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A B S T R A C T   

Post-accident safety of ships is governed by damage stability, affected by watertight subdivisions which limit 
accidental flooding. This is important for passenger ships with watertight doors (WTDs) often fitted in the 
bulkheads. Awareness of the ship flooding risk due to open WTDs and the conditions under which the associated 
risk level changes are prerequisites for proactive risk mitigation. 

Accident risk is often expressed as a combination of accident likelihood and its consequences. Current solu-
tions for flooding risk mitigation often treat these elements separately, or the adopted metrics are based on 
quantities not allowing proper active control of risk. 

In this paper an attempt is made to fill this gap by introducing a novel concept for rapidly assessing the 
flooding risk onboard passenger ships, accounting for the two dimensions of flooding accidents. The likelihood 
part is based on the complexity of surrounding traffic, operational conditions, and human reliability assessment. 
The consequences are based on precalculated probabilistic damage stability results of ship survivability. 

The presented case studies indicate that active monitoring of flooding risk can increase the crew’s situational 
awareness of the effect of open WTDs on the flooding risk, thus positively influencing the safety culture onboard 
the ship.   

1. Introduction 

Extensive flooding and subsequent capsizing of a passenger ship is 
one of the accident types that leaves the crew limited time to respond, 
and which may result in a large number of fatalities [1–3]. To this end 
appropriate risk models are needed, provided that they focus on the 
right parameters, and can deliver the right information at the right time. 

The literature on this subject is quite broad and is divided into three 
main streams: (a) strategic risk assessment and management, including 
risk-based ship design [1–6,12–17]; (b) operational risk evaluation and 
management [7–11]; and (c) waterway complexity planning and asso-
ciated risk mitigation [18–22]. To ensure ship safety, it is essential to 
properly address the relevant hazards and associated risks at both the 
design and operational stages [17,18]. 

For passenger ships, in the context of operational risk and risk-based 
ship design, two terms are used to describe accident risk: (a) 

susceptibility to the accident and (b) vulnerability in an accident (e.g. 
ship flooding), which follows conventional definition of risk as a com-
bination of accident likelihood and consequences, [19–21]. This leads to 
risk mitigation measures aiming to prevent accidents, or to reduce their 
consequences [22,23]. The literature on risk of maritime transportation 
systems includes various risk assessment methods and tools that address 
these aspects independently, but rarely in a combined format [22,24]. A 
guideline on maritime risk assessment called the Formal Safety Assess-
ment was approved by the International Maritime Organization (IMO) in 
2002 [25,26]. However, various criticisms have been made of its details, 
especially regarding the definition of risk and the manner in which it is 
translated into monetary terms, [26–30]. Moreover, the definition of 
risk adopted therein does not correspond well to the recent trends in 
scientific and industrial domains, where the focus is on uncertainty 
quantification rather than precise quantification of the probability and 
consequences, mainly due to vague and incomplete data, [31,32]. A 
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much wider, more detailed picture of both the risk fundamentals and the 
associated uncertainties is therefore needed, based on data that better 
reflect the governing mechanisms of the described processes, allowing 
effective risk mitigation measures, especially for the operational risk 
evaluation, focusing on accidents resulting in life loss, such as ship 
flooding, [32–37]. 

The risk of ship flooding is a complex topic and known to be affected 
by numerous factors, with watertight door (WTD) status being one of 
those. The watertight doors are often mounted in the bulkheads dividing 
the ships into watertight (WT) compartments to limit the flooding extent 
in the event of an accident, so that sufficient stability and reserve 
buoyancy are achieved. Keeping these doors open longer than necessary 
for safe passage through them by crew compromises the watertight 
integrity of the ship. For example, in the Stena Nautica accident in 2004, 
the collision damage was limited to a single WT compartment. However, 
because of several open WTDs, the flooding progressed to several un-
damaged compartments, endangering ship stability [38]. On the other 
hand, if work requires crew to frequently pass through the WTDs, there 
is a serious risk of injury when doors are frequently opened and closed, 
[39]. Monitoring the vulnerability to flooding due to open WTDs pro-
vides the crew an insight into the associated risks and strives towards 
safer operation of the ship [40]. Subsequently [41] has recently called 
for increased awareness of the risks associated with the operation of 
WTDs. 

Monitoring the current WTD status is standard practice [42]. Nor-
mally at sea, all watertight doors should be closed, with so-called 
Category ”C” doors opened only briefly for the safe passage of people. 
However, so-called Category “B” doors may be kept open for longer 
periods during navigation if work in the vicinity of the door requires it, 
as specified in IMO Circ. 1564 [43]. Furthermore, existing ships may 
have Category “A” WTDs, allowed to be permanently open at sea based 
on a so-called floatability assessment, IMO Circ. 1380, [44]. An over-
view of this recent regulatory development, especially related to WTD 
categories, is given in [45]. However, successful closing of open WTDs 
can be prevented by the deformation of bulkheads and decks as a result 
of structural damage suffered in the course of collision or grounding, 
[43,44]. Furthermore, because WTDs have up to 60 s to close according 
to SOLAS Regulation II-1/13.5.1, [46], the risk of progressive flooding is 
notable when watertight doors are open in adjacent transverse water-
tight bulkheads. Consequently, automatic real-time monitoring of the 
flooding risk due to open WTDs is needed. 

Currently, there are solutions for monitoring a ship’s vulnerability to 
flooding [47–49], which often automatically activates a decision sup-
port mode if flooding is detected, [48]. Their main aim is to increase the 
crew’s awareness of the risks and safety of a ship [47]. An overview of 
recent improvements to ship stability and safety in damaged conditions 
through operational measures was presented in [50], and some further 
developments are reviewed in [51]. The concept of operational 
vulnerability of passenger ships to flooding was first discussed in [47, 
52]. This research also introduced prototype onboard software for the 
assessment of the vulnerability due to open WTDs, based on probabi-
listic damage stability calculations. The results were promising, but the 
required computations were considered too extensive for practical use 
onboard. After all, this kind of a system needs to be reactive to any 
sudden change, either in the watertight integrity or in the operational 
environment. Consequently, a simplified approach for monitoring WTD 
status, based on the number of affected compartments, was introduced 
in [48]. However, this method does not properly account for the loca-
tions of the open doors and their combined effect on the vulnerability to 
flooding. Similarly, in [49] a monitoring tool is described based on a live 
floatability assessment, following the previous IMO recommendation for 
category “A” WTDs, [43]. However, because this approach assumes that 
open WTDs can be closed rapidly, and that progressive flooding is 
limited to the WT compartments adjacent to the damaged compartment, 
the flooding risk can often be underestimated. 

The study on risk due to the WTDs within the EMSA III project [53] 

led to a recommendation, issued by the Cruise Ship Safety Forum (CSSF), 
for assessing the vulnerability due to open WTDs, [54], which is a major 
step towards the safer operation of passenger ships. The suggested 
methodology is based on the so-called simplified A-index as a measure of 
survivability. Most of the required data is obtained from manual input 
on board a ship, but the recommended stability calculations need to be 
done remotely, in the emergency control center ashore. Such monitoring 
can result in a notable decrease in vulnerability to flooding, as reported 
by [51], but for the onboard use, such a system needs to automatically 
monitor the situation and rapidly perform the necessary calculations 
onboard. 

A natural extension of the existing vulnerability assessment solutions 
would be a framework for the operational assessment of flooding acci-
dent susceptibility of passenger ships resulting from collision or 
grounding, accounting for relevant contributing factors. Continuous 
assessment of both ship vulnerability and susceptibility is an element of 
a dynamic safety barrier that tends to increase the crew’s situational 
awareness and ship safety via the safe operation of watertight doors, as 
recently elaborated and demonstrated in [23]. Despite combining sus-
ceptibility with vulnerability, the solution proposed in [23] does not 
offer any novel or principles-driven approach to monitor the safety of 
ship in a proactive manner accounting for relevant and observable fac-
tors. Instead, it utilizes statistics, which in this case are not applicable, as 
they do not reflect actual operational conditions. Therefore, another 
solution for the estimation of accident susceptibility is needed, one 
which is user-oriented, and which reflects the operational principles of a 
specific ship. The ship susceptibility to an accident is conventionally 
assessed, either in the literature or in practice, with the use of various 
types of proximity indicators, such as distance and time to the closest 
point of approach (DCPA, TCPA) or ship domains [55]. However, none 
of these account for the actual mechanism that governs and quantifies 
the accident occurrence through the human reliability assessment, 
which is claimed to be the major driving factor for the accidents 
[56–59]. 

This paper introduces a framework for the rapid assessment and real- 
time monitoring of operational flooding risk for a passenger ship. The 
methodology accounts for measurable risk-affecting factors and mech-
anisms governing the process of an accident and its aftermath [60]. To 
this end, data on surrounding maritime traffic and bathymetry are uti-
lized, since these are known to affect the reliability of a navigator on 
board the ship, and thus also the accident probability. In addition, the 
results of extensive and representative calculations of damage stability 
for flooded ships in various damage scenarios are used to estimate the 
expected consequences. Finally, experts’ judgment and heuristics are 
applied to bind together the susceptibility and vulnerability into a risk 
model. The applicability of the framework is demonstrated by a case 
study. 

The paper is structured as follows: a framework for flooding risk 
assessment is introduced in Section 2, while Section 3 describes adopted 
methods and models that the framework encompasses. The applicability 
of the framework is demonstrated in Section 4, and discussed in Section 
5, while Section 6 concludes the paper. 

2. Framework for flooding risk estimation for passenger ships 

2.1. Definitions 

The previously developed tools for risk assessment onboard passen-
ger ships have focused solely on the reduced survivability in the event of 
a flooding accident attributed to open watertight doors. A more 
comprehensive assessment should also account for the actual opera-
tional environment, such as nearby maritime traffic and bathymetry in 
the vicinity. Such a method may lead to a more holistic approach that 
allows for active risk mitigation measures [61–64]. To this end, devel-
opment of the new approach can begin by using the commonly applied 
framework for the risk-based design of naval ships [65,66]. This 
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framework defines the probability of navy ship survival as: 

Ps = 1 − PhPk|h (1)  

where Ph is the probability of being hit (by a weapon), i.e. susceptibility, 
and Pk|h is the probability of a kill given the condition of being hit, i.e. 
vulnerability. The navy approach can also consider recoverability due to 
actions by the crew, such as closing open doors or pumping [65]. 

The concept is a useful basis for development of vulnerability and 
safety assessment onboard passenger ships. The probability of survival 
can be presented as: 

Ps = 1 − PaPl|a (2)  

where Pa is probability of an accident (collision or grounding), ac-
counting for the operational area (bathymetry) and nearby traffic, and 
Pl|a is probability of loss (sinking/capsizing) in the event of a flooding 
accident, accounting for the status of the WTDs and the prevailing sea 
state. The recoverability is not considered, since it is a conservative 
assumption, and simplifies the calculations. Naturally, in normal con-
ditions the open WTDs can be closed rapidly, but in practice this may not 
always be possible, e.g. due to structural deformation caused by a 
collision or grounding [67–70]. 

In a classical risk-informed design approach, both susceptibility and 
vulnerability are usually described in a probabilistic fashion, which for 
the purpose of ship design is sound and correct. However, for opera-
tional purposes, where the focus is on identification of dangerous situ-
ations and taking evasive actions, such a probabilistic approach is 
insufficient. The main reason is that a purely probabilistic risk index, 
without any reference to actual operational practices, does not distin-
guish between situations, and thus does not inform the actions to be 
taken to reach the desired level of risk. Therefore, another approach 
shall be taken, which defines both susceptibility and vulnerability in a 
way that informs the end-users on the available decisions in due time, 
while also accounting for the inherent uncertainty. 

Susceptibility is defined as “the lack of ability to resist some extraneous 
agent” [71]. In maritime settings, the extraneous agent is a set of factors 
which increase the mental workload of a navigator, and which thus 
deteriorate his/her performance, as depicted in Fig. 1. The susceptibility 
of a ship to an accident describes qualitatively how likely it is for the 
navigator to make a mistake which ultimately leads to an accident, in a 
given traffic and environmental situation, [71]. To evaluate 

susceptibility, human reliability assessment techniques were applied, 
accounting for factors affecting navigator reliability such as the number 
of control activities, available time and space, and hydro-meteorological 
conditions, [72,73]. For modelling purpose these factors are grouped 
into three categories: environment complexity (visibility), traffic 
complexity (type and number of target ships the navigator needs to 
handle) and waterway complexity (proximity to shallows and their 
relative orientation with respect to the navigator’s ship). The final ac-
cident susceptibility is expressed as a qualitative index, based on 
quantitative assessments, intended to reflect the difficulty that a given 
situation presents to a navigator. The higher susceptibility, the more 
likely it is for a navigator to make an error. 

The susceptibility index can be used to distinguish dangerous situa-
tions from moderately hazardous and non-hazardous. Therefore, the 
susceptibility index is used here for comparative purposes, and does not 
take numerical values. In the operational assessment of flooding risk 
such an approach is deemed sufficient since it aligns with the onboard 
navigational practices, where the navigator should detect and avoid 
collision situations, rather than assigning the probability of a collision to 
the situation. 

The vulnerability describes the severity of the consequences in the 
event of an accident, by estimating the decrease of survivability due to 
open WTDs. It is calculated based on a probabilistic damage stability 
framework, as shown in Fig. 1. Like the susceptibility, it distinguishes 
between various accident scenarios by assigning a level to those sce-
narios, ranging from low, moderate, high, and very high. Also like the 
susceptibility, in this paper the vulnerability index is of a qualitative 
nature. It is, however, based on extensive computations. 

2.2. Flooding risk framework 

By using heuristics to bind together the susceptibility and vulnera-
bility indices, a qualitative risk index is obtained to inform the user 
about the risk of flooding and the need to take risk mitigation measures. 
The logical flow from input data – mechanisms – output data adopted by 
this framework is shown in Fig. 1. 

The flooding risk index is expressed by the following equation, 
adopted from the risk-matrix idea, [58]: 

RI = AS + VL (3) 

Where AS refers to accident susceptibility, and VL denotes accident 

Number of 
control 

ac�vi�es

Mental 
workload on a 

navigator

Available 
�me and 

space

Accident suscep�bility

Hydro-meteo 
condi�ons

Human performance of tasks related to 
accident evasive manoeuvers

Vulnerability to flooding

Flooding risk

Es�mate damage 
stability

Status of 
WTDs

Significant 
wave height

Loading 
condi�on

Database of 
precalculated damage 

stability results

Fig. 1. A causal chain explaining the relation between the input data – mechanism – output.  
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vulnerability. The indices used to describe AS and VL are expressed on a 
linear scale as depicted in Table 1. The non-uniform distances between 
the consecutive indices are assumed to account for the anticipated non- 
linearities in the governing mechanism behind the AS and VL, as elab-
orated upon in [62]. Ultimately, the risk indices (RI) are assigned to one 
of the following classes: Negligible, Low, Moderate, High, Very high, as 
shown in Table 2. For the purpose of RI assignment, the following set of 
mapping functions (MF) is defined: 

Set1 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

MF1 if RI = (2, 3), then RI = Negligible
MF2 if RI = (4, 5), then RI = Low

MF3 if RI = (6, 7, 8), then RI = Moderate,

MF4 if RI = (9, 10), then RI = High
MF5 if RI = (12, 14), then RI = VeryHigh

, (4) 

In the above expression the mapping functions may vary depending 
on the hydro-meteorological conditions and visibility, as demonstrated 
in [62]. The form of the mapping function can be specified by the ship 
operator; it can even vary from ship to ship, or from area to area. For the 
framework presented here, good visibility and average sailing condi-
tions are assumed for the analyzed ship type, as reported in [63,64]. 

The color code used here to distinguish among the risk levels is 
adopted from the earlier works on the accident susceptibility framework 
described in [62], as well as the framework for the assessment of severity 
of an accident, called Vessel TRIAGE, elaborated in [74]. The color code 
aims at clear communication between all involved stakeholders in an 
emergency situation. It also enables easy and rapid communication of 
the flooding risk to the crew and other interested parties – e.g. personnel 
located in a shore-based control center. 

For good visibility conditions, as presented in Table 2, the highest 
value of risk index is when a ship is exposed to hazardous encounters 
with other ships or land (high or very high susceptibility) and the 
vulnerability is also high or very high (numerous WTDs open). This 
means that in the case of an accident the consequences can be devas-
tating. At the other end of the scale, a ship faces low risk index when she 
is safe from hazardous situations or moderately exposed to it with low 
index of vulnerability (no, or only a single, WTD open). For situations in- 
between susceptibility is assumed to range from moderate to high. 

In regular ship operations a very high value of the risk index (BLACK) 
is considered a situation that should be avoided. This is because it leaves 
very little, or no, room for improvement in case of an accident and, 
therefore, considerably increases the chances of ship loss and fatalities. 

In practice, the bridge crew is instructed not to allow such situations to 
develop. 

At the opposite side of the scale, low risk index values (BLUE or 
GREEN) are considered target conditions, to be reached and preferably 
maintained during regular operation. A moderate risk index (YELLOW) 
tends to reflect normal operational conditions, while a high risk index 
(RED) is associated with dense traffic areas and/or numerous WTDs 
open. 

Especially on older passenger ships, maintenance work may require 
several WTDs to be open for an extended period of time, causing a 
notable increase in the vulnerability to flooding. However, the risk is 
acceptable if the accident susceptibility is kept low. On the other hand, 
in the case of high accident susceptibility, even a single open WTD can 
pose significant risk. 

A moderate risk level (YELLOW) is acceptable for longer periods only 
when forced by the operational environment or when temporary 
maintenance work requires open WTDs. Nevertheless, in the operation 
of passenger ships, the high risk level (RED) should be allowed only 
temporarily, e.g. when a WTD is opened for passage, when the ship sails 
close to shallow waters, or in a high traffic density area. Long periods of 
RED and BLACK (very high risk) situations should always be reviewed 
afterwards, with an aim to improve practices and to avoid such a situ-
ation in the future. 

2.3. Technical requirements 

The previous research on the effects of open WTDs on vulnerability 
to flooding, as reported in [47,48,53], provides a solid basis for a novel 
solution for systems assessing and monitoring flooding risk on board 
passenger ships. The key requirements for such a system are:   

- rapid response, especially to a change in the WTD status or in the 
loading condition,  

- automated assessment, without any manual user input,  
- transparency and clear presentation of results, so that the crew 

understands the reasoning behind the current vulnerability level. 

Furthermore, the system should be suitable for retrofit on existing 
passenger ships, designed according to previous regulations, including 
fully deterministic damage stability requirements. The benefits of 
vulnerability monitoring are much larger when the same tool is used 
fleet-wide, and the crew is familiar with the system, even when relo-
cating to another ship. 

Assessment of the current susceptibility and vulnerability levels re-
quires input data from various systems on board the ship. Manual user 
input should be avoided to minimize the possibility for a human error, 
and to ensure reliable analysis in all conditions. The status (open/closed) 
of watertight doors is one important input, and these signals should be 
available from the automation system on all modern passenger ships. In 
addition, maritime traffic information provided by AIS (Automatic 
Identification System) and bathymetry data are required for accident 
susceptibility assessment. Data from AIS include the position, course, 
and speed of nearby vessels, and are used as input to a traffic complexity 
assessment algorithm. Bathymetric data is essential for waterway 

Table 1 
A generic framework evaluating values of risk index based on susceptibility and vulnerability.   

Susceptibility Index 

Negligible1 Low2 Moderate3 High5 Very high7 

Vulnerability Index Negligible – 1 2 3 4 6 8 
Low – 2 3 4 5 7 9 
Moderate – 3 4 5 6 8 10 
High – 5 6 7 8 10 12 
Very high – 7 8 9 10 12 14  

Table 2 
Risk index for conditions of good visibility and average sailing conditions (I – 
negligible, II – low, III – moderate, IV – high, V – very high), based on Table 1 
and Eq. (4).   

Susceptibility Index 

Negligible Low Moderate High Very 
high 

Vulnerability 
Index 

Negligible I I II III III 
Low I II II III IV 
Moderate II II III III IV 
High III III III IV V 
Very high III IV IV V V  
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complexity assessment, and can be fetched from the onboard nautical 
equipment, such as the Electronic Chart Display and Information Sys-
tems (ECDIS) or dedicated bathymetric databases, such as the General 
Bathymetric Chart of the Oceans (GEBCO1). Visibility data are used to 
assess the complexity of the environment. Finally, these three 
complexity types are combined using heuristics, in the form of an ac-
cident susceptibility framework as introduced and described in detail in 
[62]. 

The environmental conditions, especially related to the prevailing 
sea state, are more difficult to estimate. Previously, significant wave 
height was considered as a manual user input, [47]. However, this im-
poses the risk that the value is not properly given and/or updated. In the 
absence of a wave radar, weather forecasts and nowcasts are good op-
tions, with the significant wave height at the location of the ship being 
interpolated from this data. The downside of this approach is the 

necessity of both a continuous internet connection and a cloud-based 
service evaluating the weather conditions. 

The data transfer and calculation flow for the new approach on 
operational flooding risk via combined accident susceptibility and 
vulnerability to flooding indices is illustrated in Fig. 2. A cloud-based 
solution enables real-time monitoring of the flooding risk for a fleet of 
ships, and feedback from shore-based experts can be used to improve the 
practices onboard. 

3. Methods 

3.1. Accident susceptibility 

3.1.1. Framework 
The semi-qualitative framework for evaluating accident susceptibil-

ity for a ship in operation is based on both human performance and 
underlying factors. The literature on Human Reliability Analysis (HRA) 
presents an inverse relation between human performance and accident 

AIS & GPS

Damage 

stability

database

Assessment of damage 

stability for current condition 

based on precalculated data

Weather now-cast 

(wave height) & 

bathymetry

Vulnerability & 

flooding risk

monitoring

WTD statuses

Bathymetry

Fig. 2. Schematic presentation of information flows and calculations for monitoring the vulnerability to flooding due to open watertight doors.  

Fig. 3. Framework for accident susceptibility assessment for a ship in operation, [62].  

1 https://www.gebco.net/ 
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probability [35,39]. Human performance is affected by so-called per-
formance shaping factors (PSF). Two of these PSFs are considered in the 
accident susceptibility framework developed here: number of simulta-
neous tasks, and available time, [39,59,60]. Safety in ship navigation 
can be improved by ensuring an appropriate level of performance 
throughout the entire being analyzed; for example, safeguards could be 
put in place to shield the operator from the factors which degrade per-
formance, or alternatively, the operator could be exposed to conditions 

which improve performance. 
The two PSFs considered here are known to influence the perfor-

mance of a navigator conning a ship. These PSFs are governed by the 
following three distinctive characteristics of an encounter at sea: avail-
able maneuvering space with respect to navigable waters; number and 
types of encounters with objects on collision courses; and hydro- 
meteorological conditions, [43,45–47]. The higher the number of con-
trol activities that need to be performed simultaneously, or in a short 

Fig. 4. Flowchart demonstrating process of accident susceptibility assessment, [62].  

Fig. 5. Example of flooding stages of a two-compartment damage case with two open watertight doors (red circles).  

Fig. 6. Comparison of calculated A∗ and the SOLAS Ch. II-1 regulatory -index ASOLAS for five sample ships for the SOLAS loading conditions (deepest subdivision 
draught DS, partial draught DP and lightest service draught DL) and the weighted total index. 
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time span, and the smaller the maneuvering space available for the ship, 
the higher the workload. This in turn increases the probability of navi-
gation errors and an accident happening. These chances are further 
amplified by the presence of unfavorable hydro-meteorological 

conditions, which require additional actions, such as monitoring and 
adjusting the response of the ship to wind and wave action or antici-
pating the effect of wind and wave action on evasive maneuvers. 

Subsequently, the three distinctive characteristics of situations 
affecting a navigator’s workload and performance are referred to as 
complexities2, related to waterway, traffic and environment. 

By binding the three types of complexity together an accident sus-

Table 3 
Main dimensions of the sample ships used in the comparison of attained sub-
division index calculation methods.  

Sample ship Length 
(m) 

Beam 
(m) 

Subdivision draft 
(m) 

Persons 
onboard 

11 800 GT 
Cruise 

115 20.0 5.30 480 

63 000 GT 
Cruise 

238 32.2 7.20 2 400 

130 000 GT 
Cruise 

310 40.0 8.50 4 500 

28 500 GT 
Ropax 

145 28.0 6.30 2 000 

60 000 GT 
Ropax 

215 32.0 7.10 2 800  

Fig. 7. A simplified approach to account for the effect of significant wave height on survivability, using Eq. (12).  

Fig. 8. Suggested color coding and threshold values for the vulnerability level.  

Fig. 9. A 63 000 GT cruise ship design “FLOODSTAND B” [82]; WTDs are marked with red circles, bulkhead deck with red line and transverse bulkheads are 
identified with letters A-L. 

Table 4 
Main parameters of the “FLOODSTAND B” cruise ship design.  

Gross tonnage 63 000 
Length over all 238.0 m 
Beam, moulded 32.2 m 
Design draft 7.2 m 
Max. number of persons onboard 2 400  

2 Complexity is understood here as “a measure of difficulty that a particular 
traffic situation will present to a navigator”, adopted from [59]. 
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ceptibility index is developed, as depicted in Fig. 3. 

AS = f(TC, WwC, EC) (5) 

Where AS refers to Accident Susceptibility, TC denotes Traffic 
Complexity, WwC stands for Waterways Complexity and EC means the 
environmental complexity. The AS indices are assigned to one of the 
following classes: Negligible; Low; Moderate; High; Very high. To this 
end heuristics and expert knowledge is adopted. The former is applied to 
develop the overall structure of the accident susceptibility index, while 
the latter is used to quantify the parameters applied to evaluate the 
index. The expert knowledge on navigational practices was gathered 
from several officers and captains of passenger ships through an online 
survey. It helped us to define and understand the boundary for the 
operational conditions of the ship that are found to be both regular and 
comfortable for the navigators, as well as those that are infrequent but 
challenging and affect the workload and performance of a navigator. 
The heuristics, survey and its results are explained in detail in our earlier 
work, [62]. 

The accident susceptibility indices are based on input parameters 
that are, to a large extent, quantitative (e.g. distance and time to navi-
gable waters, proximity indices for collision situation, wave height), 
with few qualitative exceptions (visibility, availability of navigable 
waters, level of complexity with respect to the traffic situation). Since 
the literature supports the presence of compensation strategies for 
increasing complexity through individual differences and cognitive 
strategies or quality of equipment [52], the proposed framework allows 
for adjustments to the parameters of the complexity levels. For a detailed 
description of the susceptibility framework the reader is referred to our 
earlier work [62]. 

3.1.2. Waterway, traffic, environmental complexities 
Waterway complexity (WwC) describes the mental workload 

exerted on a navigator by the need for monitoring a ship’s track against 
bathymetry and adjusting her course and speed in proximity to shallow 

waters as needed. The main governing factor for WwC is the time 
required to reach the shallow water, with a distinction made as to 
whether the water is restricted on one or both sides, [49]. WwC reaches 
high values in situations where a ship navigates through waters enclosed 
on both sides. It achieves moderate values when one side of the ship 
remains open, and it takes negligible values if the time to reach shallow 
water is long, giving a large maneuvering space for the ship. 

Traffic complexity (TC) reflects the navigator’s workload induced 
by the type and number of encounters the operator needs to handle and 
the time available for the task. Four types of encounters are accounted 
for in this framework: crossing, head-on, overtaking and encounters 
with stationary objects. For each type, the classes of proximity indicators 
(CPA, TCPA) are defined. Traffic complexity is defined by the following 
parameters:  

1 the closest distance between two encountering ships (CPA),  
2 the time to reach the closest distance from the present time instant 

(TCPA),  
3 level of difficulty, which is a combination of CPA and TCPA,  
4 type of encounter,  
5 the number of target ships and level of difficulty. 

Environment complexity (EC) attempts to describe the effect of 
relevant hydro-meteorological features on the mental workload of a 
navigator. For this framework only the anticipated effect of restricted 
visibility on the accident susceptibility index is accounted for in a semi- 
qualitative manner. This is mainly based on the recommendations of 
Cruise Ship Safety Forum - [49] - and the input of experts as reported in 
our earlier work [62]. Another factor that may affect accident suscep-
tibility is wave height, which for the purpose of this study is taken as a 
constant (and therefore does not increase the workload). This is 
acceptable as the ships taken as the passenger ships taken as case studies 
here usually operate in favorable weather conditions, as reported in 
[64]. 

Fig. 10. Example of calculated relative index r∗ values as functions of the average longitudinal location of the open doors for conditions with several open WTDs in 
adjacent transverse WT bulkheads of a cruise ship. 
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A flowchart presenting the process of accident susceptibility index 
assignment is shown in Fig. 4. 

3.2. Vulnerability to flooding 

3.2.1. Probabilistic damage stability calculations 
An open watertight door causes progressive flooding to the adjacent 

compartment. Previously, in the so-called floatability assessment - [43] - 
only open doors connected to the breached compartments were 
considered to cause progressive flooding. However, open doors in 
adjacent transverse watertight bulkheads will significantly increase the 
vulnerability, and past incidents have grimly demonstrated that rapid 
closure of open watertight doors may not always be possible, [38]. In the 

case of the Queen of the North in 2005, one WTD became jammed with 
debris after the grounding, and could not be closed, [69]. 

The number of possible combinations for the WTD statuses (open/ 
closed) is 2n or a ship with n doors. Considering a typical large passenger 
ship with 20 WTDs, this means 1 048 576 possible combinations for each 
loading condition. Obviously, all these cases cannot be precalculated, 
and an alternative method is needed to rapidly assess the effect of open 
WTDs on damage stability and survivability of the ship. 

In the current probabilistic damage stability framework in SOLAS 
Ch. II-1 Reg. 7 the vulnerability to flooding can be presented as [46]: 

VL = 1 − A (6)  

Fig. 11. Comparison of estimated and calculated relative A-index values at different loading conditions for a cruise ship with 50 combinations of open WTDs in non- 
adjacent transverse WT bulkheads. 
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where A is the partial attained subdivision index for the studied loading 
condition, defined in [46] as: 

A =
∑N

i=1
pisi (7)  

where pi is the probability of a damage extent i and si indicates the 
survivability level for that damage case. In total N damage cases are 
considered, the same set for each loading condition. Only collision 
damages are considered, using a zonal approach, where the probability 
pi is evaluated based on the zone limits. In SOLAS the final attained 
subdivision index is obtained by weighting results for three character-
istic loading conditions, but obviously in real time vulnerability 
assessment it is sufficient to consider only the real current condition. 

The evaluation of the s-factor for index calculation requires assess-
ment of various intermediate flooding stages and phases, as defined in 
[46]. For passenger ships with dense internal non-watertight sub-
divisions, this can include hundreds of alternative scenarios, [75]. 
Consequently, the computation time can be very long, up to several 
hours for one initial condition. More advanced survivability assessment, 
such as time-domain flooding simulation - [76] - would further increase 
the computation time. This means that for practical applications on-
board a ship, less computationally demanding calculations, along the 
lines of the method presented in the following sections, are necessary. 

3.2.2. Relative vulnerability level 
The effects of open WTDs on the residual stability and buoyancy of 

the damaged ship can be taken into account by calculating an attained 
subdivision index, considering only the final stage of flooding and 
excluding the possible intermediate stages and phases, e.g. cross- 
flooding or A-class fireproof boundaries. The index is denoted with A* 
- [54,77,78]. The normal statutory SOLAS zonal subdivision and damage 
cases, with probability represented by p-factor, are used. However, only 
two flooding stages are considered:  

• the damaged WT compartments are flooded and  
• progressive flooding to undamaged WT compartments through open 

WTDs. 

In both cases, the flooded rooms are treated as lost buoyancy in the 
calculation of the righting lever curve, [75]. An example of the flooding 
stages in a two-compartment damage case with two open WTDs is shown 
in Fig. 5. The s-factor formula for the “final” stage, as per SOLAS Ch. II-1, 
paragraph 7-2.3, [46], sets stricter requirements for Ropax vessels, 
which are applied for all damage cases involving a ro-ro space (main 
vehicle deck or possible lower hold). The relevant openings, e.g. for 

limiting the range of positive stability for s-factor calculation, should be 
the same as in SOLAS analyses. 

The attained subdivision index, calculated for a condition with open 
WTDs, A∗

open, represents the decreased survivability level of the ship. 
However, this depends also on the actual loading condition. In order to 
quantify the decrease in survivability, i.e. the vulnerability, due to the 
open WTDs, the result needs to be normalized by the attained index with 
all WTDs closed, A∗

closed, at the same loading condition. Consequently, in 
[53,78] the relative index is defined as: 

r∗ =
A∗

open

A∗
closed

(8) 

In practice, this means that r∗ = 1 is the so-called target condition, 
where all WTDs are closed, or the open doors do not have a notable 
impact on the survivability. Consequently, the relative vulnerability to 
flooding is 1 − r∗. A major advantage of this approach is that it can also 
be used for old ships that were designed according to the previous edi-
tions of SOLAS with deterministic damage stability requirements. 

A comparison of the A∗ index against the regulatory SOLAS attained 
subdivision index, ASOLAS, with intermediate flooding stages included, is 
presented in Fig. 6 for five different passenger ship designs, Table 3. 
Damage stability calculations were done with NAPA software. All WTDs 
are assumed closed for calculation of both indices. The three charac-
teristic loading conditions and the combined total index values are 
shown, indicating that the exclusion of intermediate flooding stages for 
A∗, results in slightly larger index values. However, this is considered 
accurate enough for practical flooding risk assessment on board. 

3.2.3. Estimation of combined effect of several open watertight doors 
The increased vulnerability due to open WTDs in adjacent transverse 

bulkheads may be much larger than the sum of effects due to single open 
WTDs. The combined effect of several open WTDs in non-adjacent 
transverse bulkheads can be estimated based on pre-calculated results 
for all conditions of open doors in adjacent transverse WT bulkheads. 
For any combination of open doors, the effective relative index can then 
be estimated as: 

r∗
eff ≈ 1 −

∑n

i=1

(
1 − r∗

open,i

)
(9) 

In principle, this means that the effective reduction in r∗ is the sum of 
the relative index reductions due to individual groups of adjacent open 
WTDs. 

With this approach, the required number of door status combination 
cases for calculation of the attained index A∗ for a ship with doors in n 
transverse WT bulkheads is: 

Fig. 12. Example cruise ship arrangement and WTD types and locations.  
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Ncalc = 1 +
∑n

i=1
i = 1 +

n⋅(n + 1)

2
(10) 

Which is significantly smaller than the number of all door status 
combinations: 

Ncomb = 2n (11) 

Therefore, this approach makes it possible to use a database with pre- 
calculated results that are prepared for the whole operational range of 
draft, trim and metacentric height (GM) values, with reasonable steps. 
Linear interpolation could also be used in between the calculated 

Fig. 13. Accident susceptibility and its components during a voyage from Rijeka to Trieste, [62].  
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loading conditions. 

3.2.4. The influence of sea states 
The prevailing sea state can have a notable effect on the survivability 

of the ship [79]. In (nearly) calm seas the relative attained subdivision 
index r∗ is considered as a reasonably good measure of the safety level 
for the purpose of vulnerability monitoring. However, in a harsh sea 
state, compromised subdivision due to an open WTD may be more 
serious. In any case, the target level, i.e. zero vulnerability, should be 
reached in a condition where all WTDs are closed, and therefore, r∗ = 1. 

A simplified approach to account for increased vulnerability due to 
high waves is suggested. The operational vulnerability level due to open 
WTDs can be presented as: 

VL = 1 − f
(
r∗, Hs,ref

)
(12) 

Where the function f(r∗, Hs,ref ) represents survivability, and Hs,ref is a 
reference significant wave height, evaluated based on the actual pre-
vailing significant wave height Hs. In nearly calm weather the r∗ index 
directly represents the vulnerability, so that VL = 1 − r∗. In higher 
waves, the vulnerability to flooding is assumed to increase linearly, and 
for this purpose, the following three parameters are defined: 
Hs,min limit significant wave height for nearly calm sea 
Hs,max limit significant wave height for harsh weather 
r∗
zero limit r∗ value that results in maximum vulnerability in harsh 

weather 
If Hs ≤ Hs,min, then r∗ is used directly. In a harsh sea state, when 

Hs ≥ Hs,max, survivability is nullified if r∗ < r∗
zero and it increases linearly 

to unity when r∗ = 1. For the sea states with wave height between the 
limits for calm and harsh sea state, linear interpolation is applied. The 
approach is visualized in Fig. 7. 

In practice, this means that the reference sea state is defined as: 

Hs,ref = min
(
Hs,max, max

(
Hs,min, Hs

))
(13)  

and the factor for damage survivability in Eq. (12) is: 

f
(
r∗, Hs,ref

)
= max

(

1 +
1 − r∗

r0
(
Hs,ref

)
− 1

, 0

)

(14)  

where the largest r∗ value, resulting in f = 0 in the given sea state with 
wave height Hs,ref , is: 

r0
(
Hs,ref

)
=

r∗
zero⋅

(
Hs,ref − Hs,min

)

Hs,max − Hs,min
(15) 

Finally, suitable numeric values for the three parameters need to be 
selected. Based on the assumption of Hs for the s-factor calculation, see 
for example [80], it seems reasonable to define Hs,max = 4.0 m. This is 
also supported by the analysis of operational data in the EU Hori-
zon2020 project FLARE reported in [64,81], indicating that passenger 
ships normally operate in a sea state with significant wave height of 3.0 
m or less. 

It might also be justified to apply ship specific parameters, especially 
for Hs,min. For large and medium sized passenger ships Hs,min= 2.0 m is 
considered suitable. Furthermore, r∗

zero = 0.6 is initially recommended, 
based on damage stability calculations with the sample ships presented 
in Table 3. However, it is noted that more comprehensive studies should 
still be conducted, and the parameters in Eq. (14) can be fine-tuned 
based on new evidence. The present approach is illustrated in Figure 7. 

3.2.5. Color coding for vulnerability 
In practice, the vulnerability to flooding is never negligible when the 

ship is sailing at sea. Even with all WTDs closed, an extensive breach in 
the hull could result in sinking or capsizing. Considering this, a 

Fig. 14. Example of development of vulnerability after departure from Rijeka with maintenance work requiring two category “B” WTDs to be open for 60 min.  
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suggestion for the threshold levels for different color codes are presented 
in Fig. 8. These are also used in the case studies in Section 5. In principle, 
ship- and operator-specific threshold values could be used, especially in 
case of retrofit installations to old ships. 

4. Application of risk framework on case studies 

4.1. Demonstration methodology 

An unbuilt 63 000 GT cruise ship design FLOODSTAND B, [82] 
Fig. 9, is used as an example. The main parameters of the ship are listed 
in Table 4. A realistic operational loading condition with a draft of 7.2 m 
and an intact metacentric height of 2.62 m is assumed. 

The developed system is intended for onboard application, using 
surrounding traffic and bathymetric conditions, actual loading condi-
tion and WTD status as input for evaluation of both accident suscepti-
bility and vulnerability. The former is taken for one year of operation of 
large cruise ship (100 000 GT), involved in world-wide shipping. The 
processing of the data and the evaluation of the accident susceptibility 
level has been described in detail in [62]. 

Historical data on WTD status was not available for the analyzed 
ship, hence artificial door status signals were needed for testing and 
demonstration purposes. Previously, in [23], generated door status 
signals have been used based on assumed probability distributions for 
each WTD category. For category “C” doors this approach is reasonable, 

if the doors are opened only to allow a person to pass through. However, 
in general the opening status of a WTD is not a random process but 
depends on the work in the vicinity of the door and the onboard oper-
ational culture. For initial testing, two realistic scenarios were gener-
ated, which are presented in the following sections. 

It should be noted that the studied cruise ship design is from 2009, 
and that there are therefore several WTDs connecting to the crew cabin 
areas on deck 2. This is suitable for demonstrating the effects of open 
WTDs on vulnerability to flooding, but on modern passenger ships the 
number of doors would be much smaller. 

4.2. Precalculated damage stability results 

The relative subdivision index values, r∗, were calculated with NAPA 
software for the studied loading condition. The results are shown in 
Fig. 10 for different combinations of open WTDs in adjacent transverse 
WT bulkheads. The vulnerability assessment is based on these pre-
calculated results. For visualization, the results for each number of open 
WTDs are connected by straight lines. The x-coordinate in the graph 
marks the average x-location of the open WTDs. The locations of the 
open doors have a notable impact on vulnerability, and e.g. in the aft 
part of the ship a single open WTD has a smaller increase of vulnerability 
than in the forward part of the ship. 

For example, a case with open WTDs in the transverse bulkheads C, I, 
J and L (see Fig. 9) can be estimated by using Eq. (9) as: 

r∗
CIJL ≈ 1 −

(
1 − r∗

C

)
−

(
1 − r∗

IJ

)
−

(
1 − r∗

L

)
(16)  

where r∗
C and r∗

L are relative index values for cases with a single open WT 
door in bulkheads C and L, respectively, and r∗

IJ is the relative index for 
the case where there are open WTDs in the two adjacent transverse 
bulkheads I and J. This results in: 

r∗
CIJL ≈ 1 − (1 − 0.96316) − (1 − 0.81290) − (1 − 0.95652) = 0.73258

(17) 

Direct calculation of the same case results in r∗ = 0.73494, and the 
difference is only about 0.3%. 

The probabilistic damage stability analysis in SOLAS includes a large 
number of damage cases depending on the subdivision and geometry of 
the ship [46]. The group of all damage cases in the index calculation is 
denoted with Dall, and the subgroups of damages that involve progres-
sive flooding through a single open WTD A and B are denoted with DA 
and DB, respectively. The above approximation assumes that the inter-
section DA ∩ DB is small, i.e. the union DA ∪ DB ≈ DA + DB. This is valid 
for open WTDs that are far away from each other since the absolute 
maximum damage length in SOLAS Ch. II-1 is 60 m, [46]. 

A comparison of estimation with Eq. (9) and directly calculated r∗

values for 50 different random combinations of several open WTDs is 
presented in Fig. 11, using the three SOLAS initial conditions. The cases 
involve open WTDs in 2-9 transverse WT bulkheads. In most cases the 
estimate matches perfectly the directly calculated value. In the cases, 
where there are several “blocks” with more than one open WTD, the 
summation approach tends to underestimate the relative index since the 
same damage cases with reduced s-factor are included more than once. 
Consequently, the adopted approach is somewhat conservative, but 
reasonably accurate for the purpose of vulnerability monitoring onboard 
a ship. In some cases, with only a small number of open WTDs close to 
each other, the estimate is non-conservative (red squares in Fig. 11). 

4.3. Case A - maintenance work after departure from Rijeka 

Real AIS data for a voyage from Rijeka, Croatia to Trieste, Italy is 
applied. After departure the ship sails in the Kvarner Gulf with high 
accident susceptibility, governed mainly by the waterway complexity, 
due to shallow waters on both sides of the fairway. At the same time, 
since the sea area is sheltered, the significant wave height is assumed to 

Fig. 15. Accident susceptibility level and its components on a voyage from 
Catania to Valletta. 
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be small. 
Maintenance work requires two “B” class WTDs on deck 1 to be open 

for a longer period. The work is started 20 min after departure and 
continues for 60 min. The “C” class WTDs on the crew cabin areas on 
deck 2 are assumed to be opened randomly with an average frequency of 
once in an hour. The opening time was randomly selected between 60 s 
and 180 s. Types and locations of the doors are shown in Fig. 12. The 
results are presented in Figs. 13 and 14 for 3 hours after the departure. 

Soon after the maintenance work has started, there is a short time 
period when a total of 6 WTDs are simultaneously open, resulting in a 
very high vulnerability level. At this time, the accident susceptibility is 
low (green), and consequently the risk level is high (red). Later, about 63 
min after departure, total of 5 WTDs are open, resulting in very high 
vulnerability to flooding. At the same time, accident susceptibility is 
high due to the narrow fairway, and this combination results in very 
high (black) operational risk for a short period of time. During the 
maintenance work the risk level remains high or very high (red or black) 
for nearly 20 min. Such work should be planned so that it is not done 
when the ship is sailing in areas where high accident susceptibility levels 
are expected. 

4.4. Case B: operation in high accident susceptibility area 

The second example focuses on an operational condition with high 
accident susceptibility. The ship is sailing from Catania, Italy to Valletta, 
Malta. After midnight, when the ship is approaching Valletta, both the 
traffic and waterway complexity increase, resulting in the very high 
accident susceptibility shown in Fig. 15. 

All WTDs are primarily closed, but the category “C” doors in the crew 
cabin areas on deck 2 are randomly opened. The opening time was 
randomly selected between 60 s and 180 s. The resulting vulnerability 
levels and accident susceptibility from real historical AIS data are shown 

in Fig. 16. The maximum number of simultaneously open WTDs is two, 
and the vulnerability to flooding remains low (green) or moderate 
(yellow). However, when approaching to Valletta the accident suscep-
tibility is high (red) or very high (black) for a long period, and conse-
quently the flooding risk is also high (red). Any work requiring category 
“B” WTDs to be open would cause a very high risk level. Based on this 
example, proper usage of category “C” WTDs when passing through 
them does not significantly increase the risk, even when the ship is 
operating in areas with high accident susceptibility. 

5. Discussion 

The presented framework is considered suitable for continuous 
assessment and monitoring of flooding risk onboard passenger ships. 
The required input data (actual loading condition, WTD status, AIS data 
for nearby ships, bathymetry and weather now-cast) is already available 
through various systems, but not yet integrated into a single system for 
risk monitoring. In a case where flooding is detected, the flooding risk 
assessment tool should automatically switch into a decision support 
system (DSS) [83]. The adopted risk metric, combining susceptibility 
and vulnerability into a qualitative measure, is considered suitable for 
screening purposes and for discrimination among the given operational 
situations. Therefore, the proposed solution for flooding risk assessment 
should be seen as an operational guidance tool for the crew, allowing 
proactive risk mitigation actions, either through reduction of suscepti-
bility, vulnerability, or both. 

The concept of accident susceptibility, as detailed in [62], is based on 
an assessment of traffic, waterway, and environmental complexity. The 
threshold values for evaluating the levels of these parameters are based 
on both the literature and the perceptions of crew members as given by 
the results of a questionnaire. Some fine-tuning of the criteria for 
different complexity levels may still be needed, based on more extensive 

Fig. 16. Example of development of vulnerability arrival at Valletta with randomly opened category “C” WTDs in the crew cabin areas.  
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testing. For the case studies presented here, conditions of good visibility 
are assumed. This is mainly due to a lack of reliable temporospatial data 
on visibility. However, if this framework is to be employed on board 
ships, actual visibility conditions can be used for instant and continuous 
evaluation of accident susceptibility. In addition, the effect of sea state 
on the vulnerability to flooding due to open WTDs should be investi-
gated further, while the effect of ship size should also be considered. 

The presented test cases are based on a big data analysis of historical 
AIS data and generated WTD status combinations. Real operational data 
on WTD status and accident susceptibility based on AIS receivers on-
board should be analyzed in detail when a prototype version of the 
developed method is installed on ships. By being based on such real data, 
the risk assessment method can be further improved, especially by fine- 
tuning the threshold values used for the color codes. The presented test 
cases indicate that the continuous monitoring of flooding risk can enable 
an improved onboard safety culture through better awareness of the 
flooding risk when WTDs are kept open for longer timeframes. 

Recently, King et al. in [40] concluded that “the traditionally design 
focused culture for stability management must be shifted to one where 
the operation is seen as integral player to maintaining barrier integrity”. 
The presented framework for onboard assessment and monitoring of 
flooding risk due to watertight doors is considered a valuable tool for 
increasing the situational awareness among the bridge crew, which in 
turn may contribute to the elevation of safety culture in the daily 
operation of the ship. Most notably, such a system can easily be installed 
on board the existing fleet as most of the required input data is readily 
available from the automation systems. However, more studies are still 
needed to make the proposed solution operational, to ensure that the 
applied color coding is reasonable for actual passenger ship operations, 
and to encourage safer onboard practices. 

The monitoring system could also trigger an alarm on the bridge. 
However, the applied threshold values for both the risk level and the 
allowed time frame need to be carefully considered since overly frequent 
alarms, or fluctuating alarms, are known to be annoying to crew, e.g. 
[84], and therefore may not lead to an increase in safety through 
improved operational practices. Therefore, operational tests must be 
made, and modifications to the alarm thresholds must be agreed upon 
with the prospective end-users, to reflect actual safe operational routines 
as much as possible. 

In addition, other modeling approaches which transform the pro-
posed deterministic framework into a probabilistic one may be tested in 
the future. The intention of this transformation is to better capture the 
uncertainty associated with the input parameters, and to better reflect 
their effect on the outcome, which would help decrease risk index 
fluctuation. Bayesian Networks may be found particularly useful to such 
an approach. 

The present framework is limited both by the zonal approach of the 
SOLAS regulations, and by the consideration only of collision damages. 
However, the same framework can be extended to also consider bottom 
and side grounding damages, for example with the non-zonal approach 
described in [85,86]. However, in the case of the non-zonal method, the 
same damage cases, with precalculated probabilities (i.e. p-factors) 
should be applied for different WTD status combinations. Increased 
computing capacity implies that, in the future, intermediate flooding 
stages could also be included in the index calculation. 

The presented concept considers only damage stability, longitudinal 
strength considerations may also be critical, especially in cases with 
extensive flooding. In the future, the developed framework could be 
extended to include strength as a parameter affecting survivability, i.e. 
the s-factor, in the A* index calculation. However, a necessary condition 
for such an extension is the development of rapid and reliable methods 
for evaluating the residual strength of damaged passenger ships. 

6. Conclusions 

Open watertight doors on passenger ships during operation impose a 

serious risk because they compromise the ship‘s designed watertight 
integrity. However, in certain conditions, open WTDs are allowed for 
new ships. Therefore, continuous monitoring of the operational 
vulnerability due to open WTDs is an effective way to increase the crew 
awareness and safety. 

The aim of this paper was to introduce a framework primarily 
intended for the rapid assessment and real-time monitoring of opera-
tional flooding risk of a passenger ship, accounting for relevant, 
observable risk-affecting factors and mechanisms driving the process of 
both the accident and its aftermath. Eventually, such a framework will 
allow risk-informed mitigation measures to be undertaken in due time. 

The proposed framework is based on the actual operational condi-
tions, and can rapidly evaluate the vulnerability to flooding for any 
combination of open WTDs. Furthermore, by using an accident suscep-
tibility index estimated from traffic and waterway complexities affecting 
the performance of the on-board ship navigator, the real-time flooding 
risk can be rapidly evaluated. 

Further research is still needed, especially regarding the effect of sea 
state and visibility on the susceptibility and vulnerability indices and the 
applied criteria for determining the color coding for both indices. The 
examples presented show that high flooding risk can easily be encoun-
tered in sea areas with high accident susceptibility, especially if main-
tenance work requires some class “B” WTDs to be open for an extended 
period. Continuous monitoring of the risk level is expected to help in 
improving operational practices, and in the long term, provide useful 
information for designing safer general arrangements with less need for 
WTDs. In principle, the presented method is considered mature enough 
for a prototype implementation to be tested on board real ships and from 
which valuable real-world operational data and feedback can be 
gathered. 
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