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ARTICLE INFO ABSTRACT

Keywords: Ballasting and de-ballasting operations play a critical role in maintaining stability and safety onboard tanker
Ballast operation vessels. The process involves considerable risks to human health, the marine environment and property since the
FMECA

failures during the operation may lead to loss of equipment, serious balance defection and related safety
problems, and harm to the coastal ecosystems. In this context, this paper aims to fill the gap concerning this
problem by analyzing the operational risks of ballasting and de-ballasting performed on tanker ships. It is utilized
a robust methodological approach, Failure Mode Effects and Criticality Analysis (FMECA) to provide a detailed
insight into operational hazards, and Evidential Reasoning (ER) and Rule-based Bayesian Network (RBN) to
tackle with limitations of FMECA by evaluating the hazards’ importance degrees. The highest-ranked risks are
found as “unsynchronized cargo and ballast operation” with a crisp risk value of 50.59 and “excessive list during
cargo operation” with 47.08 crisp risk value, while the least crisp risk valued (21.94) failure is “undetected
blockage of air vents”. Besides its robust theoretical background, the paper provides valuable insights to tanker
officers, shipowners, safety and technical inspectors to minimize risks and enhance safety at the operational level

Evidential Reasoning
Bayesian Network
risk assessment

onboard tanker vessels.

1. Introduction

A significant part of the cargo is transported by seaway, with
growing cargo volumes and an increasing number of vessels. Ships are
loading cargoes every day at different ports around the world, then
navigating to the discharge port to perform the operation reversely.
During these operations, the stability and buoyancy of the ship must be
monitored and ensured, since tons of liquid, solid, or gas substances are
transferred from the vessel to shore or vice versa [1]. Ballasting and
de-ballasting are performed simultaneously with the cargo operations to
achieve optimal balance conditions. Seawater, widely known as ballast
water, is taken inside the ship when it is unloading the cargo or is dis-
charged from the vessel during the loading process to support its sta-
bility form and maneuverability. It is pumped in the vessel’s designated
tanks used for holding the ballast water and integrated with specific
pipelines and pumping systems [2]. However, many risks have been
found due to the discharge of ballast water in particular for the marine
environment, over time. The microorganisms or other sea life are easily
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transferred with the ballast water inside the ships, navigating between
different regions’ ports [3]. It has been observed and proven that the
release of unmanaged ballast waters harms both local marine habitats
and human health [4].

The International Maritime Organisation (IMO), the responsible
authority for global maritime issues, deals with the problems and risks
affecting human life, ship safety, and the marine environment. It pro-
duces rules and regulations for commercial cargo ships and inspects
their compliance with those requirements periodically. One of the most
important rules of IMO is the Ballast Water Management Convention
(BWMC) which is adopted in 2004 and entered into force in 2017. It
aims to protect the marine environment, therefore introduces re-
quirements for ship ballasting and de-ballasting process. The vessels are
required to implement a BWM plan which is prepared according to the
ship’s design and capacity, keep a ballast water record book, and
manage and control the ballast water with specific D-1 and D-2 stan-
dards of the convention. While D-1 includes the requirements for the
exchange of ballast water, the D-2 standard addresses the criteria
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concerning the viable organisms in the ballast water to avoid the transfer
of invasive aquatic species [5]. To meet those criteria, ships must have a
type-approved treatment system onboard, such as systems that apply
chemical treatment, deoxygenation of water, and treatment with
Ultra-violet lights or electro-chlorination, etc. [6]. Also, ships are
required to fulfill all maintenance needs and control that equipment to
ensure their appropriate and effective operations.

Ballasting and de-ballasting operation of ships is performed using the
complex integrated system consisting of sea chests, pipelines, valves,
pumping arrangements, stripping ejectors, treatment systems, sensors
and alarms to fill, empty and monitor the ballast tanks. The safety and
proper implementations of ballasting and de-ballasting are directly
linked to the effectiveness of those systems. It is essential and one of the
critical operations on-board to ensure the stability and balance of the
vessel, since failures during ballasting and de-ballasting may lead to
accidents such as foundering or flooding [7,8], therefore loss of lives,
ship and the cargo, and also harm the marine environment. Operational
risks of the ballasting and de-ballasting process should be evaluated to
detect and overcome the deficiencies in the system to implement safe
operations and prevent such accidents.

Assessment of risks, the importance of which is increasing in recent
years in the maritime industry, aims to find the factors that may cause
dangerous situations in a system or operation and reduce the risk to
acceptable values. IMO emphasizes the application of Formal Safety
Assessment (FSA) for the maritime sector to evaluate the risks. It is a
rational, structured, and systematic method that follows the steps of
identifying hazards, risk analysis, risk control measures, cost-benefit
assessment, and recommendations to create a safer environment [9].
FSA aims to improve the safety of operations to protect human life,
property and the marine environment, however, it is not stated by IMO
which tools and techniques to be used for the risk analysis. Therefore,
different methods have been applied and suggested for various marine
fields in literature to enlighten maritime professionals [10-17].
Recently, risk analysis techniques such as Fault Tree Analysis (FTA)
[18-20], Event Tree Analysis (ETA) [21,22], Bow-Tie Analysis [23,24],
Hazard and Operability study (HAZOP) [25], Failure Modes and Effects
Analysis (FMEA) [26-28] is widely cited in maritime literature. These
risk analysis techniques have some limitations. Therefore, researchers
have integrated techniques such as fuzzy logic, Bayesian network (BN)
and Dempster-Shafer (D-S) evidence theory into risk analysis methods
to cope with limitations and obtain more accurate results. In this
context, there are various risk assessments on subjects such as marine
accidents [29-31] shipboard operations [32,33], autonomous ships
[34-36], marine environment [37,38], and ship navigation [39-41] in
the field of the maritime industry.

Ballasting and de-ballasting operation is an essential and critical
operation on-board ships, however, there is a research gap in the liter-
ature assessing operational risks. Most of the studies have been con-
ducted about environmental threats to ballast water such as invasive
species and pathogens [4,42,43], ballast sampling [44], evaluating
ballast water treatment and using treatment systems [5,45-48], risk
assessment during ballast tank maintenance [49] or potential risks in
ballast water system [28]. Therefore, this paper aims to assess the risks
of the ballasting and de-ballasting process by including the potential
failures in terms of shipboard operational aspects since those failures
may lead to serious accidents, and affect life, property, and the marine
environment. In the stage of numerical analysis, FMECA extended ER
and RBN approach is implemented. In FMECA, where risk parameters
are evaluated by experts, ER is performed to reduce the subjectivity of
experts and to combine the assessments of different participants. RBN
graphically visualizes the dependency relationships of risk variables and
enhances the reasoning and quantification power of FMECA. Thus, this
robust combined methodology is attracting attention in the literature, as
the ER and RBN help to handle the limitations of FMECA, while the
FMECA allows for a detailed hazard assessment.

In this context, the paper presents four sections. This section
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introduces ballast water and its effects on the environment, interna-
tional regulations for ballast operation on ships, need and motivation for
operational risk assessment of the ballasting and de-ballasting process.
Section 2 provides methodological steps and the proposed approach.
Section 3 includes the application of risk assessment, and then, discusses
the application findings. Finally, Section 4 concludes the paper.

2. Methodology

This section provides detailed information about the theoretical
background of the methodologies utilized in the paper.

2.1. Evidential Reasoning

Evidential reasoning (ER) based on Dempster-Shafer’s theory is
applied to deal with conflict and fusing problems. First introduced in
1994 [50,51], ER has been developed in later times [52]. Afterwards, it
is widely used in many different domains of science and engineering
[53-58].

Let’s assume that L experts perform the evaluation process e;(i = 1,
2..., L). A set of experts can be defined as E = {e;, ez, ..., €;...e} The
relative importance weights of the experts are expressed with the setw =
{w1, wa, ...w;, ..w;}. Here w; represents the weight of the ith (e
expert and it is 0 < w; < 1. On the other hand, an expert’s collective
expression of N different evaluation grades is H = {H;, Ha, ..., Hyp, ...,
Hy}. In addition, the evaluation made by e; can be shown mathemati-
cally as follows in Eq (1).

S(e)) = {(HwB, 1), n=1, ., N}i=1, .., L 1

Here, B, ; indicates the degree of belief assigned to the nth parameter
by the ith expert, and B,; > 0, % .4, ; < 1. Let i, be assumed as the
degree of belief for which the parameter Hy, is evaluated. By performing
the evidential reasoning algorithm, the degree of belief of multiple ex-
perts can be brought together and g,(n=1, ..., N) can be formed.

Bn,i» which expresses the degree of belief, can be converted into basic
probability masses by using Eqgs. (2) and (3). my; represents the basic
probability mass for the H;,, parameter of the ith expert. Also, my;; is the
probability mass that remains unassigned for any parameter, consid-
ering all the evaluations made by the ith expert for parameter N.

My = Wi, ; @

N

my; =1 — 5 my; =1—w;
n=

1 n

N
Bai 3
=1

my ii+1) is the fused basic probability mass that takes into account the
evaluations made by the i+1 expert according to the relevant parameter.
The fusing process can be calculated with the help of the following Eqs.
(4) and (5). pn denotes the normalized degree of belief in the final
combined result 1.

My i1y = K (mn,[(i)m/1,([+l) + Mgy My (i41) mH.l(i)mn,([+l)) ()]
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2.2. FMECA

Failure mode and effect analysis (FMEA) is one of the practical risk
assessment tools that focus on analyzing possible failure modes and their
effects on equipment and system performance. FMECA is an extension of
FMEA where failure modes are prioritized based on risk. The technique
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was first applied in the aerospace field [59]. Afterwards, it was per-
formed in many industries such as automotive [60], maritime [61],
electrical engineering [62], energy [63], nuclear power plant [64], and
chemical [65]. In FMECA, failure modes are prioritized by calculating
RPN associated with three risk parameters, occurrence (O), severity (S),
and detection (D). The RPN is determined in Eq. (7) as follows.

RPN =0xSxD (@)

The application of FMECA in risk and safety assessment processes has
some limitations [66]. The relative weights of the risk parameters are
not taken into account. Different combinations of risk parameters can
calculate the same RPN value. In the method, which considers three risk
factors in terms of safety, the uncertainty and subjectivity of expert
judgments are ignored. Therefore, hybrid approaches including methods
such as D-S theory [67], fuzzy logic [68], and Bayesian Networks [69]
are recommended to improve the performance of FMECA.

2.3. Rule-based Bayesian Network

Rule-based Bayesian Network (RBN) is the approach in which lin-
guistic evaluations are used instead of numerical evaluations. It consists
of rules in which causal relationships and influential magnitudes are
defined within the network. The antecedent and concluding sections
involve linguistic variables [70]. In RBN, where IF-THEN rules are
performed, qualitative aspects of fuzzy human information are handled
without using exact quantitative values. In the IF part of the rules, p
attendance attributes {A; A, ..., A, } arespecified, while in the THEN
part it is transformed into q {C1, Co, ..., Cg, } states with a belief degree
{B1, By, ..., By, }. The w-th rule, denoted as Ry, can be shown as follows
[69-71].

R, :IF AYand A} and...and A", THEN {(B;z a), (B, C), ..., (B;’, cq)}
After creating the rules that represent ambiguous information, all of

them are combined to form a rule-based set. Thus, the RBN approach can
be applied to produce the final result by utilizing Bayes’ chain rules.
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2.4. Integration of methodologies

This section describes how methods are integrated. Fig. 1 depicts the
conceptual framework of methodologies.

Step 1. Determination of failure modes and construction of the
Bayesian Network: Failure mode categories are defined in accordance
with the subject discussed. Each failure mode category contains failure
modes within itself. Then, a Bayesian network is established, where
failure modes are at the root nodes, failure mode categories are at the
intermediate nodes, and the general risk is at the leaf node [69,72].

Step 2. Expert evaluations: In this step, the O, S, and D parameters
of each failure mode in the risk model are assessed by experts according
to the linguistic scale in Table 1. Accordingly, experts indicate their
degree of belief in each item on the scale. The inputs obtained from
different experts for each failure mode are fused with the help of ER.
Thus, the nodes expressing the O, S, and D parameters of each failure
mode are identified.

Step 3. Derivation of rules: Various rules are derived in the FMECA-
based BN after expert assessments are fused. Rules specify degrees of
belief of states (very low, low, average, high, very high). First, the rules
for root nodes with failure modes are determined. These rules are
constituted by considering the evaluations that can be made to the risk
parameters (O, S, D). Rules are generated associated with five linguistic
variables and a total of 125 (5 x 5 x 5) Bayes rules are obtained [69].

Table 1
The linguistic scale of risk parameters O, S, and D.
Risk 1 2 3 4 5
Parameter /
Scale
Occurrence Very Low Low (L) Average High Very High
(®) (VL) (V) (] (VH)
Severity (S) Negligible Marginal Moderate Critical Catastrophic
) (MA) (MO) (CR) (CA)
No Highly Unlikely Average Likely High Likely
Detection Unlikely ) (A) (€8] (HL)
(D) (HU)

Evaluation of
failure modes by

Identification of
failure modes

,,,,,,,,,,,,,,, i

Establishing a

experts through
risk parameters

Fusing expert

Bayesian network

Deriving rules

opinions

1

_Evidential Reasoning _______________ |

aggregation

Obtaining crisp
values

and rule §

FMECA-based RBN

|
LEMELADased RN |

Assessment of
results

Fig. 1. Conceptual framework of FMECA extended ER and RBN approach.
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Some of the rules are shown in Table 2.

For example;

Rule# 1: If occurrence = very low (O1), and severity = negligible
(S1), and undetection = very unlikely (D1), THEN {(1, very low (R1)),
(0, low (R2)), (0, average (R3)), (0, high (R4)), (0, very high (R5))}

Here, if the condition is O1, S1, D1, the probability of R can be
expressed as p(R|O1, S1, D1) = (1, 0, 0, O, 0).

Similarly, rules are determined for failure mode categories and
overall risk. The number of these rules varies according to the number of
failure modes and failure mode categories specified in relation to the
subject under consideration [71].

Step 4. Rule aggregation: After the expert assessments are fused
and the rules are derived, the prior probabilities are combined to obtain
a result (i.e. marginal probabilities). The marginal overall probability p
(Ry) for failure modes at the root nodes is calculated with the following
Eq. (8) [69,72].

5
p(Ry) = Z
i=1

5
i =1

> p(RI0:, S;, D) p(0:) p(S;) p(Dy) ®

(h=1,2,3,4,5)

J

The marginal overall probabilities are also calculated for the failure
mode categories in the intermediate node. For this, Eq. (9) is used, which
is similar to Eq. (8).

P (Rw) :Z

5
i=1

X . > _P(R|Rx1s» Rxajs - Rymx) P(Rx1:) p(Rxaj) - P(Rxma)

1 k=1

5 5
Jj=

9

Step 5. Converting the results to crisp values with utility func-
tions: In order to prioritize the failures in the constituted risk model,
suitable utility values for Ry, should be determined. In this context, the
linear utility function is applied in Eq. (10) as follows to calculate the
crisp values of R.

5
CV=> p(Ry)U. (10)
z=1

Here, p(Ry,) is the marginal probability and U, (z = R1, R2, R3, R4,
R5) is the utility value identified for R and it is
{R1=0.2, R,=0.4, R;= 0.6, R, = 0.8, Rs = 1} can be specified [69,
70,72].
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3. Operational risk assessment of ballasting and de-ballasting
on-board tanker ship

3.1. Ballasting and de-ballasting operation on-board tanker ship

Ballast water operations are carried out on vessels to ensure their
stability and structural balance for buoyancy. It is a simultaneous work
which is conducted by ship officers mainly when loading and dis-
charging the cargo, besides, it can be performed for safe navigation such
as passage under the bridge, entering canals, etc. The operation requires
a structured system onboard whose components are a sea chest, pipe-
lines, pumps, valves, a treatment system, sensors, alarms, and also a
remote-control panel in the cargo control room [1]. Fig. 2 illustrates a
basic demonstration of the ballast system on-board ship. The system can
be also integrated with other critical equipment on tankers such as fixed
gas detection systems, tank radar systems, etc. to monitor the atmo-
sphere inside ballast tanks for safety.

Considering the harmful effects of ballast water when discharged in
coastal areas, mandatory regulations under BWMC have been intro-
duced to the maritime industry [73]. BWMC addresses the managing
procedures of ballast water with two main regulations: D-1 and D-2. The
exchange of ballast water is regulated by the D-1 standard and can be
performed through the sequential method, the flow-through method,
and the dilution method. According to D-1, vessels discharge their
ballast water, which is taken from coastal waters, into open seas and
deep oceans as the pathogens and organisms will not survive due to
differences in temperature, salinity, and other parameters. D-2, on the
other hand, is based on the principle of treating the ballast water to be
discharged to reduce the aquatic life in it to the determined limit values
[74]. Since the limits specified in D-2 are quite low, using a treatment
system has become indispensable to achieving compliance. The number
of microorganisms and other marine creatures inside the ballast water
can be minimized significantly by using different treatment methods
such as filtration and separation, electrolytic chlorination, disinfecting
chemicals, ultra-violet lights, cavitation/ultrasound, and deoxygen-
ation. Suitable and type-approved technologies are preferred by ship
owners and installed on vessels according to ship technical specifica-
tions and voyage requirements [75].

3.2. Problem statement

Ballasting and de-ballasting operations are crucial to perform for
vessels’ structural integrity and stability, in particular when the ship is
dealing with cargo loading and discharging operations. It is considered a
critical process since the ballast water system is one of the complex
systems onboard and requires proper valve and pump management in

Table 2

Bayesian rules generated for root nodes.
Rule Number If part Then part

[0} S D R1 R2 R3 R4 R5

1 Very Low (01) Negligible (S1) Highly Unlikely (D1) 1 0 0 0 0
2 Very Low (01) Negligible (S1) Unlikely (D2) 0.67 0.33 0 0 0
3 Very Low (01) Negligible (S1) Average (D3) 0.67 0 0.33 0 0
4 Very Low (01) Negligible (S1) Likely (D4) 0.67 0 0 0.33 0
5 Very Low (01) Negligible (S1) High Likely (D5) 0.67 0 0 0 0.33
61 Average (03) Moderate (S3) Highly Unlikely (D1) 0.33 0 0.67 0 0
62 Average (03) Moderate (S3) Unlikely (D2) 0 0.33 0.67 0 0
63 Average (03) Moderate (S3) Average (D3) 0 0 1 0 0
64 Average (03) Moderate (S3) Likely (D4) 0 0 0.67 0.33 0
65 Average (03) Moderate (S3) High Likely (D5) 0 0 0.67 0 0.33
121 Very High (05) Catastrophic (D5) Highly Unlikely (D1) 0.33 0 0 0 0.67
122 Very High (05) Catastrophic (D5) Unlikely (D2) 0 0.33 0 0 0.67
123 Very High (05) Catastrophic (D5) Average (D3) 0 0 0.33 0 0.67
124 Very High (05) Catastrophic (D5) Likely (D4) 0 0 0 0.33 0.67
125 Very High (05) Catastrophic (D5) High Likely (D5) 0 0 0 0 1
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Fig. 2. Basic demonstration of ballast system on ship
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Table 3
Failure modes, effects, and consequences of ballasting and de-ballasting operation.
Failure Mode Category Failure Failure Modes Failure Effects Consequences
Nr.
C1. Equipment or structure ~ FM 1.1 Failure in tank radar system Leads to using erroneous sounding values for o Stability problems due to incorrect
failure risks stability/stowage calculation filling level of ballast tanks
FM 1.2 VRCS (Valve Remote Control System) Causes hydraulic oil leakage into ballast tanks elnefficient operation
valve leaks eDelay in ports due to extended
operational time
o Oil spill in case of de-ballasting
FM 1.3 Ballast water contaminated with cargo ~ Pollutant effect when overboard o Environmental pollution
FM 1.4 Undetected blockage of air vents Increases the pressure or vacuum inside the ballast e Structural damage of the tank
tank
C2. Operational failure FM 2.1 Dry running the ballast pump Defects the mechanical seal of the pump e Damage to the ballast pump
risks FM 2.2 Incorrect valve management Ballast water may not be controlled as required o Inefficient operation
o Time loss
FM 2.3 Improper management of fixed gas Sea water fills into the fixed gas detection pipes, o Deficiency of fixed gas detection
detection system clogges the solenoid valves and filters system
e Inability to monitor atmosphere
inside tanks
C3. Terminal operation & FM 3.1 Unsynchronized cargo and ballast Increases stress on the ship’s body e Structural damage
stability failure risks operation o Stability defects
FM 3.2 Excessive list during cargo operation Loads up stress on terminal’s manifold arm and e Damage to terminal’s manifold arm
mooring lines e Mooring line break
e Property and time loss
FM 3.3 Excessive cargo loading rate Increases the pressure on ballast water lines o Pipeline damage
FM 3.4 Tanks over flowing when at the Traces of oil on deck if present could be overboarded e Oil spill
terminal e Commercial loss
C4. Navigation & stability FM 4.1 Excessive list or trim at voyage Creates forces that cause the listing or trimming of the e Stability problems
failure risks ship o Foundering
e Flooding
FM 4.2 Excessive trim by the stern Limiting vessel’s bridge visibility for effective e Loss of bridge visibility
watchkeeping e Dangerous navigation
FM 4.3 Insufficient draft Decreases the performance of the ship’s propeller and e Loss of maneuverability
bow thruster
C5. Regional condition FM 5.1 Ballasting in muddy areas Muddy ballast water may clog filters of BWTS, also, e Mechanical defect in BWTS
risks sediments may accumulate at the bottom e Sediments inside ballast tanks
after de-ballasting
FM 5.2 Transferring harmful organisms Certain aquatic species invade coastal habitats e Harm to marine environment and
public health
C6. BWTS risks FM 6.1 Overriding temperature and pressure Internal temperature and pressure of the unit may be e Structural damage to BWTS and
sensors in BWTSs increased other machinery
o Personal injury
FM 6.2 Failure in the TRO (total residual Causes inaccurate treatment process e Environmental violation
oxidant) sensors in BWTSs
FM 6.3 Unsafe storage or handling of chemical ~ Chemical disinfectants such as sodium hypochlorite e Chemical burns

disinfectants used in BWTSs

and hydrogen peroxide have damaging effects on
tissue
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addition to continuous stability control. Failures during the process may
lead to serious consequences such as structural damages, stability
problems, and loss of maneuverability, which may lead to more cata-
strophic events like foundering, capsizing, and total loss [7,8,52,53].
Moreover, ships must comply with the environmental rules of IMO by
managing the ballast water through defined appropriate methods to
prevent the transfer of harmful organisms. These requirements bring
new risks for vessels during both exchange and treatment processes,
such as increased stress on the ship’s body, excessive listing, failures in
treatment units, and sensor failures. As a consequence of those failures,
the ship’s stability may defect and equipment may be damaged. Also,
ballast water may not be managed properly and jeopardize marine
habitats due to living invasive species. Ballast water operations are
frequently performed on vessels; however, they can be extremely
dangerous considering various technical, operational, and environ-
mental aspects. It has been a serious issue for the maritime industry to
handle the operational risks of ballast water operations. To support
safety solutions, this paper aims to assess the operational risks of the
ballasting and de-ballasting process comprehensively.

3.3. Numerical analysis

In this section, risk assessment is performed for ballasting and de-
ballasting operation on-board tanker ships using a combination of ER,
FMECA, and RBN methods.

Step 1. Determination of failure modes and construction of the
Bayesian Network: Failures during the operation are identified and
analyzed in a framework with their effects and potential consequences.
Table 3 shows failure modes, effects, and consequences in the course of
ballasting and de-ballasting on ships [7,8,76-78]. Then a Bayesian
network is constructed, including failure modes, failure mode cate-
gories, and overall risk. The Bayesian network created by using the
GeNIe software is shown in Fig. 3.

Step 2. Expert evaluations: The risk parameters (O, S, D) of the
failure modes of the ballasting and de-ballasting operation are evaluated
by maritime experts. Seven experts participated in the paper. Experts

FM 2.2 Incorrect
valve management

FM 2.1 Dry
running the
ballast pump

FM 1.1 Failure in
tank radar system

FM 1.2 VRCS
(Valve Remote
Control System)
valve leaks

C2. Operational
failure risks

FM 1.3 Ballast
water contaminated
with cargo

FM 14
Undetected
blockage of
air vents

C6. BWTS
risks

FM 6.1 Overriding
temperature and
pressure sensors in
BWTSs

FM 6.2 Failure in
the TRO (total
residual oxidant)
sensors in BWTSs

FM 2.3 Improper
management of fixed
gas detection system

FM 6.3 Unsafe
storage or handling of
chemical disinfectants
used in BWTSs
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consist of people with extensive knowledge and experience who have
worked on tanker ships. Table 4 shows the marine expert profile. Inputs
from each expert are aggregated through ER, thus determining the de-
gree of belief in the risk parameters of each failure mode. As an illus-
trative example, Table 5 contains expert judgments and aggregated
results for FM 3.1 (Unsynchronized cargo and ballast operation), which
is in the terminal operation & stability failure risks category (C3).
Similar evaluations are performed for all other failure modes.

In this context, as seen in Fig. 4, The degrees of belief obtained from
the ER form the inputs of the Bayesian network in the paper where the
risk assessment was conducted with the GeNle software. For instance,
for FM 3.1 (Unsynchronized cargo and ballast operation), the belief
degrees of the occurrence parameter obtained by combining expert
judgments are 11% Very high, 24% High, 38% Average, 26% Low, and
1% Very low. Similarly, the belief degrees of the severity parameter are
14% Catastrophic, 37% Critical, 35% Moderate, and 14% Marginal. And
the degrees of belief for the no detection parameter are 23% Highly
likely, 37% Likely, 23% Average, 15% Unlikely, and 3% Highly unlikely.

Step 3. Derivation of rules: Rules are defined for the analysis pro-
cess. Rules are created for both failure modes, failure mode categories,
and overall risk. Table 2 has 125 rules derived for failure modes. Simi-
larly, rules are defined for failure mode categories and overall risk. For
example; the first category, which covers equipment or structure failure
risks, includes four failure modes. Likewise, there are four failure modes
in the third category, which covers terminal operation failure risks.
Therefore, there are (5 x 5 x 5 x 5) 625 rules for the first and third
categories. There are 125 rules for the rest of the categories because it
consists of three failure modes.

Step 4. Rule aggregation: The rule aggregation step is performed
using the Bayesian mechanism. In this context, marginal overall prob-
abilities are determined. For the calculation of marginal overall proba-
bilities, belief degrees of O, S, and D parameters obtained by combining
expert opinions and established rules are used. The marginal overall
probability is calculated for all nodes in the BN. As illustrated in Fig. 4,
four root risks are identified in category C3. Arrows in parameters O, S,
and D indicate each root risk. In addition, each root risk is associated

FM3.1
Unsynchronized
cargo and ballast
operation

FM 3.2 Excessive list
during cargo operation

FM 3.3 Excessive
cargo loading rate

FM 3.4 Tanks over
flowing when at the
terminal

C3. Terminal Operation
& stability failure risks

FM 4.1 Excessive list

ChL Wi or trim at voyage

& stability
failure risks

C5. Regional
condition risks

FM 42
Excessive trim
by the stern

FM 5.2 Transferring
harmful organisms

FM 5.1 Ballasting
in muddy areas

Fig. 3. Bayesian network diagram for risk of ballasting and de-ballasting operation on-board tanker ship.
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Table 4

Information concerning maritime experts.

Expert

Position

Education

Job
Experience

Knowledge

Oceangoing
Chief Officer

Oceangoing
Master

Oceangoing
Chief Engineer

Academician

Company
Technical
Inspector

Academician

Safety
Superintendent

BSc.

BSc.

MSc.

MSc.

BSc.

MSc.

BSc.

7 years

10+ years

10 years

5 years

10+ years

9 years

8 years

This expert had worked
on tankers that give
service at various sea
areas, and is actively
work onboard. He is
familiar with the ballast
operations since he
executes the process as
the main responsible
personnel.

This participant
commands on tanker
ships including new
built vessels. He has
significant experience
about ballasting and de-
ballasting, inspects and
approves his chief
officers. He also helped
while establishing the
failure modes in the
paper.

This participant had
worked on many tanker
vessels that give
international service.
He is familiar with the
ballast water treatment
systems and their
failures. He also
supported the study
while preparing the
failure modes in the
paper.

This expert works at a
maritime university
and research
concerning ship
operations including
ballasting and de-
ballasting. She is also a
former oceangoing
watchkeeping officer
who has experienced
such processes by
assisting the chief
officer.

This expert monitors
the technical condition
of ships in the
company’s fleet, also
visit the vessels
periodically for
technical inspections.
Prior to his shore
career, he had worked
as a chief engineer on
tankers.

This participant is a
former chief officer of
international tanker
vessels. He has
significant experience
in the ballast and cargo
operations. He
currently works and
research at a maritime
university.

This expert is former
oceangoing master who
has experience and
knowledge about ship
operations including
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Table 4 (continued)

Education  Job
Experience

Expert  Position Knowledge

ballasting and de-
ballasting. He monitors
the vessels’ safety
including cargo-ballast
process, and also is a
professional in the
company that the ship
personnel can consult
about the safety issues.

with the terminal operation failure risks category (C3). For example,
depending on Table 2 and Eq. (9), the marginal overall probabilities of
FM 3.1 is determined as 16% Very high, 33% High, 32% Average, 15%
Low, and 4% Very low.

Step 5. Converting the results to crisp values with utility func-
tions: In this step, the crisp values are determined for all root nodes and
intermediate nodes of the ballasting and de-ballasting operation with
the help of the linear utility function. Fig. 4 shows the crisp values
calculated using the linear utility function specified in Eq. (10).
Accordingly, the risk is 50.59 for FM 3.1 (Unsynchronized cargo and
ballast operation), the risk is 47.08 for FM 3.2 (Excessive list during
cargo operation), the risk is 30.21 for FM 3.3 (Excessive cargo loading
rate), and the risk is FM 35.52 for 3.4 (Tanks over flowing when at the
terminal). The overall risk of the terminal operation failure risks cate-
gory (C3) is calculated as 40.86.

Due to the space limitation in the study, the detailed assessment of
the terminal operation failure risks category (C3) as a sample is pre-
sented in Fig. 4. Similarly, risk assessment results for all failure modes
and failure mode categories can be obtained and the results are given in
Table 6.

Overall, the Bayesian network model in which the risk assessment of
the ballasting and de-ballasting operation is performed in the study with
six failure mode categories is shown in Fig. 5.

3.4. Findings and discussion

Based on the analysis, the highest risk failure mode (FM) category of
ballasting and de-ballasting operation on tanker vessels is found in ter-
minal operation & stability failure risks (C3) with a 40.86 crisp risk
value. FM 3.1 “unsynchronized cargo and ballast operation” has a risk
level of 50.59. It is followed by FM 3.2 “excessive list during cargo
operation” with a risk value of 47.08, and they are considered the most
critical failure modes. A tanker, when at the terminal, performs loading
or discharge operations of liquid substances. Ballast operations are made
simultaneously to keep the vessel in a balanced condition. For a basic
example, if the tanker loads the cargo to the number 3 starboard (right
side) tank, ballast water in the number 3 starboard ballast tank is to be
discharged, and the number 3 port (left side) ballast tank is to be filled. If
the balance of changing load can not be synchronously achieved,
structural problems such as straining may appear due to the increasing
stress on the ship’s body. Moreover, serious stability defects may occur
that lead to listing the vessel. Excessive listing on the other side of
berthing can also create additional tension on the mooring lines and the
manifold arm where the cargo flows through. As a result, property and
time losses may occur due to mooring line breaks and damage to the
manifold’s arm. Considering the risk factors O, S and D, the aforemen-
tioned failure modes present significant parts of the ballasting and de-
ballasting operations. To minimize the risks of FM 3.1, stability moni-
toring systems may be used. Also, cargo and ballast plans should be
prepared according to vessels’ pump capacities to provide optimum
loading and discharge rates.

The next highest crisp risk value is found at 43.33 for the failure
mode of FM 1.2 “VRCS (Valve Remote Control System) valve leaks”,
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Table 5
Expert evaluation and aggregated results for FM 3.1
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Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Aggregated Results
Occurrence (O) VL 0.05 0 0 0.05 0 0 0 0.01
L 0.3 0.2 0.3 0.25 0.3 0.2 0.3 0.26
A 0.45 0.5 0.3 0.3 0.3 0.4 0.3 0.38
H 0.2 0.2 0.3 0.3 0.2 0.3 0.2 0.24
VH 0 0.1 0.1 0.1 0.2 0.1 0.2 0.11
Severity (S) N 0 0 0 0 0 0 0 0
MA 0.2 0 0.3 0 0.2 0.15 0.2 0.14
MO 0.4 0.3 0.3 0.35 0.3 0.35 0.4 0.35
CR 0.3 0.5 0.3 0.4 0.3 0.4 0.3 0.37
CA 0.1 0.2 0.1 0.25 0.2 0.1 0.1 0.14
Detection (D) HU 0 0 0.2 0 0 0 0 0.03
U 0 0 0.3 0.1 0.2 0.3 0.2 0.15
A 0.1 0 0.3 0.2 0.3 0.3 0.4 0.23
L 0.6 0.5 0.2 0.35 0.3 0.2 0.3 0.37
HL 0.3 0.5 0 0.35 0.2 0.2 0.1 0.23
O  Occurence Severity [@) Detection
e 2%l [ ]
H 21%(0] CR 41%] L 31%(0]
A asv I 11021% [l A 33% I
L 24% [l U 18% |l
vL 6%|l HU 9%l
y /
[©  occurence - Value 8 - IOccurence
Expected u__ 47.0782]] H o 19% ]
A 30% I
L 2s% |l
ve 22% |l
¥
[© unsynchronized ca... (O Terminal operation [© Excessive cargo lo. (@) Severity
] cA a%]|
H 28%0 CR 20% [T
A 33% | o 47% (I
- Value il a24% Il
ve 13% |l N %l
Expected u... 40.859]l
[@) Detection
3 Value 3 Value HL 4%]]
_ L 21%|]
Expected u... 50.5862] [OTanks over flowing ... Expected u... 30.2094]] s 35% I
Vi 7%l U 30% |l
H 27%| ]
- Value oo = HU 10% |l
Expected u__ 35 5211]] L 13% (0
vL 24% |l
A
[@) Occurence [@) Severity O Detection
ca 3%||
CR 45%
o s9% I A 27% |
Ma 3%|| U 15%|l
N 0% HU 7%

Fig. 4. Risk assessment result of terminal operation & stability failure risks category.

which is classified under equipment or structure failure risks (C1). FM
1.2 is the third most dangerous failure since it has an environmental
dimension. The VRCS is a practical system that allows ship officers to
control the valves from the cargo control room remotely [79]. Hydraulic
oil moves in VRCS pipelines by commanding the actuators and sole-
noids, which help open or close the valves of ballast tanks. Defects in this
system may lead to oil leakage into the ballast tanks, and therefore into
the sea when the ballast water is discharged. The mechanical parts of the
system should be controlled and renewed at planned times. Besides,
alarms of VRCS oil tank, in particular, the low-level alarm should be
strictly considered since it means the oil in the pipes leaked into the
ballast tank.

FM 2.2 “incorrect valve management” is another significant failure
mode which is classified under the operational failure risks category
(C2). It is the fourth-highly ranked failure mode with a crisp risk value of

38.48. Ballast water operation is performed from the cargo control room
by a remote system that commands valves of the sea chest, ballast lines
and ballast pumps. On tankers, management of valves may be compli-
cated when handling multiple grades of cargoes simultaneously since
ballast operation is made with a parallel process. It is probable to
arrange the valves incorrectly and that may lead to time loss and inef-
ficient ballasting or de-ballasting operations [80]. To prevent incorrect
actions, efficient training should be provided for cargo officers.

FM 4.1 “excessive list or trim at voyage” under navigation & stability
failure risks (C4) is another substantial failure mode. The crisp risk value
is found at 37.94 in numerical analysis. Tankers may perform ballast
operations in the open sea, particularly for a ship-to-ship cargo opera-
tion, or due to adverse sea conditions. Excessive list or trim may defect a
ship’s stability, specifically in heavy weather, further leading to flooding
and foundering, which are more catastrophic consequences [7,77]. All
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Table 6
Risk assessment results for failure modes and failure mode categories
Failure Mode Crisp Failure Mode Crisp
Category Risk Risk
Value Value
C1 Equipment or 32.85 FM 1.1 Failure in tank radar 35.66
structure failure system
risks FM 1.2 VRCS (Valve Remote 43.33
Control System) valve leaks
FM 1.3 Ballast water 30.47
contaminated with cargo
FM 1.4 Undetected blockage of 21.94
air vents
C2 Operational 33.03 FM 2.1 Dry running the ballast 36.79
failure risks pump
FM 2.2 Incorrect valve 38.48
management
FM 2.3 Improper management of ~ 24.35
fixed gas detection system
C3 Terminal 40.86 FM 3.1 Unsynchronized cargo 50.59

operation & and ballast operation
stability failure FM 3.2 Excessive list during cargo ~ 47.08
risks operation
FM 3.3 Excessive cargo loading 30.21
rate
FM 3.4 Tanks over flowing when ~ 35.52
at the terminal

C4 Navigation & 34.82 FM 4.1 Excessive list or trim at 37.94
stability failure voyage
risks FM 4.2 Excessive trim by the 33.65
stern
FM 4.3 Insufficient draft 33.20
C5 Regional condition ~ 31.43 FM 5.1 Ballasting in muddy areas ~ 35.72
risks FM 5.2 Transferring harmful 27.14
organisms

C6 BWTS risks 30.23 FM 6.1 Overriding temperature 31.10
and pressure sensors in BWTSs

FM 6.2 Failure in the TRO (total 26.54
residual oxidant) sensors in

BWTSs

FM 6.3 Unsafe storage or 33.28
handling of chemical

disinfectants used in BWTSs

kinds of ballast operation which is carried out to adapt the ship to the
dynamic conditions should be approved by the ship’s master. Moreover,
additional visual control from the bridge will help to ensure the balance
of the vessel.

FM 2.1 “dry running the ballast pump” is also one of the critical
failure modes of C2 with a crisp risk value of 36.79. A ballast water
pump has both electrical and mechanical components which allow the
intake or discharge of seawater. Running the pump without seawater
can defect the mechanical seal of the pump in a short period of time
[81]. It is significant to consider the noise and the vibration spreading
from the pump since it may be a strong indicator of upcoming defection.

Under regional condition risks (C5), FM 5.1 “ballasting in muddy
areas” is among the significant failure modes with a crisp value of 35.72.
In such areas, filters of BWTS can be clogged in a short period of time. If
the system has no robust filters, it should not be activated as much as
possible to prevent its breakdowns. Accordingly, ballast operations
should be performed according to D-1 standards, since fulfilling the D-1
requirements is sufficient to minimize harmful organisms in ballast
water [5,73]. Besides, FM. 5.1 may cause the bottom of ballast tanks to
be filled with sediments, whose discharge is another challenging process
[82]. Inspection after the first de-ballasting could help detect any sedi-
ment accumulation and take action for handling solutions [58].

FM 1.1 “failure in-tank radar system” has a 35.66 crisp risk value and
poses potential hazards under C1. A tank radar system, a type of gauging
system, is one of the most significant monitoring arrangements on
tanker vessels [37]. It displays the volume, sounding, ullage and tem-
perature measurements of cargo tanks. The system can also be inte-
grated with ballast tanks to easily and quickly control cargo and ballast
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operations. In case of a failure of this structure, erroneous sounding
values may be displayed, leading to inaccurate stability calculations. On
tankers, it is expected the system generally works in good condition.
Therefore, the O parameter is evaluated lower than other high-risk
failure modes. However, due to its severity, FM 1.1 is involved in
important failure modes. The system should be type approved in terms
of its various design properties and controlled according to the planned
maintenance program. Furthermore, comparing the system with manual
gauging would be helpful to ensure its accuracy. On the other hand,
Table 7 shows control actions for highly ranked failure modes in terms of
crisp risk values.

In addition to the failure modes and actions in Table 7, it would be
useful to mention BWTS risks (C6) during ballasting and de-ballasting
operations. The highest crisp risk value is 33.28 for FM 6.3 “unsafe
storage or handling of chemical disinfectants used in BWTSs”. The
BWTSs provide vessels with different treatment methods according to
owners’ specific requirements. One of the frequently used methods is
chemical disinfection. It aims to remove the living organisms in ballast
water loaded on the ship via chemical substances such as sodium hy-
pochlorite and hydrogen peroxide. However, handling these materials
can be dangerous for human health; unsafe practices may lead to severe
chemical burns [83]. It is important to consider material safety data
sheets and to use protective equipment before handling such chemicals.

4. Conclusion

Risk assessment is essential to improve safety and minimize hazards
for sustainable maritime transportation, in particular for tanker vessels.
Tankers can carry and handle different types of dangerous liquids in
large quantities; therefore, complex and critical works are carried out
onboard, including cargo and ballast operations. This paper focuses on
ballasting and de-ballasting, which is a fundamental process to maintain
the vessel’s stability. Besides, it should be performed only by meeting
the requirements of international regulations concerning ballast water
management, aiming to minimize the harmful aquatic organisms. The
process involves considerable risks, specifically when conducted with
parallel cargo operations. Failures may lead to unfortunate events such
as stability defects, structural damage, and capsizing. However, the
literature is still scarce, particularly on operational aspects and risks of
ballasting and de-ballasting. This paper intends to highlight this gap and
present a comprehensive risk assessment.

As stated by IMO, it is optional for shipping companies which risk
analysis methods to be used, as long as it helps to enhance safety on-
board. Therefore, the paper utilizes a robust risk assessment technique
which integrates FMECA with Evidential Reasoning (ER) and Rule-based
Bayesian Network (RBN) to quantify the risk levels of the determined
hazard. Whilst the FMECA performs an extensive hazards analysis, the
ER is capable of providing a smart solution for the degree of belief dis-
tribution in expert judgement. The RBN is tackling with limitations of
conventional FMEA.

The paper identifies nineteen failure modes for ballasting-
deballasting operation onboard tankers under six main categories. The
data derivation was provided based on expert judgements. Given the
findings, “unsynchronized cargo and ballast operation” with a crisp risk
value of 50.59 and “excessive list during cargo operation” with a 47.08
crisp risk value represents the highest operational overall risk of
ballasting-deballasting operation. In addition, control actions are rec-
ommended to minimize risks.

The paper also has some limitations which are needed to be
improved. The number of experts can be considered a limitation of the
research. All respondents are experienced in the subject and related
marine operations; however, both numbers and qualifications can be
improved in further studies. The other limitation is failure mapping. The
authors evaluated ballasting and de-ballasting operation deeply and
presented the most potential failures in the study, which were formed
with the help of experts. More detailed research can be conducted in



G. Elidolu et al.

Detection

Table 7

Undetected
blockage of air
vents

Ballast water
contaminated
with cargo

VRCS (Valve
Rermote Control
System) valve leaks

[ Eaurentor

structure failure risks
VH 3% |
H 27% ]

gy |

Ca Value
Failure in tank [Expected ... 33.0387
radar system

Reliability Engineering and System Safety 231 (2023) 108975

Incorrect valve
management

Improper management
of fixed gas detection
system

Unsynchronized
cargo and ballast
operation

[ Terminal operation &
stabilty failure risks
VH10% [

Excessive list
during cargo
operation

Risk of ballasting and

L 22% Il
vi 1% i
Ca Value
]
[Expected u... 32.8529

de-balasting
operation
VH 4% |
i
A 37%

3
[Expected u... 30.2326

Val
Overriding alie

temperature and
pressure sensors

Tanks over
flowing w hen
at terminal

Ca Value
Expected u... 34.8196

in BWTSs

L 20%
vi 12%

Regional condition
= risks

BWTS risks.
VH 2% | | Navigation & Stabilty
H 26% 7] [@ e ::sz D//v |j Tailure risks
A 35% I [Expected u... 31.4283 - vH 6%
L 23% 0 A a0% I H 26% 7]
L 23 Il A 35 I
Failure in the TRO (total Vi 10% I L 20%

residual oxidant)
sensors in BWTSs

Unsafe storage or
handing of chemical
disinfectants used in
WTSs

Ballasting in
muddy areas

Fig. 5. Bayesian network model of risk assessment of

Transferring
harmful
organisms

v 13% |

ballasting and de-ballasting operation.

operational level during ballasting de-ballasting operation.

Control actions for failure modes.

CRediT authorship contribution statement

Failure Control action
mode . . s .. . . .
Gizem Elidolu: Writing — original draft, Formal analysis, Visuali-
31 ¢ Follow the stress on the ship’s body through a monitoring system zation. Sukru Ilke Sezer: Methodology, Formal analysis, Writing —
e Implement cargo and ballast plan which is prepared considering the . . . o e ..
, e . ) . . original draft, Visualization. Emre Akyuz: Writing — original draft,
tanker’s pump capacities, including defined loading and discharge o . . o S
rates Writing — review & editing, Conceptualization, Supervision. Ozcan
3.2 o Follow the listing degree of the ship during ballast operation Arslan: Writing — review & editing. Yasin Arslanoglu: Writing — review
o Increase visual watch on the manifold area & editing.
e Check the tightness of mooring lines regularly
1.2 e Provide maintenance and control for VRCS, including renewing the
seals . .
e Monitor alarms of VRCS, in particular, low-level alarm of VRCS oil Declaration of Competing Interest
tank
e Visual control from ballast tank observation holes to check the The authors declare that they have no known competing financial
existence of oil interests or personal relationships that could have appeared to influence
2.2 e Provide training for officers about valve system . .
o e . ) the work reported in this paper.
e Distribution of responsibilities optimally during cargo and ballast
operation
e Use additional visual marks for remote control valves, in particular References
for inexperienced crew
4.1 e Plan balla'sting and de-ballas.ting operation WiFh master’s‘a.pproval [1] David M. Vessels and Ballast Water. Global maritime transport and ballast water
o Inform bridge personnel during ballast operation for additional management, invading nature - springer series in invasion ecology, 8. Dordrecht
visual control of the ship’s listing Heidelberg New York London: Springer; 2015. https://doi.org/10.1007/978-94-
2.1 o Ensure that the ballast system is ready to run, including the 017-9367-4_2.
condition of the valves [2] Heyer A, Souza FD, Morales CFL, Ferrari G, Mol JMC, Wit JHWDe. Ship ballast
o Follow the noise and vibration effects of ballast water pumps tanks a review from microbial corrosion and electrochemical point of view. Ocean
5.1 o Perform ballast operations according to D-1 standards as possible Eng 2013;70:188-200. https://doi.org/10.1016/j.0ceaneng.2013.05.005.
o Inspect ballast tanks after first de-ballasting [3] Tsola‘ki, E., & Diamadopoulos, E. (2009). Technologies for ballast water treatment:
1.1 e Use approved tank radar systems in terms of design properties a review. September 2009, 19-32. 10'1002/-”“?'22.76'
o Compare the system with manual gauging regularly [4] P'am ED., Li KX, Wall A, Yang Z, Wang J. A subjective vapproach for bfillast water
. : risk estimation. Ocean Eng 2013;61:66-76. https://doi.org/10.1016/].
e Carry out planned maintenance of the tank radar system without o
deferrin oceaneng.2012.12.045.
8 [5] Karahalios H. The application of the AHP-TOPSIS for evaluating ballast water
treatment systems by ship operators. Transport Res Part D 2017;52:172-84.
] ) https://doi.org/10.1016/j.trd.2017.03.001.
further studies, particularly about ballast water treatment systems. [6] IMO. Circular for List of ballast water management systems that make use of Active
In COIIClLlSiOIl, the study’s ﬁndings would contribute to tanker ship— Substances which received Basic and Final Approval. BWM.2/Circ.34/Rev 2021.
owners, operators, safety inspectors and health, safety & quality man- 10 14 December 2021,
> OP 2 y P ’ y q ty [7] JTSB, (2014). Marine Accident Investigation Report, MA2014-11. Japan Transport

agers for their efforts to improve safety and prevent risks at the

10

Safety Board.


https://doi.org/10.1007/978-94-017-9367-4_2
https://doi.org/10.1007/978-94-017-9367-4_2
https://doi.org/10.1016/j.oceaneng.2013.05.005
https://doi.org/10.1002/jctb.2276
https://doi.org/10.1016/j.oceaneng.2012.12.045
https://doi.org/10.1016/j.oceaneng.2012.12.045
https://doi.org/10.1016/j.trd.2017.03.001
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0006
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0006
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0006

G. Elidolu et al.

[8

—

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

MSIU, (2018). Safety investigation into the partial flooding of the engine-room on
the Maltese registered bulk carrier CAPRI whilst alongside at Dampier, Australia on
26 December 2017, 201712/034, MARINE SAFETY INVESTIGATION REPORT NO.
24/2018, FINAL. Marine Safety Investigation Unit, MALTA.

IMO. Guidelines for formal safety assessment (FSA) for use in the IMO rule-making
process. London: International Maritime Organisation; 2002.

Silveira, P., Teixeira, A. P., Figueira, J. R., & Soares, C. G. (2021). A multicriteria
outranking approach for ship collision risk assessment. Reliab Eng Syst Saf, 214
(May), 107789. 10.1016/j.ress.2021.107789.

Asuelimen G, Blanco-Davis E, Wang J, Yang Z, Matellini DB. Formal safety
assessment of a marine seismic survey vessel operation, incorporating risk matrix
and fault tree analysis. J Mar Sci Appl 2020:155-72. https://doi.org/10.1007/
s11804-020-00136-4.

Bolbot V, Theotokatos G, Boulougouris E, Vassalos D. A novel cyber-risk
assessment method for ship systems. Saf Sci 2020;131(June):104908. https://doi.
org/10.1016/j.ssci.2020.104908.

Ugurlu, 0., Yildiz, S., Loughney, S., Kuntchulia, S., Sharabidze, I., & Wang, J.
(2020). Analyzing Collision, Grounding, and Sinking Accidents Occurring in the
Black Sea Utilizing HFACS and Bayesian. 40(12), 2610-2638. 10.1111 /risa.13568.
Aydin M, Akyuz E, Turan O, Arslan O. Validation of risk analysis for ship collision
in narrow waters by using fuzzy Bayesian networks approach. Ocean Eng 2021;231
(May):108973. https://doi.org/10.1016/j.0ceaneng.2021.108973.

Elidolu G, Akyuz E, Arslan O, Arslanoglu Y. Quantitative failure analysis for static
electricity-related explosion and fire accidents on tanker vessels under fuzzy bow-
tie CREAM approach. Eng Fail Anal 2022;131:105917. https://doi.org/10.1016/J.
ENGFAILANAL.2021.105917.

Hassan S, Wang J, Kontovas C, Bashir M. An assessment of causes and failure
likelihood of cross-country pipelines under uncertainty using bayesian networks.
Reliab Eng Syst SafReliab Eng Syst Saf 2022;218(PA):108171. https://doi.org/
10.1016/j.ress.2021.108171.

Sezer SI, Akyuz E, Arslan O. An extended HEART Dempster-Shafer evidence theory
approach to assess human reliability for the gas freeing process on chemical
tankers. Reliab Eng Syst Saf 2022;220:108275. https://doi.org/10.1016/j.
ress.2021.108275.

Ung ST. Evaluation of human error contribution to oil tanker collision using fault
tree analysis and modified fuzzy Bayesian Network based CREAM. Ocean Eng
2019;179:159-72. https://doi.org/10.1016/j.0oceaneng.2019.03.031. September
2018.

Zhao C, Yip TL, Wu B, Lyu J. Use of fuzzy fault tree analysis and Bayesian network
for occurrence likelihood estimation of navigational accidents in the Qinzhou Port.
Ocean Eng 2022;263(September):112381. https://doi.org/10.1016/j.
oceaneng.2022.112381.

Ugurlu H, Cicek I. Analysis and assessment of ship collision accidents using fault
tree and multiple correspondence analysis. Ocean Eng 2022;245:110514. https://
doi.org/10.1016/j.0ceaneng.2021.110514. January.

Raiyan A, Das S, Islam MR. Event tree analysis of marine accidents in Bangladesh.
Procedia Eng 2017;194:276-83. https://doi.org/10.1016/j.proeng.2017.08.146.
Endrina N, Rasero JC, Konovessis D. Risk analysis for RoPax vessels: a case of study
for the Strait of Gibraltar. Ocean Eng 2018;151:141-51. https://doi.org/10.1016/j.
oceaneng.2018.01.038. July 2016.

Aziz A, Ahmed S, Khan F, Stack C, Lind A. Operational risk assessment model for
marine vessels. Reliab Eng Syst SafReliab Eng Syst Saf 2019;185:348-61. https://
doi.org/10.1016/j.ress.2019.01.002. December 2018.

Arici SS, Akyuz E, Arslan O. Application of fuzzy bow-tie risk analysis to maritime
transportation: the case of ship collision during the STS operation. Ocean Eng
2020;217(July):107960. https://doi.org/10.1016/j.oceaneng.2020.107960.
Sultana S, Okoh P, Haugen S, Vinnem JE. Hazard analysis: Application of STPA to
ship-to-ship transfer of LNG. J Loss Prev Process Ind 2019;60:241-52. https://doi.
0rg/10.1016/j.j1p.2019.04.005. May 2018.

Ahmed S, Gu XC. Accident-based FMECA study of Marine boiler for risk
prioritization using fuzzy expert system. Results Eng 2020;6:100123. https://doi.
org/10.1016/j.rineng.2020.100123. March.

Ceylan BO, Akyuz E, Arslanoglu Y. Modified quantitative systems theoretic
accident model and processes (STAMP) analysis: A catastrophic ship engine failure
case. Ocean Eng 2022;253. https://doi.org/10.1016/j.0ceaneng.2022.111187.
February.

Sezer, S. 1., Ceylan, B. O., Akyuz, E., & Arslan, O. (2022). D-S evidence based
FMECA approach to assess potential risks in ballast water system (BWS) on-board
tanker ship. Journal of Ocean Engineering and Science, xxxx. 10.1016/j.joes.20
22.06.040.

Siqueira PG, Moura M, das C, Duarte HO. A Bayesian population variability based
method for estimating frequency of maritime accidents. Process Saf Environ Prot
2022;163:308-20. https://doi.org/10.1016/j.psep.2022.05.035.

Tao L, Chen L, Ge D, Yao Y, Ruan F, Wu J, Yu J. An integrated probabilistic risk
assessment methodology for maritime transportation of spent nuclear fuel based on
event tree and hydrodynamic model. Reliab Eng Syst Saf 2022;227:108726.
https://doi.org/10.1016/j.ress.2022.108726. November 2021.

Fan S, Blanco-Davis E, Yang Z, Zhang J, Yan X. Incorporation of human factors into
maritime accident analysis using a data-driven Bayesian network. Reliab Eng Syst
Saf 2020;203:107070. https://doi.org/10.1016/j.ress.2020.107070. March.

Kuzu AC, Akyuz E, Arslan O. Application of Fuzzy Fault Tree Analysis (FFTA) to
maritime industry: a risk analysing of ship mooring operation. Ocean Eng 2019;
179:128-34. https://doi.org/10.1016/j.0ceaneng.2019.03.029. May 2018.
Kaptan M. Risk assessment of ship anchorage handling operations using the fuzzy
bow-tie method. Ocean Eng 2021;236(July):109500. https://doi.org/10.1016/j.
oceaneng.2021.109500.

11

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Reliability Engineering and System Safety 231 (2023) 108975

Bao J, Yu Z, Li Y, Wang X. A novel approach to risk analysis of automooring
operations on autonomous vessels. Maritime Transport Res 2022;3:100050.
https://doi.org/10.1016/j.martra.2022.100050. March 2021.

Zhang D, Han Z, Zhang K, Zhang J, Zhang M, Zhang F. Use of hybrid causal logic
method for preliminary hazard analysis of maritime autonomous surface ships.

J Mar Sci Eng 2022;10(6). https://doi.org/10.3390/jmse10060725.

Fan C, Montewka J, Zhang D. Towards a framework of operational-risk assessment
for a maritime autonomous surface ship. Energies 2021;14(13):3879.

Aydin M, Camliyurt G, Akyuz E, Arslan O. Analyzing human error contributions to
maritime environmental risk in oil/chemical tanker ship. Human Ecological Risk
Assess 2021;27(7):1838-59. https://doi.org/10.1080/10807039.2021.1910011.
Kuzu AC, Senol YE. Fault tree analysis of cargo leakage from manifold connection
in fuzzy environment: A novel case of anhydrous ammonia. Ocean Eng 2021;238
(July):109720. https://doi.org/10.1016/j.0ceaneng.2021.109720.

Shi Z, Zhen R, Liu J. Fuzzy logic-based modeling method for regional multi-ship
collision risk assessment considering impacts of ship crossing angle and
navigational environment. Ocean Eng 2022;259(May):111847. https://doi.org/
10.1016/j.oceaneng.2022.111847.

Ung ST. Navigation Risk estimation using a modified Bayesian Network modeling-a
case study in Taiwan. Reliab Eng Syst Saf 2021;213:107777. https://doi.org/
10.1016/j.ress.2021.107777. February.

Zhou X. A comprehensive framework for assessing navigation risk and deploying
maritime emergency resources in the South China Sea. Ocean Eng 2022;248:
110797. https://doi.org/10.1016/j.0ceaneng.2022.110797. February.

Darling, J. A., Martinson, J., Gong, Y., Okum, S., Pilgrim, E., Lohan, K. M. P.,
Carney, K. J., & Ruiz, G. M. (2018). Ballast Water Exchange and Invasion Risk
Posed by Intracoastal Vessel Traffic: An Evaluation Using High Throughput
Sequencing. 10.1021/acs.est.8b02108.

Hess-Erga O, Moreno-Andrés J, Enger @, Vadstein O. Science of the total
environment microorganisms in ballast water: disinfection, community dynamics,
and implications for management. Sci Total Environ 2019;657:704-16. https://
doi.org/10.1016/j.scitotenv.2018.12.004.

Gollasch S, David M. Recommendations for representative ballast water sampling.
J Sea Res 2017;123:1-15. https://doi.org/10.1016/j.seares.2017.02.010.

Jing L, Chen B, Zhang B, Peng H. A hybrid fuzzy stochastic analytical hierarchy
process (FSAHP) approach for evaluating ballast water treatment technologies.
Environ Syst Res 2013:1-10. https://doi.org/10.1186,/2193-2697-2-10.

Akyuz, E., & Celik, E. (2018). A practical application on Ballast Water Treatment
(BWT) system in ship. Human and Ecological Risk Assessment: An International
The role of human factor in maritime environment risk assessment. 7039. 10.1080
/10807039.2017.1396184.

Demirel, H., Akyuz, E., Celik, E., & Alarcin, F. (2019). An interval type-2 fuzzy
QUALIFLEX approach to measure performance effectiveness of ballast water
treatment (BWT) system on-board ship. 5302. 10.1080/17445302.2018.1551851.
Lakshmi E, Priya M, Achari VS. An overview on the treatment of ballast water in
ships. Ocean Coast Manage 2021;199:105296. https://doi.org/10.1016/j.
ocecoaman.2020.105296. October 2020.

Gul M, Celik E, Akyuz E. A hybrid risk-based approach for maritime applications:
the case of ballast tank maintenance. Human Ecological Risk Assess 2017;23(6):
1389-403. https://doi.org/10.1080,/10807039.2017.1317204.

Yang JB, Sen P. A general multi-level evaluation process for hybrid MADM with
uncertainty. IEEE Trans Syst Man Cybernetics 1994;24(10):1458-73. https://doi.
org/10.1109/21.310529.

Yang JB, Singh MG. An evidential reasoning approach for multiple-attribute
decision making with uncertainty. IEEE Trans Syst Man Cybernetics 1994;24(1):
1-18. https://doi.org/10.1109/21.259681.

Yang JB, Xu DL. On the evidential reasoning algorithm for multiple attribute
decision analysis under uncertainty. IEEE Trans Syst, Man, Cybernetics-Part A
2002;32(3):289-304.

Kong G, Xu DL, Yang JB, Ma X. Combined medical quality assessment using the
evidential reasoning approach. Expert Syst Appl 2015;42(13):5522-30. https://
doi.org/10.1016/j.eswa.2015.03.009.

Seyedalizadeh Ganji SR, Rassafi AA. Measuring the road safety performance of
Iranian provinces: a double-frontier DEA model and evidential reasoning approach.
Int J Injury Control Safety Promotion 2019;26(2):156-69. https://doi.org/
10.1080/17457300.2018.1535510.

Behboudian M, Kerachian R. Evaluating the resilience of water resources
management scenarios using the evidential reasoning approach: The Zarrinehrud
river basin experience. J Environ Manage 2021;284:112025. https://doi.org/
10.1016/j.jenvman.2021.112025.

Pan X, Wang Y, He S. The evidential reasoning approach for renewable energy
resources evaluation under interval type-2 fuzzy uncertainty. Info Sci 2021;576:
432-53. https://doi.org/10.1016/j.in5.2021.06.091.

Wang Y, Zhang L. Feature-based evidential reasoning for probabilistic risk analysis
and prediction. Eng Appl Artif Intell 2021;102:104237. https://doi.org/10.1016/j.
engappai.2021.104237.

Wang C, Fan S, Yao Y, Wu J, Wang B, Zheng L. Operational safety evaluation of
tanker cargo oil system fusing multiple task information. Ocean Eng 2021;239:
109856. https://doi.org/10.1016/j.oceaneng.2021.109856.

Liu HC, Liu L, Bian QH, Lin QL, Dong N, Xu PC. Failure mode and effects analysis
using fuzzy evidential reasoning approach and grey theory. Expert Syst Appl 2011;
38(4):4403-15. https://doi.org/10.1016/j.eswa.2010.09.110.

Chi CF, Sigmund D, Astardi MO. Classification Scheme for Root Cause and Failure
Modes and Effects Analysis (FMEA) of Passenger Vehicle Recalls. Reliab Eng Syst
Saf 2020;200(106929). https://doi.org/10.1016/j.ress.2020.106929.


http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0009
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0009
https://doi.org/10.1016/j.ress.2021.107789
https://doi.org/10.1007/s11804-020-00136-4
https://doi.org/10.1007/s11804-020-00136-4
https://doi.org/10.1016/j.ssci.2020.104908
https://doi.org/10.1016/j.ssci.2020.104908
https://doi.org/10.1111/risa.13568
https://doi.org/10.1016/j.oceaneng.2021.108973
https://doi.org/10.1016/J.ENGFAILANAL.2021.105917
https://doi.org/10.1016/J.ENGFAILANAL.2021.105917
https://doi.org/10.1016/j.ress.2021.108171
https://doi.org/10.1016/j.ress.2021.108171
https://doi.org/10.1016/j.ress.2021.108275
https://doi.org/10.1016/j.ress.2021.108275
https://doi.org/10.1016/j.oceaneng.2019.03.031
https://doi.org/10.1016/j.oceaneng.2022.112381
https://doi.org/10.1016/j.oceaneng.2022.112381
https://doi.org/10.1016/j.oceaneng.2021.110514
https://doi.org/10.1016/j.oceaneng.2021.110514
https://doi.org/10.1016/j.proeng.2017.08.146
https://doi.org/10.1016/j.oceaneng.2018.01.038
https://doi.org/10.1016/j.oceaneng.2018.01.038
https://doi.org/10.1016/j.ress.2019.01.002
https://doi.org/10.1016/j.ress.2019.01.002
https://doi.org/10.1016/j.oceaneng.2020.107960
https://doi.org/10.1016/j.jlp.2019.04.005
https://doi.org/10.1016/j.jlp.2019.04.005
https://doi.org/10.1016/j.rineng.2020.100123
https://doi.org/10.1016/j.rineng.2020.100123
https://doi.org/10.1016/j.oceaneng.2022.111187
https://doi.org/10.1016/j.joes.2022.06.040
https://doi.org/10.1016/j.joes.2022.06.040
https://doi.org/10.1016/j.psep.2022.05.035
https://doi.org/10.1016/j.ress.2022.108726
https://doi.org/10.1016/j.ress.2020.107070
https://doi.org/10.1016/j.oceaneng.2019.03.029
https://doi.org/10.1016/j.oceaneng.2021.109500
https://doi.org/10.1016/j.oceaneng.2021.109500
https://doi.org/10.1016/j.martra.2022.100050
https://doi.org/10.3390/jmse10060725
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0036
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0036
https://doi.org/10.1080/10807039.2021.1910011
https://doi.org/10.1016/j.oceaneng.2021.109720
https://doi.org/10.1016/j.oceaneng.2022.111847
https://doi.org/10.1016/j.oceaneng.2022.111847
https://doi.org/10.1016/j.ress.2021.107777
https://doi.org/10.1016/j.ress.2021.107777
https://doi.org/10.1016/j.oceaneng.2022.110797
https://doi.org/10.1021/acs.est.8b02108
https://doi.org/10.1016/j.scitotenv.2018.12.004
https://doi.org/10.1016/j.scitotenv.2018.12.004
https://doi.org/10.1016/j.seares.2017.02.010
https://doi.org/10.1186/2193-2697-2-10
https://doi.org/10.1080/10807039.2017.1396184
https://doi.org/10.1080/10807039.2017.1396184
https://doi.org/10.1080/17445302.2018.1551851
https://doi.org/10.1016/j.ocecoaman.2020.105296
https://doi.org/10.1016/j.ocecoaman.2020.105296
https://doi.org/10.1080/10807039.2017.1317204
https://doi.org/10.1109/21.310529
https://doi.org/10.1109/21.310529
https://doi.org/10.1109/21.259681
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0052
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0052
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0052
https://doi.org/10.1016/j.eswa.2015.03.009
https://doi.org/10.1016/j.eswa.2015.03.009
https://doi.org/10.1080/17457300.2018.1535510
https://doi.org/10.1080/17457300.2018.1535510
https://doi.org/10.1016/j.jenvman.2021.112025
https://doi.org/10.1016/j.jenvman.2021.112025
https://doi.org/10.1016/j.ins.2021.06.091
https://doi.org/10.1016/j.engappai.2021.104237
https://doi.org/10.1016/j.engappai.2021.104237
https://doi.org/10.1016/j.oceaneng.2021.109856
https://doi.org/10.1016/j.eswa.2010.09.110
https://doi.org/10.1016/j.ress.2020.106929

G. Elidolu et al.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Akyuz E, Celik E. A quantitative risk analysis by using interval type-2 fuzzy FMEA
approach: the case of oil spill. Maritime Policy and Manage 2018;45(8):979-94.
https://doi.org/10.1080,/03088839.2018.1520401.

Singh J, Singh S, Singh A. Distribution transformer failure modes, effects and
criticality analysis (FMECA). Eng Fail Anal 2019;99:180-91. https://doi.org/
10.1016/j.engfailanal.2019.02.014.

Karatop B, Taskan B, Adar E, Kubat C. Decision analysis related to the renewable
energy investments in Turkey based on a Fuzzy AHP-EDAS-Fuzzy FMEA approach.
Comput Ind Eng 2021;151:106958. https://doi.org/10.1016/j.cie.2020.106958.
Avor JK, Chang C-K. Reliability analysis of application of variable frequency drive
on condensate pump in nuclear power plant. J Int Council Electrical Eng 2019;9(1):
8-14. https://doi.org/10.1080/22348972.2018.1564548.

Jahangoshai Rezaee M, Yousefi S, Eshkevari M, Valipour M, Saberi M. Risk analysis
of health, safety and environment in chemical industry integrating linguistic
FMEA, fuzzy inference system and fuzzy DEA. Stochastic Environ Res Risk Assess
2020;34(1):201-18. https://doi.org/10.1007/s00477-019-01754-3.

Liu HC, Liu L, Liu N. Risk evaluation approaches in failure mode and effects
analysis: a literature review. Expert Syst Appl 2013;40(2):828-38. https://doi.org/
10.1016/j.eswa.2012.08.010.

Kalathil MJ, Renjith VR, Augustine NR. Failure mode effect and criticality analysis
using dempster shafer theory and its comparison with fuzzy failure mode effect and
criticality analysis: A case study applied to LNG storage facility. Process Saf
Environ Prot 2020;138:337-48. https://doi.org/10.1016/j.psep.2020.03.042.
Gupta G, Ghasemian H, Janvekar AA. A novel failure mode effect and criticality
analysis (FMECA) using fuzzy rule-based method: A case study of industrial
centrifugal pump. Eng Fail Anal 2021;123:105305. https://doi.org/10.1016/j.
engfailanal.2021.105305.

Chang, C. H., Kontovas, C., Yu, Q., & Yang, Z. (2021). Risk assessment of the
operations of maritime autonomous surface ships. Reliab Eng Syst Saf, 207,
107324. 10.1016/j.ress.2020.107324.

Yang Z, Bonsall S, Wang J. Fuzzy rule-based Bayesian reasoning approach for
prioritization of failures in FMEA. IEEE Trans Reliab 2008;57(3):517-28. https://
doi.org/10.1109/TR.2008.928208.

Zhou Y, Li X, Yuen KF. Holistic risk assessment of container shipping service based
on Bayesian network modelling. Reliab Eng Syst Saf 2022;220:108305. https://doi.
org/10.1016/j.ress.2021.108305.

12

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Reliability Engineering and System Safety 231 (2023) 108975

Yu Q, Liu K, Chang CH, Yang Z. Realising advanced risk assessment of vessel traffic
flows near offshore wind farms. Reliab Eng Syst Saf 2020;203:107086. https://doi.
org/10.1016/j.ress.2020.107086.

IMO. (2014). The International Convention for the Control and Management of
Ships’ Ballast Water and Sediments. London.

Gerhard WA, Lundgreen K, Drillet G, Baumler R, Holbech H, Gunsch CK.
Installation and use of ballast water treatment systems — Implications for
compliance and enforcement. Ocean Coast Manage 2019;181(July):104907.
https://doi.org/10.1016/j.0ocecoaman.2019.104907.

Satir, T. (2014). Ballast water treatment systems: design, regulations, and selection
under the choice varying priorities. 10686-10695. 10.1007/s11356-014-3087-1.
IMO. (2007). Casualty Statistics and Investigations. Information concerning the
listing of the vessel "Cougar Ace" Submitted by Singapore. SUB-COMMITTEE ON
FLAG STATE IMPLEMENTATION, 15th session, Agenda item 6, FSI 15/6/2.
MAIB. (2008). Report on the investigation into the grounding, and subsequent loss,
of the ro-ro cargo vessel “Riverdance”, Shell Flats — Cleveleys Beach, Lancashire.
Report No 18/2009.

IMO. (2017). RESOLUTION MEPC.288(71). GUIDELINES FOR BALLAST WATER
EXCHANGE (G6) MEPC 71/17/Add.1 Annex 9.

Go, S. J., Park, J. S., Park, M. K., & Jang, Y. S. (2014). Hydraulic Actuator with
Power Line Communication for Valve Remote Control System. In: Zhang, X., Liu,
H., Chen, Z., Wang, N. (eds) Intelligent Robotics and Applications. ICIRA 2014.
Lecture Notes in Computer Science, vol 8918. Springer, Cham. 10.1007/978-3-319
-13963-0_42.

Unegbu N, Gudmestad OT. Evaluation of ballast failures during operations of semi-
submersible rigs. IOP Conf. Ser.: Mater. Sci. Eng. 2019:27-9. 700
012044November 2019.

Kimera D, Nduvu F. Predictive maintenance for ballast pumps on ship repair yards
via machine learning. Transport Eng 2020;2(September):100020. https://doi.org/
10.1016/j.treng.2020.100020.

Kokarakis, J. E. (2018). Reduction of Sediment in Ballast Water Tanks through
Design and Operational Measures. SNAME 6th International Symposium on Ship
Operations, Management and Economics, Athens, Greece, March 2018.

Banerji S, Werschkun B, Hofer T. Assessing the risk of ballast water treatment to
human health. Regul Toxicol Pharm 2012;62(3):513-22. https://doi.org/10.1016/
j.yrtph.2011.11.002.


https://doi.org/10.1080/03088839.2018.1520401
https://doi.org/10.1016/j.engfailanal.2019.02.014
https://doi.org/10.1016/j.engfailanal.2019.02.014
https://doi.org/10.1016/j.cie.2020.106958
https://doi.org/10.1080/22348972.2018.1564548
https://doi.org/10.1007/s00477-019-01754-3
https://doi.org/10.1016/j.eswa.2012.08.010
https://doi.org/10.1016/j.eswa.2012.08.010
https://doi.org/10.1016/j.psep.2020.03.042
https://doi.org/10.1016/j.engfailanal.2021.105305
https://doi.org/10.1016/j.engfailanal.2021.105305
https://doi.org/10.1016/j.ress.2020.107324
https://doi.org/10.1109/TR.2008.928208
https://doi.org/10.1109/TR.2008.928208
https://doi.org/10.1016/j.ress.2021.108305
https://doi.org/10.1016/j.ress.2021.108305
https://doi.org/10.1016/j.ress.2020.107086
https://doi.org/10.1016/j.ress.2020.107086
https://doi.org/10.1016/j.ocecoaman.2019.104907
https://doi.org/10.1007/s11356-014-3087-1
https://doi.org/10.1007/978-3-319-13963-0_42
https://doi.org/10.1007/978-3-319-13963-0_42
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0080
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0080
http://refhub.elsevier.com/S0951-8320(22)00590-7/sbref0080
https://doi.org/10.1016/j.treng.2020.100020
https://doi.org/10.1016/j.treng.2020.100020
https://doi.org/10.1016/j.yrtph.2011.11.002
https://doi.org/10.1016/j.yrtph.2011.11.002

	Operational risk assessment of ballasting and de-ballasting on-board tanker ship under FMECA extended Evidential Reasoning  ...
	1 Introduction
	2 Methodology
	2.1 Evidential Reasoning
	2.2 FMECA
	2.3 Rule-based Bayesian Network
	2.4 Integration of methodologies

	3 Operational risk assessment of ballasting and de-ballasting on-board tanker ship
	3.1 Ballasting and de-ballasting operation on-board tanker ship
	3.2 Problem statement
	3.3 Numerical analysis
	3.4 Findings and discussion

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


