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Abstract
The Fine − Kinney is a risk assessment method widely used in many industries due to its ease of use and quantitative risk 
evaluation. As in other methods, it is a method that recommends taking a series of control measures for operational safety. 
However, it is not always possible to implement control measures based on the determined priorities of the risks. It is 
considered that determining the priorities of these measures depends on many criteria such as applicability, functionality, 
performance, and integrity. Therefore, this study has studied the prioritization of control measures in Fine − Kinney-based 
risk assessment. The criteria affecting the prioritization of control measures are hierarchically structured, and the importance 
weights of the criteria are determined by the Bayesian Best–Worst Method (BBWM). The priorities of control measures were 
determined with the fuzzy VlseKriterijumska Optimizacija I Kompromisno Resenje (FVIKOR) method. The proposed model 
has been applied to the risk assessment process in a petrol station’s liquid fuel tank area. According to the results obtained 
with BBWM, the most important criterion affecting the prioritization of control measures is the applicability criterion. It 
has an importance weight of about 42%. It is followed by performance with 31%, functionality with 18%, and integrity with 
10%, respectively. FVIKOR results show that the “Periodic control of the ventilation device” measure is the top priority for 
Fine − Kinney risk assessment. “The absence of any ducts or sewer pits that may cause gas accumulation in the tank area 
and near the dispenser; Yellow line marking of entry and exit and vehicle roads; Placing of speed limit warning signs” has 
been determined as a secondary priority. On conclusion, this proposed model is expected to bring a new perspective to the 
work of occupational health and safety analysts, since the priority suggested by Fine − Kinney risk analysis methods is not 
always in the same order as the one in the stage of taking action, and the source, budget, and cost/benefit ratio of the measure 
affect this situation in practice.

Keywords  Fine − Kinney · Control measure prioritization · Bayesian Best–Worst Method · VIKOR · Fuzzy set theory · 
Liquid fuel tank

Introduction

A risk assessment is a careful examination of what and how 
much harm can be done to people in your workplace, so you 
can gauge whether you have taken enough action to prevent 
harm or whether you need to take more action. Risk assess-
ment aims to foresee how, where, and how the harm to health 
may occur before anyone is injured or sick, if possible, and 
to take precautions from the very beginning. In this sense, 
it is a proactive approach. One method that performs risk 
assessment in workplaces in a simple, understandable, and 
uncomplicated way is the Fine − Kinney risk assessment 
method (Fine 1971; Kinney and Wiruth 1976). Although the 
first recommended version has some handicaps, apart from 
the improved versions, it is frequently used in the industry 
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and is successfully applied in occupational safety processes 
(Gul et al. 2021a; b). As in other risk analysis methods such 
as L-matrix, Hazard and Operability Analysis (HAZOP), and 
Failure Modes and Effects Analysis (FMEA), some preventive 
control measures are put forward regarding the prioritized 
risks in this method (Marhavilas et al. 2020; Gul et al. 2019; 
Liu 2016). However, these control measures may not con-
sistently be implemented in line with the priority of risks. 
Because some basic criteria affect this situation (Rausand 
2013; Hollnagel 2008). The literature states these as appli-
cability, functionality, performance, and integrity (Cheraghi 
et al. 2022). There has not been much space in the literature 
on this subject, which constitutes an important argument at 
the “control” stage in the risk management scheme. This study 
was carried out to remedy this gap and address the prioritiza-
tion of control measures with a sound scientific framework. 
This paper has studied the prioritization of control measures 
in the Fine − Kinney risk assessment method.

When previous studies are examined in terms of meth-
odology, it is seen that this problem is generally solved by 
cost–benefit analysis or mathematical modeling (with com-
binatorial optimization modeling) (Baladeh et al. 2019; Cher-
aghi et al. 2018; Caputo et al. 2011). However, cost–benefit 
analysis approaches the problem only from criteria that include 
cost items, which we call “applicability.” On the other hand, 
working with a limited objective and increasing the number of 
objectives in studies with combinatorial optimization modeling 
prolongs the processing time and makes the problem more 
complex (Cheraghi et al. 2022). Therefore, a framework based 
on multi-criteria decision-making (MCDM) approaches is pro-
posed in this study. In the literature, geographical information 
system (GIS) integrated with MCDM approaches also has 
been used for better informed decision analysis and decision 
making for environmental impact monitoring and assessment 
(Omarzadeh et al., 2022; Feizizadeh et al. 2021).

MCDM is a field of operations research that aims to select 
the best alternative, prioritize, and sort alternatives with a set 
of mathematical procedures. As with other decision prob-
lems, MCDM seeks solutions to many risk assessments 
and management (Gul et al. 2021b). The decision-making 
procedure for risk assessment requires considering a range 
of hazards based on different risk parameters. For this pur-
pose, it has come to the fore in recent years as a powerful 
tool that will help decision-makers prioritize the risks that 
emerged in their facilities and reduce the risks to an accept-
able level. Risk assessment includes many elements with dif-
ferent objectives and criteria. The main feature of MCDM 
methods is that they provide flexibility on the judgments of 
the decision-makers. These methods aim to reach the ideal 
decision by assigning performance scores and weights. When 
MCDM is injected into a classical risk assessment procedure, 
“risk parameter” may refer to elements of a classic risk analy-
sis tool. For example, in a Fine − Kinney approach, these are 

probability, exposure, and consequence. In FMEA, severity, 
occurrence, and detection are the basic parameters. Other 
components of this process include hazard list (with relevant 
risk definitions), MCDM method for risk parameter weight-
ing (e.g., Analytic Hierarchy Process-AHP, Analytic Network 
Process-ANP, Best–Worst Method-BWM), MCDM method 
for risk prioritization (e.g., Technique for Order of Preference 
by Similarity to Ideal Solution-TOPSIS, VlseKriterijumska 
Optimizacija I Kompromisno Resenje-VIKOR, Grey Rela-
tional Analysis-GRA, Weighted Batch Product Evaluation-
WASPAS, Complex Proportional Assessment-COPRAS), 
and decision-maker/expert. Since MCDM is a frequently 
used area in risk assessment (Gul 2018), it is a concept that 
allows to evaluate and prioritize the control measures that 
need to be taken based on the criteria of applicability, func-
tionality, performance, and integrity (Cheraghi et al. 2022).

Bayesian Best–Worst Method (BBWM) (Mohammadi 
and Rezaei 2020a), which is an improved version of a new 
MCDM method called BWM (Rezaei 2015; 2016), was pre-
ferred in determining the importance weights of the crite-
ria affecting the prioritization of the recommended control 
measures in the Fine − Kinney method, which is the first 
stage of the problem in this paper. This method reduces the 
loss of information in group decision-making compared to 
classical BWM. In classical BWM, the optimal importance 
weights of the criteria are found when solving the problem 
according to the evaluation of a single decision-maker or by 
solving the problem separately for more than one decision-
maker and taking the final average. However, with BBWM, a 
Monte-Carlo simulation-based structure from a probabilistic 
perspective prevents information loss. Although BBWM has 
been used in risk analysis before in the literature (Ak et al. 
2022; Yucesan et al. 2021; Yanilmaz et al. 2021), its use in 
prioritizing risk control measures is new and first.

On the other hand, the fuzzy VIKOR method (Opricović, 
1998) prioritizes the control measures proposed by applying 
Fine − Kinney depending on the criteria weights determined. 
This practice forms the second phase of our approach. The 
integration of fuzzy logic into the VIKOR method eliminates 
the uncertainty in decision-making and the difficulty of not 
working with precise data (with the help of triangular fuzzy 
numbers and the linguistic variables they express) (Gul et al. 
2016). Thus, a completely holistic framework is structured 
and employed in a real-case study application. This case 
study is concerned with a risk analysis process in a petrol 
station’s liquid fuel tank area.

Literature review

A four-legged literature review has been conducted to 
reveal the last point reached in the literature of MCDM 
methods, which constitute the methodology used to 

59386 Environmental Science and Pollution Research (2022) 29:59385–59402



1 3

prioritize control measures and solve this problem. To do 
this, previous contributions regarding the topic of “prior-
itization of control measures in risk assessment studies” 
are provided in the first sub-section. Then, recent efforts 
on Fine − Kinney occupational risk assessment have been 
addressed in the second sub-section. In the third and fourth 
sub-sections, review of recent literature on BBWM and 
FVIKOR have been presented. In the light of these four 
sub-sections, the main focus of the study in the literature 
has been identified in the last sub-section.

Previous studies regarding control measure 
prioritization

The concept of control measures has been put forward with 
many different definitions in the literature. They are consid-
ered in the context of the own terminology of the method 
by which the risk assessment is carried out. For example, in 
HAZOP, it is referred to as recommendations (safety meas-
ures/preventive measures), while in process hazard analy-
sis (PHA), it is expressed as management decision-making 
rules (Caputo et al. 2013a; b; Kotek and Tabas 2012; Moore 
1997). For Fine − Kinney, this is called control measures. 
Generally, these measures are processed depending on the 
feasibility of making the change, the effectiveness of the 
recommendation, the stability of the recognized hazard, and 
the importance of the recommendation (Moore 1997). Other 
factors include cost, ease of completion, scheduling issues, 
and public or employee perception of the risk of the value 
of a safeguard (Cheraghi et al. 2022; Caputo et al. 2013a; b). 
Cheraghi et al. (2022)’s study is the study of such factors to 
the literature with a hierarchical framework. In that study, 
the factors affecting the prioritization of HAZOP recom-
mendations are presented as 22 sub-criteria under four main 
criteria. They developed a hierarchical framework with six 
sub-criteria under the main criteria of performance, appli-
cability, and functionality and four sub-criteria under the 
main criterion of integrity. Since this hierarchical structure 
for control measures contains a very up-to-date and com-
prehensive repository, we have used an adapted version of 
this hierarchy in our current study.

Previous studies regarding Fine − Kinney risk 
assessment

Fine − Kinney is a traditional risk assessment method that 
has long been used to address potential hazards and associ-
ated risks. This method is a combination of three param-
eters: probability, exposure, and consequence; numerically, 
calculating the risk is determined as the product of the crisp 
numbers given to these three parameters. Here, there are 

handicaps in taking the importance level of risk parameters 
equally and choosing crisp numbers that do not provide 
flexibility in evaluating the risk quantitatively (Gul et al. 
2021b). This method combines fuzzy logic theory to reflect 
and transform uncertain risk information expressed by lin-
guistic variables (Wang et al. 2022a; b; Çalış Boyacı and 
Selim 2022; Tang et al. 2021; Gul et al. 2021b, 2018; Zhang 
et al. 2020; Wang et al. 2018). In addition, it is frequently 
applied together with MCDM methods since it reflects the 
nature of the decision problem in determining the impor-
tance weights of the parameters and prioritizing the risks 
(Can and Toktas 2021; Zhu et al. 2019; Kokangül et al. 
2017). Miscellaneous applications of this method, apart 
from MCDM/fuzzy set theory, are performed (Dagsuyu 
et al. 2020; Gul and Celik 2018). Dagsuyu et al. (2020) 
combined Fine − Kinney with k-means and hierarchical 
clustering algorithms to overcome its limitations. In Gul 
and Celik (2018), a fuzzy rule-based system is designed 
according to the rail transportation risk assessment pro-
cesses under Fine–Kinney. Table 1 also summarizes the 
previous studies on Fine − Kinney risk assessment method 
scrutinizing different aspects and novelties of each one.

Previous studies regarding BBWM

Since the BBWM method is a relatively new MCDM 
method, it has not been applied to many areas in the litera-
ture. However, it has been applied to fields such as informa-
tion technology and management (Liang et al. 2022; Abke-
nar et al. 2022; Mohammadi and Rezaei 2020b), supply 
chain, and logistics management (Munim et al. 2022; Kelly 
et al. 2022; Liu et al. 2021; Li et al. 2020), transportation 
(Huang et al. 2021), disaster management (Yanilmaz et al. 
2021), risk assessment and management (Tusher et al. 2022; 
Ak et al. 2022), manufacturing (Alkan et al. 2022), water 
resource management (Dogani et al. 2020), tourism (Yang 
et al. 2020), and education (Gul and Yucesan 2021; Hsu et al. 
2021) with the advantage of eliminating information loss in 
group decision-making. It is used either as singleton or in 
conjunction with an auxiliary MCDM method in many prac-
tical applications. Mohammadi and Rezaei (2020b) applied 
BBWM and an expert-based collective performance evalua-
tor for assessing and comparing ontology alignment systems. 
Liu et al. (2021) identified and ranked the possible barriers 
in implementing sustainable supply chain blockchain tech-
nology by BBWM. In the same industry, Li et al. (2020) 
made a competence analysis for Chinese takeaway delivery 
platforms using singleton BBWM. BBWM was integrated 
with a modified preference ranking organization method for 
enrichment evaluations (PROMETHEE) in evaluating air-
port resilience on a different track. Recently, Yanilmaz et al. 
(2021) applied BBWM to an open field “disaster science.” 
They extended the disaster hazard analysis techniques of 
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(FEMA: Federal Emergency Management Agency; SMUG: 
Seriousness Manageability Urgency Growth) with BBWM 
and determined the priority orders of disaster hazards in a 
Turkish city. Ak et al. (2022) developed a BBWM-VIKOR 
approach for occupational health, safety, and environmental 
risk assessment in the textile industry. Alkan et al. (2021) 
proposed a model to select the most appropriate sustain-
able construction material via BBWM and Simple Addi-
tive Weighting (SAW). Dogani et al. (2020) prioritized the 
resilience indicators of a plain placed in Iran to groundwa-
ter resources reduction by BBWM. Yang et al. (2020) com-
bined rough decision-making trial and evaluation laboratory 
(DEMATEL) and BBWM to determine influential relation-
ships in the concept of sustainable development into sports 
tourism. In addition to all these application areas, it has also 
been used in problems related to education. In Gul and Yuc-
esan (2021)’s study, a university ranking model is proposed 
for the Turkish higher education system by BBWM-TOPSIS 
integrated model. On the other side, Hsu et al. (2021) pro-
posed a framework of epidemic prevention work and further 
explored the importance and priority of epidemic prevention 
works of COVID-19 by BBWM. Table 2 also demonstrates 
the previous studies on BBWM summarizing application 
areas and novelties of each one.

Previous studies regarding FVIKOR

The fuzzy VIKOR method has emerged by integrating the 
theory shaped by the un-sharp boundaries of fuzzy logic into 
the VIKOR MCDM method. The fuzziness here is the con-
cept of fuzzy theory created by “triangular fuzzy numbers.” 
It is different and older than the newly developed extensions 
such as intuitionistic, type-2, Pythagorean, and spherical. 
Its field of application remains and is applied to many real-
world problems (Gul et al. 2016). In FVIKOR, as in other 
distance-based MCDM methods, a ranking is obtained based 
on the distance to the ideal solution (Chang 2014; Opri-
covic 2011). The main goal in the integration of fuzzy logic 
is always related to its success in reflecting uncertainty in 
decision-making. With FVIKOR, a compromise solution is 
achieved with maximum group utility of the majority and 
minimum individual regret of the opponent (Celik et al. 
2021; Samanlioglu 2019). Some extensions of VIKOR in 
fuzziness have been merged with MCDM and applied to the 
risk assessment problems in recent years (Ramavandi et al. 
2021; Erdoğan et al. 2021; Rathore et al. 2021; Guo et al. 
2019; Gul et al. 2019; Mete et al. 2019; Gul and Ak 2018; 
Tian et al. 2018; Mohsen and Fereshteh 2017).

Main focus of the study in the literature

The literature reviews presented in the four sub-sections 
above show that although fuzzy logic and MCDM methods Ta
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Table 2   Overview of the previous studies on BBWM

Reference Applied industry Combined concept(s)/method(s) Novelty/ınnovative aspect(s)

Liang et al. (2022) Information technology and man-
agement

Difference-quotient gray relational 
analysis

Evaluated the comprehensive 
performance of 5G base station by 
BBWM-GRA approach

Abkenar et al. (2022) Information technology and man-
agement

No auxiliary concept/method Determined the ımportance of 
barriers to IoT ımplementation by 
BBWM

Mohammadi and Rezaei (2020b) Information technology and man-
agement

No auxiliary concept/method Evaluated and compared ontology 
alignment systems by BBWM

Munim et al. (2022) Supply chain and logistics man-
agement

No auxiliary concept/method Identified 16 key measures imple-
mented during COVID-19 in the 
ready-made garments sector and 
assessed their priority degree by 
BBWM

Kelly et al. (2022) Supply chain and logistics man-
agement

No auxiliary concept/method Identified what barriers prevent the 
successful implementation of a 
closed-loop supply chain to the 
medical device manufacturing by 
BBWM

Liu et al. (2021) Supply chain and logistics man-
agement

No auxiliary concept/method Identified and ranked the challenges 
of implementing sustainable sup-
ply chain blockchain technology 
by BBWM

Li et al. (2020) Supply chain and logistics man-
agement

Multicriteria competence analysis Proposed a BBWM-based multic-
riteria competence analysis of 
crowdsourcing delivery personnel

Huang et al. (2021) Transportation PROMETHEE Proposed a novel assessment model 
for evaluating airport resilience

Yanilmaz et al. (2021) Disaster management FEMA, SMUG Conducted a disaster hazard analysis 
for a region by BBWM enhanced 
with some classical disaster risk 
reduction methods

Tusher et al. (2022) Risk assessment and management No auxiliary concept/method Cyber security risk assessment in 
autonomous shipping by BBWM

Ak et al. (2022) Risk assessment and management VIKOR Proposed an occupational health, 
safety, and environmental risk 
assessment approach in textile 
production industry

Alkan et al. (2022) Manufacturing SAW Applied BBWM-based decision 
model to sustainable construction 
material selection

Dogani et al. (2020) Water resource management AHP Ranked resilience indicators of 
Mashhad plain to groundwater 
resources reduction by BBWM

Yang et al. (2020) Tourism VIKOR Established a hybrid sustainable 
sports tourism evaluation frame-
work

Gul and Yucesan (2021) Education TOPSIS Developed a new university ranking 
model by the aid of BBWM and 
TOPSIS methods

Hsu et al. (2021) Education No auxiliary concept/method Proposed a framework of epidemic 
prevention work and further 
explored the importance and 
priority of epidemic prevention 
works for colleges and universities
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are frequently used in risk assessment; they are rarely used 
together to prioritize control measures, which is an impor-
tant component of a risk assessment study. Therefore, this 
integrated approach is proposed. In this context, the focal 
points (contributions to the literature) of this approach are 
summarized below:

1)	 For the first time, an approach is presented. Control 
measures recommended for the Fine − Kinney risk 
assessment method are prioritized under applicability, 
functionality, performance, and integrity criteria.

2)	 The importance levels of the criteria that impact the 
application of control measures in Fine − Kinney-based 
risk assessment without loss of information within the 
scope of group-decision-making process in risk man-
agement have been obtained by BBWM. Here, both the 
credal sorting feature of BBWM and the less pairwise 
comparison ability of classical BWM are utilized.

3)	 For Fine − Kinney, the priority of control measures is 
carried out with FVIKOR. An appropriate methodol-
ogy is followed by taking the opinions of the expert 
group and using the weights obtained from the BBWM. 
It comes from its ability to model the uncertainty of 
experts’ opinions with the integration of fuzzy logic 
theory. This is a strength of the proposed approach.

4)	 Finally, applying the proposed approach to assessing 
emerged risks in a gas station liquid fuel tank area pro-
vides a systematic and comprehensive argument for 
practitioners in practice. An OHS analyst who wants to 
prioritize their systems’ risk assessment and risk control 
measures can easily adapt this approach.

Methodology

This section includes the components of the methodology 
used in the study. First, the Fine − Kinney risk assessment 
method is briefly introduced. It then provides information 
about the decision-making analyst group that evaluated the 
proposed approach. In the third stage, the hierarchy of crite-
ria, which impacts the prioritization of the risk control meas-
ures, is introduced. Following this, the procedure followed 
in weighting these criteria with BBWM and the procedure 
followed in prioritizing control measures with FVIKOR are 
explained step by step. A general overview of the research 
methodology is graphized in Fig. 1.

Fine − Kinney risk analysis concept

This method was first introduced in the work of Fine (1971) 
and was published by Kinney and Wiruth (1976) to form 
this classical version. It is an easy to use and numerical 
analysis method. It consists of the combination of three 

parameters: probability, exposure, and consequence, and 
a result is obtained by multiplying the scale values (seven 
for probability and six for both exposure and consequence 
parameters) of the three parameters numerically (Kuleshov 
et al. 2021; Çınar et al. 2021; Derse 2021). According to the 
result, actions (i.e., control measures) are put on the agenda 
(Gul et al. 2021b).

Risk analysis decision‑making team

The process in a petrol station’s liquid fuel tank area requires 
expertise, and the proper selection of the decision-making 
team is critical to a successful evaluation. Likewise, it will 
provide significant support in determining the risk param-
eters, criteria, and list of hazards within the risk assessment 
decision-making model. In this case, five experts were 
chosen to participate in the decision-making process: two 
A-class occupational safety experts, two petroleum engi-
neers, and one fuel station manager. Decision-makers were 
selected by considering their titles, educational backgrounds, 
and experience in the gas station and liquid fuel filling pro-
cesses. While petroleum engineers have more than 10 years 
of experience in the fuel filling industry, occupational safety 
experts are the people who inspect the stations on site. The 
fuel station manager is also the manager of 2 separate sta-
tions, a civil engineer and contractor, and has 9 years of 
experience. All experts consist of people who have com-
pleted their undergraduate education in engineering and 
have field and sector experience.

Criteria hierarchy affecting control measures

Cheraghi et al. (2022) developed a comprehensive hierar-
chy regarding the criteria pool that influences the prior-
itization of the recommendations presented as a result of 
HAZOP. Although the method we use in risk analysis is 
Fine − Kinney, the criteria affecting the implementation of 
the proposed control measures are likely to be similar. So we 
adapted this hierarchy and decided to use it in our applica-
tion, as presented in Fig. 2.

There are six sub-criteria under the performance crite-
rion (Cheraghi et al. 2022; Caputo et al. 2013a; Rausand 
2013; Hollnagel 2008). C11-Efficiency refers to the ability 
of a control measure to affect high-risk hazards. C12: Ade-
quacy describes the ability of a control measure to reduce 
risks to an acceptable level. C13: Range is expressed as the 
ability of a control measure to affect different risks. C14: 
Effectiveness relates to the amount of risk reduced by a 
control measure. C15: Response time indicates the time it 
takes for a control measure to complete its function, taking 
into account a deviation. C16: New hazard avoidance is the 
potential of a control measure to introduce new hazards. 
The applicability criterion includes six sub-criteria as in 
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the performance criterion. C21: Total cost is expressed as 
the sum of cost items such as purchase, implementation, 
maintenance, and operating expenses incurred to deploy 
a control measure. C22: The feasibility of implementa-
tion shows the feasibility of applying a control measure 
in the context of available information, resources, rules, 

and legal obligations. C23: Acceptability is defined as the 
degree to which stakeholders accept a control measure. 
C24: Easy-to-use capability indicates the effort required to 
use a control measure, while C25: Ease of install indicates 
the effort required to implement a control measure. C26: 
Delay in implementation sub-criterion indicates the time 
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S & R value computa�on of FVIKOR for each control measure
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C1: Performance C2: Applicability

C3: Func�onality C4: Integrity

C11: Efficiency
C12: Adequacy
C13: Range
C14: Effec�veness
C15: Response �me
C16: New hazard avoidance

C21: Toatal cost
C22: Feasibility of 
implementa�on
C23: Acceptability
C24: Easy-to-use capability
C25: Ease of install
C26: Delay in implementa�on

C31: Reliability
C32: Soundness
C33: Failure tolerance
C34: Detec�on
C35: Useful life
C36: Maintenance capability

C41: Independency
C42: Tampering avoidance
C43: Interference avoidance
C44: Flexibility

The criteria 
affec�ng the 

priori�za�on of 
control measures 

in Fine−Kinney 
method

Fig. 1   The flowchart for the research methodology
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required to implement a control measure. The functional-
ity criterion consists of six sub-criteria. C31: Reliability 
is the probability that a control measure will perform a 
function under a given condition and time constraint. C32: 
Soundness indicates the resilience of the control measure 
against extreme events. C33: Fault tolerance refers to the 
ability of a control measure to perform its function if it 
has partially failed. C34: Detection relates to the prob-
ability that an error in a control measure will be detected. 
C35: Useful life refers to the expected operational life of 
a control measure, depending on its conditions and use. 
Finally, C36: Maintenance capability refers to the effort 
required to maintain a control measure in good condition 
and the time required to correct it. The last criterion is 
integrity includes four sub-criteria. C41: Independency is 
the ability of a control measure to function independently 
of other systems. C42: Tampering avoidance is the diffi-
culty of intentionally disrupting the function of a control 
measure. C43: Interference avoidance refers to the restric-
tions a control measure may impose on the function of 
other control measures. C44: Flexibility indicates the 
degree to which a control measure may adopt to perform 
in different situations.

Weighting the criteria via Bayesian BWM

This stage of the approach we propose in this article involves 
determining the importance weights of the effective factors 
in prioritizing control measures with BBWM. Unlike the 
classic BWM, BBWM has some steps. These steps include 

formulations whose explicit codes are given in Mohammadi 
and Rezaei (2020a) and can be analyzed with Matlab. The 
process followed here is introduced step by step below.

Step 1 − Each decision-maker team member determines 
the best and worst criteria/sub-criteria based on their 
evaluation.
Step 2 − Each decision-maker team member compares 
the best criterion with the others and the others with the 
worst criterion pair wisely. The linguistic values used in 
the assessment here are taken from the scale in Rezaei 
(2015)’s study regarding traditional BWM.
Step 3 − The decision matrices obtained in the first two 
stages were combined into a single matrix and injected 
into the Matlab code, which they shared openly in 
Mohammadi and Rezaei (2020a).
Step 4 − The matrix of importance weight vectors, credal 
ranking graphs, and reliability probability values in credal 
ranking graphs of each criterion/sub-criteria are obtained. 
Here it is necessary to open a separate parenthesis on the 
credal ranking. This feature reveals the reliability prob-
ability of each criterion’s superiority over the other and 
its superiority power.

Prioritizing the control measures via FVIKOR

Although there are different versions of the FVIKOR algo-
rithm that vary from study to study (Rostamzadeh et al. 
2015; Chang 2014; Girubha and Vinodh 2012; Opricovic 
2011), this study presents the method proposed by Awasthi 
and Kannan (2016) since the crisp weight vector from 

Fig. 2   The criteria hierarchy 
affecting the priority of control 
measures in Fine − Kinney [ 
Adapted from Cheraghi et al. 
(2022)]
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BBWM can be easily injected into this method. Many case 
studies have been applied before. In this method, first the 
concept of defuzzification is employed and then return to 
traditional VIKOR is followed. The steps of the method are 
as follows:

Step 1 − The decision-making team member evaluates each 
control measure according to the relevant criteria (these are 
as many as the number of sub-criteria given in “Criteria 
hierarchy affecting control measures” sub-section and 22 
sub-criteria), considering the fuzzy triangular numbers 
presented in Table 3 and the corresponding linguistic var-
iables. After these evaluations are collected, each decision-
making team member’s evaluation is defuzzified. This 
evaluation is named as decision matrix. It includes the rat-
ings of a team member on control measures to each crite-
rion (22 sub-criteria in “Criteria hierarchy affecting control 
measures” sub-section). The transformation of the fuzzy 
evaluations of each team member from fuzzy into crisp 
values is conducted by Eq. (1). A triangular fuzzy number 
x̃ij =

(

xl
ij
, xm

ij
, xu

ij

)

 can be converted by Eq. (1):

Here, while x̃ij defines a triangular fuzzy number, its 
defuzzified version is demonstrated as xij . Moreover, xl

ij
 , 

xm
ij

 , xu
ij
 refer to the lower, medium and upper value of a 

triangular fuzzy number, respectively.

Step 2 − The best and worst values of all criteria ratings 
(j = 1, 2,… , n) and control measures (i = 1, 2,… ,m)  are 
determined using Eqs. (2)-(3).

(1)xij =
xl
ij
+ 4xm

ij
+ xu

ij

6

Step 3 − The values of Si and Ri are calculated using 
Eqs. (4)-(5). These values represent two of the three dif-
ferent ranking values (utility measure and regret) spe-
cific to the VIKOR method. The solution obtained by 
minimum Si is with a maximum group utility (“major-
ity” rule), and the solution obtained by minimum Ri is 
with a minimum individual regret of the “opponent.”

Step 4 − The Qi values are calculated using Eq. (6). It is 
defined as core ranking index (aggregating index) and 
represents the third of three different VIKOR indices.

where S∗ = min
i
S
i
;S− = max

i
S
i
;R∗ = min

i
R
i
;R− = max

i
R
i
 . Moreo-

ver, v is the weight for the strategy of maximum group 
utility, and 1 − v is the weight of the individual regret.
Step 5 − Alternatives are ranked by sorting the values 
S , R, and Q in ascending order.
Step 6 − As a compromise solution, the alternative that 
is the best ranked by the measure Q (minimum) is pro-
posed if the two conditions (acceptable advantage and 
acceptable stability in decision making) are satisfied 
(Awasthi and Kannan 2016; Rostamzadeh et al. 2015; 
Chang 2014; Girubha and Vinodh 2012; Opricovic 
2011).

Application results of the methodology

System description

Oil stations sell fuel for road motor vehicles and are usu-
ally located at points adjacent to highways. Fuel dispensers 
fill gasoline, diesel, compressed natural gas, CGH2, HCNG, 
LPG, liquid hydrogen, kerosene, alcohol fuel (methanol, eth-
anol, butanol, propanol), biofuels (such as straight vegetable 
oil, biodiesel), or others into fuel tanks inside vehicles. They 
then calculate the financial cost of the fuel transferred to the 
vehicle. These stations also have mini-type markets. They 
typically sell confectionery, alcoholic beverages, tobacco 

(2)f ∗
j
= maxi{xij};f

−
j
= mini{xij}(benef it criteria)

(3)f ∗
j
= mini{xij};f

−
j
= maxi{xij}(cost criteria)

(4)Si =

n
∑

j=1

wj

f ∗
j
− xij

f ∗
j
− f −

j

(5)Ri = maxj wj

f ∗
j
− xij

f ∗
j
− f −

j

(6)Qi = v
Si − S∗

S− − S∗
+ (1 − v)

Ri − R∗

R− − R∗

Table 3   Linguistic terms and corresponding triangular fuzzy values 
(Chen 2000)

Linguistic variable Triangular 
fuzzy number ∼
xij =

(

xl
ij
, xm

ij
, xu

ij

)

Negligible (0,0,1)
Very low (0,1,2)
Low (1,2,3)
Medium low (2,3,4)
Medium (3,4,5)
Medium high (4,5,6)
High (5,6,7)
Very high (6,7,8)
Absolutely high (7,8,9)
Maximum (8,9,9)
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products, lottery tickets, soft drinks, snacks, coffee, news-
papers, magazines and, in some cases, small grocery items 
such as milk. A typical overview of an oil station with its 
components is shown in Fig. 3. Although these facilities 
are small in terms of volume, many dangers and risks arise 
from them because the process and the transported substance 
are dangerous goods. There are many risks in titles such as 
offices, add-ons, electrical panels, material stacking, electri-
cal maintenance repair, dispensers, liquid fuel tanks, LPG 
tanks, traffic in the station area, lighting, first-aid, and emer-
gency activities. Of course, the most sensitive of these is the 
risks related to the liquid fuel tank area. Therefore, the main 
focus of this study has been determined as this area.

Results of traditional Fine − Kinney application

Before applying the proposed approach in this study, it will 
be useful to show the traditional Fine − Kinney application 
and its results. Therefore, we first present the risk assessment 
for the liquid fuel tank site within the scope of the study. 

Ten different sources of danger and risk have been identi-
fied and Table 4 expresses these together with their codes. 
Then, risk assessment was carried out using the evaluation 
scales of the three parameters of the traditional Fine − Kin-
ney method. Table 5 presents the results of the risk assess-
ment performed. Among these results, at least one control 
measure for every ten hazards, initial risk value calculation, 
and residual risk calculation after control measure, who is 
affected by these risks and what the current situation, is 
being stated. As a result of the risk assessment, it was rec-
ommended to use ten different control measures. However, 
in the real world, taking action for all these measures at 
the same time can be difficult considering time, money, and 
resource constraints. In this case, it is necessary to prior-
itize these emerging control measures. The following two 
sub-sections contain the results obtained by applying the 
proposed approach in this context.

Results of BBWM application

For the BBWM application, evaluations of 24 decision-
making team members have been used to determine criteria/
sub-criteria weights identified in Fig. 2. In each evaluation, 
a form has been used. Decision making team consists of the 
personnel working in the field who contributed to the study 
during the determination of the criteria and the calculation 
of the weights of each criterion. All of the evaluators are 
authorized personnel at the oil stations. It is user-friendly 
and includes brief examples of how each decision-making 
team member can make the pairwise comparisons according 
to the BBWM logic. The group has filled this form, consist-
ing of gas station employees and employers operating in 
Antalya, and inputs have been collected for BBWM. These 
inputs are then transformed into a total of five decision 
matrices (one is regarding the main criteria, and the other 
four are on the sub-criteria) and solved in Matlab. The crite-
ria weights and credal ranking graphs obtained are shown in Fig. 3   Demonstration of an oil station with its components

Table 4   Descriptions of the 
risks emerged in the area of the 
liquid fuel tank

Code Hazard description

HAZ1 Formation of an explosive atmosphere as a result of the accumulation of gas 
coming out of liquid fuel tanks in certain areas

HAZ2 Check the levels of liquid fuel tanks visually
HAZ3 Lack of periodic checks of the ventilation systems of liquid fuel tanks
HAZ4 Entering liquid fuel tanks without making the necessary measurements
HAZ5 Overfilling of liquid fuel tanks
HAZ6 Failure of regular and emergency ventilation system when liquid fuel is filled
HAZ7 Fuel leakage as a result of not being protected against corrosion (rusting) 

after the location and placement of the liquid fuel tank
HAZ8 No grounding to get rid of static electricity accumulations during filling
HAZ9 Explosion as a result of the tank being exposed to sparks
HAZ10 Sniffing the gas emitted as a result of opening the fuel tank
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Fig. 4. Figure 4 shows the credal ranking of main criteria and 
sub-criteria sets, which shows the degree of certainty about 
the relations of main and sub-criteria. For instance, accord-
ing to Fig. 4(b), range (C13) sub-criterion is certainly more 
important than the response time (C15) sub-criterion with 
the confidence of 1. It is more desirable than sub-criterion 
accuracy C12 with the confidence of 0.97. According to the 
results obtained from the evaluations of the decision-mak-
ing group, the criterion with the highest importance among 
the main criteria is C2, the applicability criterion. It has a 
significant level of about 42%. It was followed by C1 (per-
formance) with 31%, C3 (functionality) with 18% and C4 
(integrity) with 10%, respectively. As for the sub-criteria, 
the criteria with the highest and lowest importance are as 
follows: Among the sub-criteria under the performance cri-
terion, the highest priority was C14 (efficiency) with approx-
imately 31%, while the lowest priority sub-criterion was C15 
(response time) with 9%. Among the sub-criteria under the 
applicability criterion, the highest priority was C21 (total 
cost) with approximately 36%, while the lowest priority sub-
criterion was C22 (feasibility of implementation) with 9%. 
Among the sub-criteria under the functionality criterion, the 
highest priority was C33 (failure tolerance) with approxi-
mately 34%, while the lowest priority sub-criterion was 
C31 (reliability) with 10%. Among the sub-criteria under 
the integrity criterion, the highest priority was C44 (flex-
ibility) with approximately 52%, while the lowest priority 
sub-criterion was C41 (independency) with 11%.

The local criterion weight values obtained here should be 
converted to global weights in the next section, where the 
priorities of Fine − Kinney control measures are determined. 
In this context, global criteria weights are given in Fig. 5.

Results of FVIKOR application

The first step of the FVIKOR implementation phase is for 
each decision-maker team member to evaluate the ten con-
trol measures (CMs) according to 22 sub-criteria consider-
ing the triangular fuzzy numbers and their corresponding 
linguistic variables given in Table 3. Then, all of these 
evaluations have aggregated by taking the arithmetic aver-
age. We have added each decision maker’s evaluation as a 
Supplementary material to the paper. Readers can access 
it from there. The aggregated decision matrix obtained has 
been subjected to defuzzification. Equation (1) is used for 
this operation. The results obtained are given in Table 6. 
Then, using Eqs. (2) and (3), the best and worst values 
have been obtained. Another point to note here is that the 
sub-criteria C15, C16, C21, C26, C41, C42, and C43 are 
cost criteria, while the others are benefit criteria. Finally, 
the S, R, and Q values are given in Eqs. (4–6) are calcu-
lated. These results are also given in Table 7. According 
to the results by FVIKOR, “CM3: Periodic checking of 
the ventilation device” has the lowest Q value (0.060). It 
is followed by “CM1: The absence of any ducts or sewer 
pits that may cause gas accumulation in the tank area and 

Table 5   Results of traditional Fine − Kinney application for the liquid fuel tank area in the oil station.

Hazard Risk Who affected?
Initial risk calculation

Probability Exposure Consequence Risk 
degree

HAZ1 Fire, Explosion All Employees 3 3 100 900

HAZ2 Explosion, Poisoning All Employees 3 3 40 360

HAZ3 Explosion, Poisoning All Employees 3 1 40 120

HAZ4 Explosion, Poisoning All Employees 3 1 40 120

HAZ5 Fire, Explosion All Employees 3 1 40 120

HAZ6 Explosion, Poisoning All Employees 3 1 40 120

HAZ7 Fire, Explosion All Employees 3 1 40 120

HAZ8 Fire, Explosion All Employees 3 1 40 120

HAZ9 Fire, Explosion All Employees 3 1 40 120

HAZ10 Occupational disease, Poisoning All Employees 3 1 40 120

Hazard Control measures to be implemented Current situation
Final risk calculation (Residual risk analysis)

Probability Exposure Consequence Risk 
degree

HAZ1

CM1: Any duct or sewer entrance, etc., may cause gas accumulation in the tank 

area and near the dispenser. absence of pits; yellow line marking of entry and exit 

and vehicle roads; placing speed limit warning signs

There are no pits to cause gas accumulation. 1 1 40 40

HAZ2
CM2: Level controls of liquid fuel tanks by authorized persons with automatic 

measuring devices

Level determination is made by authorized persons and electronic 

systems.
1 1 40 40

HAZ3 CM3: Periodic checking of the ventilation device Periodic checks are carried out at regular intervals. 0.5 1 40 20

HAZ4 CM4: Cleaning of tanks by authorized personnel by the main company
The tanks are cleaned by the authorized personnel of the main 

company.
0.5 1 40 20

HAZ5 CM5: Max. filling below capacity Maximum being filled below capacity. 0.5 1 40 20

HAZ6
CM6: Necessary controls of the liquid fuel tank system by authorized personnel 

and meeting the necessary standards (TS 12820- TS 11939)
Periodic checks are made. 0.5 1 40 20

HAZ7
CM7: Carrying out cathode protection by periodically checking the tanks once a 

year.
Periodic checks are made. 0.5 1 40 20

HAZ8 CM8: Filling by the filling instruction There is a refill Instruction. 0.5 1 40 20

HAZ9 CM9: Ex proof of the tank assembly Tank assembly is explosion protected. 0.5 1 40 20

HAZ10
CM10: Controlled opening of the fuel tank by authorized personnel and training 

of the personnel on the subject
It is opened by authorized personnel. 0.5 1 40 20
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near the dispenser; yellow line marking of entry and exit 
and vehicle roads; placing of speed limit warning signs” 
and “CM4: Cleaning of tanks by authorized personnel by 
the main company” with their Q values of 0.094 and 0.111, 

respectively. Ranking in the same order as the Q indices 
according to the S and R indices is CM7, and it is in the 
sixth rank according to the size of all three indices. In addi-
tion, CM3 with the lowest Q value also has the lowest value 

(a) (b) (c)

)e()d(

Fig. 4   Credal ranking graphs with weight values of a the main criteria, b performance sub-criteria, c applicability sub-criteria, d functionality 
sub-criteria, and e integrity sub-criteria

Fig. 5   Global weights for the 
twenty-two sub-criteria
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in the S index (0.330), while it ranks third with a value of 
0.057 in the R index.

After the FVIKOR application, whether two conditions are 
fulfilled have been checked. If the first condition is met, the 
second is checked. If the second condition is not met, the first 
two alternatives are best; all Qi alternatives are indifferent if 
the difference of the last and first is less than 1

M−1
 . Here M 

represents the number of alternatives, which in our problem 
is 10. By Qi values, the best ranked is CM3 and the second 
ranked is CM1. In case of v = 0.5; Q(CM1) − Q(CM3) equal 
to 0.094 − 0.060 = 0.034 which is less than 1/(10 − 1) = 0.11. 
The first condition is not met even if CM3 is the best ranked 
by Si value. In this case, when the controls are made, it is seen 
that there is no superiority between the two best options (CM3 
and CM1 control measures) in terms of ranking. If picking up 
CM1, CM3, and CM4, the difference is 0.051 = 0.111 − 0.060. 
So, it does not meet the first condition, and the three control 
measures were considered indifferent.

On a different track, if we increase the maximum group 
utility parameter (parameter v), for example, when we set a 
value of v = 1 or so close to 1; two of the FVIKOR conditions 

regarding compromise solution are also met. That is, the 
difference between the 1st and 2nd order control measures 
with the lowest Q value under v = 1 setting becomes Q­
(CM3) − Q(CM4) = 0.14 − 0.00 = 0.14 ≥ 0.11 and it satisfies the 
first condition. At the same time, since CM3 is in the first place 
according to the S index, the second condition is also met. In 
this case, CM3 becomes the top priority control measure.

Practical implications

After applying the BBWM-FVIKOR combined approach 
in a petrol station has been carried out for the liquid fuel 
tank area, the obtained results have important implica-
tions for the liquid fuel tank area and filling process of 
the petrol stations.

The first of these is that there are critical risks such as 
explosion and poisoning due to the lack of periodic con-
trols of the ventilation systems of the liquid fuel tanks and 
the periodic control of the ventilation device against this. 
Ventilation equipment and controls play a critical role in 
fuel derivatives and filling processes (Srinivasan et al. 
2006). Poor ventilation environment and failure to control 
the devices have serious risks, and periodical controls are 
at the forefront of the issues that should be given priority 
(Corvaro et al. 2016; Chandrasekaran 2016).

The second significant risk is that the gas coming out of the 
liquid fuel tanks creates an explosive atmosphere as a result of 
accumulation in certain areas. Control measures to be taken 
against this: “There are no channels or sewer entrance pits 
around the tank area, yellow line signs of entrance and exit 
and vehicle roads, speed limit warning signs are placed.” As 
a result of a gas accumulation from liquid fuel tanks, it has 
serious risks that may cause mass deaths and injuries such as 
fire and explosion. It is important to minimize this risk that 
there are no warning signs, markings, channels, or sewer pits 
in the physical conditions of the working environment. (Evans 
2009; Akyuz and Celik 2015).

Table 6   Aggregated evaluations of decision-maker team on control measures (CMs) for the 22 sub-criteria

CMs Sub-criteria

C11 C12 C13 C14 C15 C16 C21 C22 C23 C24 C25 C26 C31 C32 C33 C34 C35 C36 C41 C42 C43 C44

CM1 6.20 5.80 5.67 7.00 5.60 6.00 2.60 5.60 4.80 6.00 5.20 4.80 4.40 4.40 4.20 6.00 5.20 5.20 5.80 4.60 4.40 5.80
CM2 6.00 7.00 6.00 6.00 2.00 7.00 6.00 6.00 5.00 6.00 6.00 2.00 7.00 7.00 2.00 6.00 7.00 6.00 6.00 6.00 5.00 5.80
CM3 6.20 6.00 5.40 6.00 5.40 5.00 2.00 5.40 6.00 6.00 6.00 5.60 5.00 5.40 5.40 5.60 6.00 6.00 6.00 5.60 5.00 5.80
CM4 6.00 6.00 6.00 6.00 5.60 5.40 3.60 6.00 6.00 6.00 6.00 4.60 5.60 5.60 5.20 4.60 6.00 6.00 6.00 3.40 3.20 3.20
CM5 2.20 4.20 4.00 3.80 4.00 4.00 2.80 4.00 2.80 4.00 4.00 4.00 4.20 4.00 4.00 4.00 4.00 2.40 4.00 4.00 4.00 4.20
CM6 6.00 6.00 6.00 6.00 5.60 5.00 6.00 6.00 6.00 6.00 4.80 6.00 6.00 6.00 4.00 6.00 6.00 5.80 6.00 2.00 6.00 6.00
CM7 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.20 6.00 4.00 6.00 6.00 5.00 5.00 6.00 6.00 6.00 2.20 2.00 2.00
CM8 8.83 8.67 8.67 8.83 5.00 7.00 6.00 6.00 6.00 6.00 4.00 6.00 6.00 8.83 1.00 6.00 6.00 5.80 5.60 2.00 2.20 2.00
CM9 8.67 8.83 8.67 8.67 6.00 7.00 7.00 6.00 6.00 6.00 6.00 5.00 6.00 6.00 1.00 6.00 6.00 6.00 5.80 2.20 2.00 2.00
CM10 6.00 6.00 6.00 6.00 5.00 6.00 5.00 6.00 6.00 6.20 6.00 6.00 6.00 6.00 1.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

Table 7   Final FVIKOR scores ( S , R, and Q ) of each control measures

Control measure 
(CM)

S R Q(v = 0.5)

CM1 0.397 0.044 0.094
CM2 0.409 0.119 0.470
CM3 0.330 0.057 0.060
CM4 0.379 0.053 0.111
CM5 0.684 0.094 0.738
CM6 0.464 0.119 0.547
CM7 0.446 0.119 0.522
CM8 0.449 0.119 0.526
CM9 0.430 0.149 0.641
CM10 0.467 0.089 0.408
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In the liquid fuel tank area, entering the liquid fuel 
tanks without making the necessary measurements carries 
risks such as fire and explosion, both for the personnel, the 
person, and the environment. At this point, the cleaning 
process must be controlled by authorized personnel who 
have knowledge and training on the subject. The clean-
ing process contributes to minimizing possible risks with 
a proactive approach. Authorized personnel should be 
selected from people familiar with the process and know 
the properties of the substance and material used (Sanpeng 
et al. 2010). Cleaning activities should also be supported 
with mechanical systems in large-scale enterprises (Wang 
and Yuan 2012).

The results obtained in our study, in which the measures 
to be taken in the liquid fuel tank area are evaluated and 
prioritized, marginally distinguishing the first three meas-
ures from other measures according to expert opinions. The 
inferences obtained by prioritizing the measures to be taken 
similar and control measures are presented.

Validation of the results

To prove the validity of the results obtained in the existed 
study, a comparison has been made with another MCDM 
method, FTOPSIS. In this context, Tan et al. (2010)’s FTOP-
SIS approach has been followed in the benchmarking study. 
The final closeness coefficient values of the FTOPSIS and 
the Q values of the FVIKOR (v = 0.5) obtained in this study 
have been compared. The results are given in Table 8.

Conclusion

This study focuses on prioritizing control measures, which 
is an important problem that is not found in the risk assess-
ment literature. First of all, the importance weights of the 

criteria affecting prioritization of the control measures rec-
ommended in the Fine − Kinney risk assessment have been 
determined by BBWM. BBWM has been preferred since 
it allows many decision-makers to combine their pairwise 
evaluations without loss of information and to show the 
relative importance levels of the criteria via credal rank-
ing more transparently. Then, priorities of control meas-
ures have been determined with FVIKOR, an integrated 
MCDM method with fuzzy logic, since it better reflects 
uncertainty in expert evaluations, which is an impor-
tant concept in risk assessment decisions. The proposed 
approach has been applied for the liquid fuel tank area, one 
of the most important activities in an oil station. Although 
the results produced by the proposed approach are close to 
the recommended and prioritized measures with the classi-
cal Fine − Kinney, it is seen that it produces a more robust 
order of control measures than the traditional method.

Although the application of the methodology has been 
demonstrated for a Fine − Kinney study, it can be applied 
to control measure selection problems of various methods 
(such as FMEA, decision matrix technique) in the context 
of risk assessment and management. However, the prior-
ity suggested by risk analysis methods may not always 
have the same order as in the taking action phase. In the 
real world, the measure’s resource, budget, and cost/ben-
efit ratio always affect this situation as a constraint. This 
proposed approach is expected to bring a new perspec-
tive to the work of occupational health and safety ana-
lysts and offers a solution to an important problem in risk 
assessment.
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Table 8   Results of comparative study

Control meas-
ure (CM)

This study (FVIKOR) FTOPSIS (Tan 
et al. 2010)

Q value (v = 0.5) Rank CC value Rank

CM1 0.0944 2 0.0277 3
CM2 0.4696 5 0.0278 2
CM3 0.0604 1 0.0303 1
CM4 0.1112 3 0.0273 6
CM5 0.7385 10 0.0214 10
CM6 0.5471 8 0.0268 7
CM7 0.5217 6 0.0266 8
CM8 0.5261 7 0.0273 5
CM9 0.6415 9 0.0276 4
CM10 0.4083 4 0.0258 9
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