initial screening, the 
designers decided to adopt the following countermeasures to improve 
safety, considering also combinations of the simple RCOs solutions:
- Double hull with offset B/20 and 12mm thickness: the implementation 
of a non watertight crashworthy structure has been decided to rein-
force the areas around the engine room. These areas were at high risk 
of flooding, especially for damages due to collisions and side ground-
ings. The implementation of the crashworthy structure was compli-
ant with the static risk profile of the vessel and does not require a 
rearrangement of the internal layout. Fig. 10 shows the location and 
extend of the double hull.
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Fig. 9. Critical collision damages considered for Ship#3.

Fig. 10. Double hull location on Ship#3.

- Double hull with 1m width: taking into account the same consider-
ations of the previous RCO, the designers decided to reinforce the 
engine areas with a watertight double hull. The extension of this 
double hull is the same of the previously described RCO.

- Permanent foam plus double hull with 1m width: this is a first combina-
tion between different RCOs. As the implementation of a double hull 
with 1m width generates void spaces between the reinforcement and 
the side shell, designers decided to fill these spaces with permanent 
foam. Of course, the extension of the foam installations is the same 
as the additional double hull.

- Double hull with offset B/20 and 12mm thickness plus double hull with 
1m width: this second combination of RCOs has been implemented 
by designers to test the joint benefits of having a reinforced and wa-
tertight double hull. The location and extension of the RCOs is the 
same as the individual solutions.

In this case, the RCOs are installed in ares that are effectively at risk for 
the initial design configuration. Therefore, it is reasonable to assume a 
higher risk reduction compared to the previous two ships.

5.4.  SHIP#4

SHIP#4 was assessed in its original configuration with a flooding risk 
analysis at Level 1 and Level 2.1. The critical damages employed for the 
RCOs studies are shown in Fig. 11. For this ship, the design team per-

Fig. 11. Critical collision damages considered for Ship#4.

formed an accurate analysis of the most vulnerable areas, trying to collo-
cate the reference RCOs precisely in the regions at high risk of flooding. 
As shown in Tables 3 and 4, the following RCOs and combination of 
RCOs have been considered by designers:

- Permanent foam installations: the analysis of the static risk profile of 
the ship highlights two region at high risk, a particularly severe one 
in the aft and a minor one at the fore shoulder. To this end, void 
spaces have been identified in both the regions to fill them with foam.

- Double hull with offset B/20 and 17mm thickness: From the analysis of 
the collision damages it has been noted that the majority of breaches 
resulting into a capsize of the ship are located in the aft compart-
ments of the ship. As a first step the double hull has not been consid-
ered watertight therefore the unique impact on the PLL is generated 
by the reduction of the dimension of the affected breaches (according 
to the 𝜆 introduced in Section 3.3).

- Double hull with 1m width: to further improve the benefits of a double 
hull not being watertight, the design team decided to implement a 
watertight double hull exactly in the same positions of the previous 
RCO.

- Double hull at B/20 with permanent foam installations: this combina-
tion of RCOs has been detected for installation, targeting the area 
located in the aft compartments of the vessel. Here a combined effect 
of a non-watertight double hull and passive foam has been studied.

In this case, the RCOs are installed in ares that are effectively at risk for 
the initial design configuration. Therefore, it is reasonable to assume an 
higher risk reduction compared to the previous two ships.

5.5.  SHIP#5

SHIP#5 was assessed in its original configuration with a flooding risk 
analysis at Level 1 and Level 2.1. The designers considered the critical 
side grounding damages reported in Fig. 12 to study the RCOs imple-
mentation. For this ship, the designers decided not to change the inter-
nal layout of the vessel or to fill void space with foam protections. Only 
crashworthy enhancements have been targeted by the design team, re-
sulting in the application of the following RCOs:

- Steel upgrade to AH36: This RCO reinforces the bottom of the hull 
by upgrading the steel grade from normal strength steel (yield 
strength of 236MPa) to higher strength steel, AH36 (yield strength 
of 355MPa), thus improving the bottom grounding crashworthiness 
of the vessel. As there was not found a particularly vulnerable area 
regarding bottom groundings, the whole bottom is reinforced.

- Side shell thickness +10mm: This risk control option is intended for 
the improvement of side grounding crashworthiness characteristics 
of a vessel. Results indicate that regarding side groundings, the most 
vulnerable area is located amidships. The vertical extent of the side 

Fig. 12. Critical side grounding damages considered for Ship#5.
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Fig. 13. Critical collision damages considered for Ship#6.

shell reinforcement is from the bilge up until the bulkhead deck. 
This results in a reinforced area of 1 579 m2. This equates to an 
added weight increase of 126.3 t. This affects the centre of gravity 
and draught, essentially altering the stability characteristics of the 
vessel.

- Steel upgrade plus side shell thickness +10mm: this combination is the 
pure superposition of the previous two solutions.

5.6.  SHIP#6

SHIP#6 was assessed in its original configuration with a flooding 
risk analysis at Level 1 and Level 2.1. Fig. 13 shows the critical collision 
damages employed by designers to study the implementation of RCOs. 
For this ship, the designers focused only in the implementation of single 
RCOs. Therefore, no combinations have been investigated, resulting in 
the following solutions:

- Permanent foam installations: The results of the risk analysis have 
shown as expected that the forward and aft shoulder of the ship are 
the most vulnerable areas. To improve these areas void spaces have 
been filled with foam.

- Double hull with offset B/20 and thickness 12mm: the most critical part 
identified during the preliminary risk analysis has been reinforced 
with this non-watertight structure.

- Double hull with offset B/10 and thickness 12mm: the RCO covers the 
same area of interest of the previous option.

- Double hull with offset B/30 and thickness 12mm: the RCO covers the 
same area of interest of the previous option.

- Double hull with offset B/20 and thickness 7mm: the RCO covers the 
same area of interest of the previous option.

- Double hull with offset B/20 and thickness 17mm:the RCO covers the 
same area of interest of the previous option.

In this case the designers focused in understanding the differences of the 
multiple options by installing all the RCOs in the same areas. This gives 
a fair comparison among the different crashworthy solutions as well as 
for the fixed foam.

5.7.  SHIP#7

SHIP#7 was assessed in its original configuration with a flooding risk 
analysis at Level 1 and Level 2.1. The designers performed a static risk 
analysis prior to deciding where to put the considered RCOs, resulting in 
a combination between necessities and design constraints. Fig. 14 shows 
the critical collision damages used for risk reduction considerations. The 
result is the application of single and combinations of RCOs as shown 
in Tables 3 and 4 and briefly described hereunder:

Fig. 14. Critical collision damages considered for Ship#7.

- Permanent foam installations: the installation of permanent foam does 
not consider the most vulnerable areas along the ship. The criteria 
used for the installation is coming from the disposition of the void 
spaces in the lower part of the ship.

- Doubling the number of inner girders:the impact on bottom grounding 
assessment of this RCO was inspected. Looking at the worst selected 
cases for Bottom Grounding, the most fore part of the double bottom 
does not need to be strengthened; it is instead obvious that only very 
longitudinally extended breaches can generate dangerous scenarios. 
To this end the RCO has been installed through 3/4 of the ship length, 
excluding only the foremost and the aftmost areas.

- Double hull with offset B/30 and thickness 12mm: This RCO has been 
studied to reinforce the mid part of the ship in the case of collision. 
In presence of void spaces, the double hull is changing to a B/10 
double hull.

- Combined Double hull with offset B/30 and B/10 and thickness 12mm: 
This combination of RCOs is similar to the previous case but is fitted 
in a different place of the ship, more specifically on the fore shoulder.

- Combined double hull (B/30 and B/10 offset) and permanent foam: This 
RCOs combination is the result of the previous one plus the applica-
tion of fixed foam installations in the void spaces.

As mentioned, the designers try to find a compromise between design 
necessities and risk indication. In any case, the proposed solutions did 
not impact the internal layout of the vessel.

5.8.  SHIP#8

SHIP#8 was assessed in its original configuration with a flooding 
risk analysis at Level 1 and Level 2.1. The designers employ the critical 
damages shown in Fig. 15 to make their considerations on the RCO to 

Fig. 15. Critical collision damages considered for Ship#8.
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apply for risk mitigation. Looking at the static risk profile of the vessel, 
the designers try to implement several RCOs, without changing the in-
ternal layout of the ship. The designers decided to apply both individual 
and combination of RCOs (see Tables 3 and 4), resulting in the following 
solutions:

- Permanent foam installations: permanent foam installation have been 
installed in void spaces below the bulkhead deck, without changing 
the internal layout of the ship.

- Double hull with offset B/10 and thickness 12mm: from the static risk 
profile of the ship, two main regions were identified as critical for 
collision damages. As a result, designer decides to implement a dou-
ble hull in the aft part of the ship in the compartments adjacent to 
the engine room (with the engine room located between 0.25 and 
0.4𝑥∕𝐿𝑠).

- Double hull with offset B/30 and thickness 12mm: this RCO has been 
located in the same region of the previous one, just changing the 
lateral position of the double hull.

- Additional doors to bulkhead deck: the designers performed a prelim-
inary analysis on the criticality of the doors along the ship. As a 
result they decided to reinforce corridor and staircase openings on 
the bulkhead deck to limit the flooding progression along the ship.

- Double hull with offset B/30 and permanent foam installations: here, in 
addition to the double hull, the void spaces have been filled with 
foam.

- Double hull with offset B/30 and double hull with offset B/10: This RCOs 
combination has been implemented fitting in void spaces in the aft 
and fore shoulders a double hull, considering the limiting barrier 
according to the available spaces.

The designers decided to fit the different types of RCOs looking partially 
to the risk profile of the ship, privileging the solution of not modify the 
internal layout of the vessel.

5.9.  SHIP#9

SHIP#9 was assessed in its original configuration with a flooding risk 
analysis at Level 1 and Level 2.1. The designers decided to focus primar-
ily on the flooding progression along the ship, adopting solutions not 
employed by the other design teams. Fig. 16 shows the critical collision 
damages that the designers employed for their risk reduction consider-
ations. This results in the following list of individual and combinations 
of RCOs:

- Deployable barriers: analysing the flooding progression along the car 
decks, the designers decided to implement deployable barriers to 
limit the progression of water in case of accidents.

- Permanent foam installations: from the static risk profile of the vessel, 
the designers decide to implement foam installations in the areas of 

Fig. 16. Critical collision damages considered for Ship#9.

the fore and aft shoulders to be effective especially in the case of 
collisions.

- Permanent foam installations and additional doors to bulkhead deck: in 
addition to the permanent foam installations, the designers decided 
to reinforce critical openings on the bulkhead deck to limit the flood-
ing progression.

The focus of the designers on flooding progression results in the imple-
mentation of the solution of the deployable barriers, which is unicum 
among the different design teams. In addition, the adoption of the static 
risk profile for the foam installation is in line with the rest of the ships.

6.  Multi-level assessment of RCOs

After the selection of the RCOs to implement on the 9 ship designs 
considered in the study, a second iteration of the risk evaluation had 
to be performed to evaluate the effectiveness of the implemented solu-
tions. As described in Section 2, the risk assessment framework conceive 
multiple level to assess the risk due to flooding. According to this frame-
work, the risk can be assessed at a Level 1 or a Level 2 (with the subcases 
2.1 and 2.2). As such, designers have the opportunity to select the as-
sumption levels, according to their experience and time-schedule.

In this study, designers follow the principles of the proposed frame-
work, assessing the risk levels for the RCOs configurations at a Level 1 
or a Level 2.1, meaning with a pure static assumption or using dynamic 
flooding analysis. Not all the design solutions have been tested at both 
levels as sometimes designers stop the analysis at a Level 1.

The following sections report the results of the different RCOs so-
lutions at a Level 1 or a Level 2.1, bearing in mind that not all the 
configurations have been tested at Level 2.1.

6.1.  Level 1 assessment

The design teams performed calculations of the 𝑃𝐿𝐿 at Level 1 for 
all the RCOs implemented as described in Section 5. The Level 1 calcu-
lation is a straightforward application of static analyses of the damage 
stability of the ship, which is the method in which designers have the 
most confidence in assessing flooding risk.

Even though this method is less accurate for risk estimation, it could 
still give an indication of the risk reduction that could be achieved for 
a given RCO. Therefore, it is a suitable preliminary design instrument.

Table 5 shows the results of the Level 1 analysis, comparing the ob-
tained results for each design solution with the condition without RCOs 
reported in Table 2. The results show a decrease in the 𝑃𝐿𝐿 level for al-
most all the tested configurations; however, the magnitude of the reduc-
tion changes design by design due to the different strategies employed 
by the designers. To better understand the reduction levels it is better to 
give a description for each ship employing the nomenclature of Tables 3 
and 4 to identify the RCOs:

- SHIP#1: For this ship, the 𝑃𝐿𝐿 reduction ranges from 3 to 12% 
compared to the initial condition. The lowest reduction is given by 
option A2 while the higher is the condition B9. An intermediate value 
of 7% is achieved by configuration D1. The fact that condition A1 
provide a small 𝑃𝐿𝐿 reduction indicates that the placement of the 
foam installations are not placed in an efficient way. The good level 
achieved by the crashworthy solution B9 suggests that in this case 
the placement of the RCO is made in an acceptable way.

- SHIP#2: For this ship, the 𝑃𝐿𝐿 reduction ranges form 1 to 11% com-
pared to the condition without RCOs. The lowest reduction is given 
by option B6 while the higher reduction is provided by solution A2. 
Solution D2 gives a 5% of 𝑃𝐿𝐿 reduction. In this case the crashwor-
thy solution B6 is not really efficient as probably the region where 
it is applied is not optimal to reduce the impact of critical damages. 
Solution A2 indicates a fairly good placement of the permanent foam 
installations.
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Table 5 
𝑃𝐿𝐿 Level 1 (1/ship year) reduction of the selected RCOs.
 ID  SHIP#1  SHIP#2  SHIP#3  SHIP#4  SHIP#5  SHIP#6  SHIP#7  SHIP#8  SHIP#9

none
 2.3400  1.0091  1.088  0.2454  0.5348  0.6132  1.0698  1.4204  0.5372
 100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%

 A1  –  –  –  –  –  –  –  –  –23.00%
 A2  –3.00% -11.00%  –8.00%  –7.00%  –  –5.00%  –20.00%  –  –43.00%
 B1  –  –  –  –  –  –  –  –  –
 B2  –  –  –  –  –  –  –2.00%  –  –
 B3  –  –  –  –  –9.00%  –  –  –  –
 B4  –  –  –7.00%  –  –  –56.00%  –  –  –
 B5  –  –  –  –  –  –58.00%  –  –2.00%  –
 B6  –  –1.00%  –  –  –  –55.00%  –9.00%  –2.00%  –
 B7  –  –  –  –  –  –50.00%  –  –  –
 B8  –  –  –  –7.00%  –  –60.00%  –  –  –
 B9  –12.00%  –  –  –  –5.00%  –  –  –  –
 B10  –  –  –  –  –  –  –  –  –
 C1  –  –  –7.00% -10.00%  –  –  –  –  –
 D1  –7.00%  –  –  –  –  –  –  –  –
 D2  –  –5.00%  –  –  –  –  –  –0.00%  –
 CMB1  –  - -12.00%  –26.00%  –14.00%  –  –13.00%  –2.00%  –61.00%
 CMB2  –  –  –15.00%  –  –  –  –32.00%  –4.00%  –

CMB1 and CMB2 refer to the combined RCOs options described in Table 4.

- SHIP#3: This vessel presents not only single RCOs but also combina-
tions of multiple RCOs. The 𝑃𝐿𝐿 reduction is in a range between 7 
to 15%. The lowest reduction is given by configurations B4 and C1, 
while the highest is provided by the RCO combination C1+B4. So-
lution A2 achieves a reduction of 8% and the combination C1+A2 
of 12%. The values obtained for the single RCOs solutions indicate 
that the placement of the devices is made in a fairly good way. The 
combinations of multiple RCOs increases the value obtained by indi-
vidual solutions but is still affected by the original placement of the 
single devices.

- SHIP#4: This vessels considers both single and combinations of 
RCOs. The 𝑃𝐿𝐿 reduction ranges from 7% to 26%. The lowest 
reduction is given by RCOs A2 and B8, while the highest value is 
reached by solution A2+B8. Configuration C1 obtains a reduction 
level around 10%. The values of the reduction obtained by the single 
RCOs solution indicates a fairly good placement of the devices. The 
combination A2+B8 is much more effective than the single RCOs, 
however the reduction level is still influenced by the original place-
ment of the single RCOs.

- SHIP#5: The vessel presents both single and combinations of RCOs. 
The 𝑃𝐿𝐿 reduction range is between 5% and 14%. The lowest re-
duction is for configuration B9 while the highest is for the combina-
tion B3+B9. The configuration B3 reaches an intermediate value of 
9%. The values obtained for the single RCOs indicate a fairly good 
placement of the RCOs. The combination B3+B9 achieves a higher 
value combining the positive effect of both the RCOs employed, but 
is still affected by the original placement of the individual RCOs.

- SHIP#6: This vessel presents only solutions with single RCOs. The 
𝑃𝐿𝐿 reduction range is between 5% and 60%. The lowest value is 
provided by the configuration A2, while the highest is given by con-
figuration B8. All the remaining configurations (B4, B5, B6 and B7) 
presents high 𝑃𝐿𝐿 reduction levels, all above 50%. The low level 
of reduction of configuration A2 indicates a non optimal placement 
of the fixed foam installations. On the contrary, the really high effi-
ciency of all the crashworthy solutions implying the application of a 
double hull indicates an optimal placement of the devices.

- SHIP#7: This ship present individual RCOs and combinations be-
tween different RCOs. The 𝑃𝐿𝐿 reduction ranges form 2% to 32%, 
with the higher value registered for the combination A2+B5+B6 
and the lower value for configuration B2. Configuration B6 has a 
reduction of 9% and configuration A2 of 20%. The value of 𝑃𝐿𝐿
reduction obtained for configuration A2 indicates a good placement 

of the permanent foam installation, while the low value for config-
uration B2 indicates that the placement is not optimal to reduce the 
impact of critical damages. The good reduction level obtained for 
the combinations of different RCOs inherits the goodness and weak-
nesses of the single placement of the individual RCOs.

- SHIP#8: This vessel present both single and combination of RCOs. 
The 𝑃𝐿𝐿 reduction is in the range between 0% and 4%. The lowest 
value is for configuration D2 while the highest value is for combina-
tion B5+B6. All the other solutions present a reduction of 2%. The 
low reduction level obtained by all the RCOs solutions indicate that 
the placement of the devices is not good to reduce flooding risk. This 
is the case for both crashworthy solutions and placement of foam in-
stallations. Also the reinforcement of doors in the bulkhead deck is 
practically ineffective for this ship.

- SHIP#9: This ship presents both individual and combinations of 
RCOs. The 𝑃𝐿𝐿 reduction ranges between 23% and 61%, with the 
lowest value for solution A1 and the highest for the combination 
D2+A2. This is the only vessel implementing solution A1, which is 
effective with a 23% of 𝑃𝐿𝐿 reduction indicating a good placement 
of the deployable barriers in the car deck. The high value registered 
for solution A2 (about 43%) indicates a really good placement of the 
foam installations along the hull. The really high value obtained by 
combination D2+A2 inherits the benefits obtained by the individual 
RCOs.

The results obtained by the design teams on the different ships imple-
menting different RCOs highlights the extreme subjectivity of the design 
choices. In fact, the results does not allow to perform a precise ranking 
among the RCOs as some of them are really effective on certain ships 
and ineffective on others. This is the case of both permanent foam in-
stallations and crashworthy structures, where the placement of the RCO 
is crucial to obtain a good 𝑃𝐿𝐿 reduction.

A small ranking between RCOs can be done for crashworthy struc-
tures only for the case of Ship#6, where all the RCOs have been imple-
mented in the same range of the ship. In this case, it is evident that the 
best solution is given by configuration B8, which consists of a double 
hull with offset B/20 and thickness 17mm, followed by configuration 
B5 (double hull at B/10 with thickness 12mm) and B4 (double hull at 
B/20 with thickness 12mm).

In any case, the Level 1 𝑃𝐿𝐿 calculations highlights that both crash-
worthy solutions and foam installations can be employed by designers 
to reduce flooding risk, while performing an appropriate selection of 
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Table 6 
𝑃𝐿𝐿 Level 2.1 (1/ship year) reduction of the selected RCOs.
 ID  SHIP#1  SHIP#2  SHIP#3  SHIP#4  SHIP#5  SHIP#6  SHIP#7  SHIP#8  SHIP#9

none
 1.7730  0.7840  0.8334  0.1955  0.3649  0.6154  0.9313  1.2542  0.4677
 100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%

 A1  –  –  –  –  –  –  –  –  –23.00%
 A2  –  –  –  –  –  –  –  –  –43.00%
 B1  –  –  –  –  –  –  –  –  –
 B2  –  –  –  –  –  –  –  –  –
 B3  –  –  –  –  –  –  –  –  –
 B4  –  –  –  –  –  –  –  –  –
 B5  –  –  –  –  –  –  –  –  –
 B6  –  –  –  –  –  –  –  –  –
 B7  –  –  –  –  –  –  –  –  –
 B8  –  –  –  –  –  –  –  –  –
 B9  –  –  –  –  –  –  –  –  –
 B10  –  –  –  –  –  –  –  –  –
 C1  –  –  –  –  –  –  –  –  –
 D1  –5.00%  -  –  –  –  –  –  –  –
 D2  –  –5.00%  –  –  –  –  –  –1.00%  –
 CMB1  –  –  –12.00%  –  –  –  –  –61.00%
 CMB2  –  –  –16.00%  –  –  –  –32.00%  –4.00%  –

CMB1 and CMB2 refer to the combined RCOs options described in Table 4.

the regions where to apply the RCOs. These considerations are purely 
based on static calculations; therefore, it is relevant to investigate also 
the RCO behaviour at a higher confidence level, meaning at a Level 2.1.

6.2.  Level 2.1 assessment

To increase the reliability on the effect of RCOs in reducing flooding 
risk, it is advisable to use direct tools at least for the damage stability cal-
culations, means assess the risk at a Level 2.1. As described in Section 2, 
the assessment at a Level 2.1 is performed through the employment of 
dynamic rigid body calculations in time-domain. This approach is much 
more time consuming than the static evaluation of a design configura-
tion; therefore, designers decided to test at a Level 2.1 a small amount 
of RCOs.

Table 6 shows the results of the 𝑃𝐿𝐿 calculations at a Level 2.1, 
comparing the obtained results with the one of the configuration with-
out RCOs reported in Table 2. The results, for the few RCOs tested, are 
in line with the reduction levels observed for the Level 1 calculations, 
highlighting differences of at most 2%. To better understand the reduc-
tion levels achievable with a Level 2.1 prediction it is worthy analyse 
the results ship by ship:

- SHIP#1: For this ship, only condition D1 has been tested. The 𝑃𝐿𝐿
reduction in this case is 5%, which is in line with the prediction 
obtained at a Level 1, with a variation of 2%. However, the absolute 
value of the 𝑃𝐿𝐿 is different as highlighted in Tables 6 and 2.

- SHIP#2: For Ship#2 only configuration D2 has been tested at a Level 
2.1. The 𝑃𝐿𝐿 reduction is 5% compared to the condition without 
RCOs. In this case, the reduction level is exactly the same of the 
Level 1 prediction. Also in this case, the absolute value of the 𝑃𝐿𝐿
is different between the two levels of prediction.

- SHIP#3: For Ship#3 two combined configuration have been tested, 
C1+A2 and C1+B4. Condition C1+A2 has a 𝑃𝐿𝐿 reduction of 
12%, which is exactly the same of the Level 1 prediction. Condi-
tion C1+B4 has a 16% of 𝑃𝐿𝐿 reduction, which i 1% more than 
the Level 1 prediction. Also in this case, the absolute value of 𝑃𝐿𝐿
between the two levels of prediction is different.

- SHIP#4: No RCOs have been analysed for this ship at a Level 2.1.
- SHIP#5: No RCOs have been analysed for this ship at a Level 2.1.
- SHIP#6: No RCOs have been analysed for this ship at a Level 2.1.
- SHIP#7: For Ship#7, only the combined solution A2+B5+B6 has 
been tested. The calculated 𝑃𝐿𝐿 reduction is 32% which is exactly 

the same as the Level 1 prediction, but with a different absolute 
value.

- SHIP#8: For Ship#8 the condition D2 and the combined solution 
B5+B6 have been tested at a Level 2.1. The 𝑃𝐿𝐿 reduction regis-
tered for case D2 is of 1%, which is 1% higher than the reduction 
observed with the Level 1 prediction. For case B5+B6, the resulting 
𝑃𝐿𝐿 value is 4%, which is the same as Level 1 prediction. Also in 
this case the absolute value of the 𝑃𝐿𝐿 is different between the two 
prediction levels.

- SHIP#9: For Ship#9, all the configurations tested at a Level 1 have 
been assessed also with Level 2.1 predictions. For all the three cases, 
the 𝑃𝐿𝐿 reduction in percentage is exactly the same as the Level 
1 predictions. Of course, the absolute value of the 𝑃𝐿𝐿 is different 
between the prediction levels.

The prediction at Level 2.1 have almost the same 𝑃𝐿𝐿 percentage re-
duction as the Level 1 prediction, thus they give the same design indica-
tions. However, the reliability of a Level 2.1 prediction is much higher 
than the Level 1, due to the application of first principle tools for the 
prediction. Therefore, the absolute 𝑃𝐿𝐿 value provided by the Level 2.1 
prediction is more accurate than the Level 1, thus is better applicable 
for flooding risk considerations.

Also in this case it is not possible to give a ranking between the differ-
ent RCOs solutions because the obtained values are strongly influenced 
by the designers choices. Also here we have cases like for Ship#9, where 
the level of 𝑃𝐿𝐿 reduction is consistent and cases like Ship#8 where the 
influence of RCOs is minimal.

7.  General remarks

The results presented in Section 6 highlight some considerable indi-
cations on the applicability of RCOs onboard ships. As a first result, it 
is evident that the design team has a strong influence in the successful 
installation of a risk mitigation device. In fact, there are a lot of dis-
cordant results concerning the effectiveness of certain RCOs comparing 
different ships. For ships like Ship#6 the risk reduction level for the 
crashworthy structures is really high, reaching percentage of reduction 
around 60% (according to a Level 1 prediction), while for vessels like 
Ship#8 there is only the 2%. The same for Ship#9 with the effective-
ness of foam installations (up to 61% of 𝑃𝐿𝐿 reduction both at Level 1 
and Level 2.1), while Ship#1 or Ship#8 show a few percentage points 
of 𝑃𝐿𝐿 reduction. It is evident that good results could be achieved by a 
good understanding of the initial flooding risk calculations, which allow 
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for a clear identification of the most vulnerable ares where to implement 
RCOs.

Another important consideration is on the ranking between the dif-
ferent RCOs. Unfortunately none of the research team decided to im-
plement all the risk control options available. Then a fair comparison 
among the RCOs cannot be done as it is influenced by the choices of the 
design teams. However, a small ranking can be performed for Ship#6, 
where the designers implemented all the kinds of double hulls available 
by the crashworthy modelling. In this case, the most effective solution 
is given by configuration B8, meaning a double hull at B/20 with thick-
ness 17mm. Afterwards, we have solutions B5 (double hull at B/10 with 
thickness 12mm) and B4 (double hull at B/20 with thickness 12mm). 
However, as the trend is not confirmed by any other test ship, it is im-
possible to make a real ranking between them. Noteworthy is the appli-
cation of combination of RCOs, all the ships that were equipped with 
combinations of RCOs leads to higher level of 𝑃𝐿𝐿 reduction, gaining 
the benefits of all the single RCOs. Therefore, a way towards increas-
ing the risk reduction is going through the application of multiple RCOs 
onboard the same vessel.

A relevant consideration is concerning the calculation level of the 
framework for risk assessment. Both Level 1 and Level 2.1 predictions 
give the same percentage level of 𝑃𝐿𝐿reduction for all the considered 
RCOs. This is relevant because a fast prediction at a Level 1 could give 
a fast indication to designers concerning the efficacy of a certain RCO, 
without spending too much calculation time. Therefore, the Level 1 pre-
diction could be a useful preliminary design tool for risk assessment that 
can guide designer in the correct path for a successful safe ship design. 
On the contrary, the absolute level of 𝑃𝐿𝐿 is much different between 
Level 1 and Level 2.1 predictions. Then, for a correct evaluation of flood-
ing risk, the usage of a Level 2.1 is suggested. This implies the execution 
of multiple time-domain simulations which are harder to implement and 
compute compared to static predictions. However, thanks to the multi-
level risk assessment framework, the evaluation of risk at Level 2.1 can 
be reduced to the final configuration selected after a preliminary screen-
ing with a Level 1 assessment.

In conclusion, the implementation of RCOs has a good potential in re-
ducing the risk of flooding onboard ship, especially while implementing 
crashworthy solutions or foam installations (and combinations of them). 
However, the intensive application of RCOs onboard may change the 
entire design of a passenger ship, from the selection of the main dimen-
sions up to the decision of the internal layout. It is, therefore, necessary 
to continue the research n this field for the design of future safer ship, 
looking at risk prevention rather then risk protection.

8.  Conclusions

The present paper reports the application of a multi-level flooding 
risk assessment framework for the assessment of different RCOs to be 
installed onboard ships. The framework has been tested on 9 reference 
vessels analysed by 9 different design teams, free to apply they design 
philosophies to the implementation of risk control option for flooding. 
Among the different possibilities, the set of RCOs to be implemented are 
composed of active and passive foam systems, crashworthy structures 
and changes in internal layout or openings. As mentioned, the design 
teams selected the RCOs to apply to their ship according to their design 
strategies to reduce risk and evaluate the 𝑃𝐿𝐿 at a Level 1 and Level 2.1. 
The proposed solutions consider both single RCOs and combinations of 
different solutions in order to maximise the 𝑃𝐿𝐿 reduction.

All RCOs have been assessed at a Level 1, obtaining discordant results 
along the design teams. Some vessels highlight high reduction of risk by 
implementing crashworthy solutions or foam installations, others show 
exiguous changes in 𝑃𝐿𝐿. In general, the possibility of changing the 
internal layout or the protection of critical openings is not providing a 
consistent 𝑃𝐿𝐿 reduction. In particular, the results obtained for Ship#6 
in implementing crashworthy structures and for Ship#9 in foam appli-
cations shows percentage of reduction up to 60%. This is the result of a 

good analysis of the preliminary flooding risk calculations on the initial 
ship configuration. On the contrary, Ship#8 highlights few percentage 
of reduction by applying any kind of RCOs. This is a case of not good 
evaluation of preliminary results.

Unfortunately, not all the RCOs have been tested at Level 2.1, due to 
the lack of time or for difficulties in preparing much more complicated 
calculations. However,the calculations performed show percentage of 
𝑃𝐿𝐿 reduction in line with the Level 1 prediction. Of course, the abso-
lute value of the 𝑃𝐿𝐿 between a Level 1 and a Level 2.1 is different.

Therefore, it can be concluded that a preliminary prediction at a 
Level 1 is sufficient to evaluate whether an RCO is effective or not in 
reducing the risk of flooding onboard the ship. However, for a detailed 
quantification of risk, the employment of a more advanced prediction 
tool is advisable, thus choosing for at least a Level 2.1 prediction.

Because none of the design team selected to implement all the avail-
able RCOs tho their ships, it is not possible to make a ranking among 
the different RCOs. However, the study highlights that both foam and 
crashworthyness can reach the same high level of risk reduction. Then, 
the correct implementation of RCOs is a valuable solution to reduce the 
risk due to flooding. This is a really important measure to prevent the 
risk of flooding instead of protect the ship in case of a flooding event. 
In fact, solutions like crashworthyness or permanent foam installations 
act in the direction of limit the occurence of a dangerous flooding event. 
The intensive application of RCOs onboard a vessel could have a consis-
tent impact on the design of future ship, potentially changing the design 
of the whole vessel. Therefore, it is of utmost importance to continue in 
focalising the research in this direction, for designing future safer ships.
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