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Abstract

. . . o Keywords
Background and aims: Failure modes and effects analysis (FMEA) is a risk-
management method used in industries promote the safety of processes and Multi-criteria decision
systems. Fuzzy multi-criteria decision.methods are methods th.at c.hoose the making (MCDM)
best option from several different criteria. The purpose of this article is to assess
the risk using the FMEA method based on stepwise weight assessment ratio Fuzzy set
analysis (SWARA) - relative-entropy (RE) - VIseKriterijumska Optimizacija SWARA method
I Kompromisno Resenje (VIKOR) fuzzy multi-criteria decision-making

. . . Entropy method
(MCDM) methods in an urban gateway gas pressure reduction station.

VIKOR method

Methods: In this descriptive-analytical study, SWARA fuzzy methods were used
to determine the weight of risk factors, RE was used to weigh team members, FMEA method
and VIKOR was employed to rank failure modes, such that these modes were

identified and evaluated based on the opinion of four experts with at least five

years of experience. At the end, the sensitivity and comparative analysis of the

proposed approach was performed.

Results: Six failure modes were identified in the main equipment of Darveza
Shahri gas pressure reduction station. The failure mode of the regulator, filter,
and the odorize system ranked first, second, and third in terms of risk priority.
The risk intensity index had a higher priority than other indices. Twelve
sensitivity analysis tests were performed, and the failure mode of the regulator
and the heater were the least and the most sensitive, respectively. Furthermore,
the results of the sensitivity and comparative analysis supported the validity of Accepted : 2022/12/29
the proposed approach.

Conclusion: According to the results of SWARA, RE and VIKOR fuzzy methods,
the proposed approach eliminates the problem of the same weights of risk
factors, the uncertainty in the data (experts' opinions) and the prioritization of
failure modes, compared to the traditional FMEA method. It can also prioritize
risks more effectively.
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EXTENDED ABSTRACT

INTRODUCTION

In the gas industry, the reliability of data,
including failure of the equipment and the
sequence of these events and accidents, is of
substantial importance for securing system
availability and production continuity. In
industrial contexts, datasets are collected and
stored under various conditions, contributing
to the growing challenge for identifying and
assessing truly valuable data and information to
improve decision quality, particularly in relation
to safety-related risks. Different industries
including the gasindustryface various operational
problems, complexities, uncertainties, and high
risk; Hence, risk assessment can play a significant
role in identifying, prioritizing, and assessing
hazards and taking precautionary measures in
this regard. City gate stations (CGS) are crucial
facilities in the gas transportation system at the
consumption point of industrial towns, major
industries, factories, and cities. Any malfunction
in the operation of such systems can cause
financial losses and casualties. Therefore, in
order to prevent undesired events, it is important
to carry out a safety and risk analysis of the CGS
operations. The safety and risk analysis includes
scientific and systematic tools for the prediction,
identification and prioritization of the main risks
of equipment in industrial and process systems.

The failure mode and effect analysis (FMEA)
has been widely adopted to define, identity, and
remove potential and recognized hazards and
can help to improve the safety indicators of a
given system. This tool is essentially used for
qualitative analysis, which examines the systems
or subsystems to identify the probable faults of
system constituents and attempts to evaluate the
effects of probable faults on other components of
the system.

Despite the widespread use of this method,
traditional FMEA has the following limitations:
(1) Crisp values are used to rate the risk levels of
failure modes with respect to risk factors, however,
obtaining precise numerical judgments for
qualitative factors are difficult or even impossible
in many practical applications because of the
limitations in individuals’ expertise and data.
In addition, the approach fails to appropriately
address the uncertainty and subjectivity inherent
to team members, in judgments. (2) The three
risk factors, namely, occurrence, severity, and
detection, are assigned equal importance weights
in the risk calculation process, however, different

weights may lead to different risk priorities. Thus,
the traditional FMEA is unsuitable for addressing
problems in which the risk factors have different
importance weights. (3) The use of multiplication
for the risk priority number (RPN) is debatable
because its mathematical formula is strongly
sensitive to variations in the evaluations of risk
factors.

Thus, itis necessary to seek approaches that can
compensate for the limitations of the traditional
FMEA method and strengthen the assessment
capability for ranking failure modes according to
the three relevant risk factors. To overcome one
or more limitations and improve the effectiveness
of the traditional FMEA methods, an increasing
number of approaches have been developed.

Fuzzystepwise weightassessment ratio analysis
(SWARA) and fuzzy relative-entropy (RE) are
suitable tools to obtain the weights of criteria and
experts in terms of criteria, respectively. However,
to the best of our knowledge, no investigation has
integrated fuzzy multi-criteria decision-making
(MCDM) methods with fuzzy SWARA and RE,
especially for the assessment of failure in FMEA.
The current study fills this gap and proposes an
integrated approach for FMEA. In the proposed
framework, fuzzy SWARA and fuzzy RE are
employed to obtain the weights of risk factors
and the weights of FMEA team members with
respect to each risk factor, respectively. The fuzzy
VIseKriterijumska Optimizacija I Kompromisno
Resenje (VIKOR) method is used to prioritize the
risk levels of potential failure modes.

METHODOLOGY

In this descriptive-analytical study, SWARA
fuzzy methods were used to determine the weigh
of risk factors, Proximity Entropy Weight (PEW)
and Similarity Entropy Weight (SEW) were
employed to weight team members, and VIKOR
was used to rank failure situations. Failures were
identified based on the opinions of four decision
makers with at least five years of experience, in
order to evaluate the weight of risk factors and
strategies using linguistic variables. Finally, a case
study of a CGS pressure reducing station in North
Khorasan Province was presented to demonstrate
the potential applications and benefits of the
proposed approach. Sensitivity analyses and
matching the results were also carried out to
show the advantages and validity of the proposed
approach. The flowchart of the proposed FMEA
model is shown in Figure 1.
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Risk assessment using failure modes and effects analysis...

*Evaluate risk factors using linguistic variables by fuzzy SWARA for obtainin;
the optimal weight vector of risk factor
*Evaluate failure modes using linguistic variables by fuzzy RE for obtaining the
weight vector of team members )
~N
* Obtain the collective risk weight vector
* Obtain the collective risk evaluation matrix
J
~
* Identify the fuzzy best and fuzzy worst values
* Calculate the fuzzy index values
* Determine the ranking of failure modes
J

Figure 1. Assessment framework of the proposed approach

Table 1. FMEA for the considered cGs

No Failure mode Failure case Failure effect
FM, Filter failure Filter corrosion, dirty inlet gas, filter Disruption of gas filtration, dirty gas,
blockage, defective outlet valve, dirt filter, damage to the filter body, gas leakage
filter element rupture
FM. Heater failure Heater chamber failure, failure gas pipes, fire  Increase of the exhaust gas temperature,
failure, chimney failure, failure water perforation of helical tubes, creation of
expansion tank, fuel supply and control sediment in spiral pipes, rust and
system failure perforation of the wall, gas leakage
FM; Regulator failure Disability and physical breakdown, rupture Increase of gas pressure for the consumer,
of the main diagram damage to the station equipment
FM4 Counter failure Burning of bearings, unbalanced turbine and  Incorrect display of the gas flow rate, the
axis, increase gas speed, gas pressure drops amount of gas is not displayed
FMs Safety equipment Damage to the diaphragm or disk, spring Disconnection of the gas through the
failure breakdown, malfunction of the input pressure shut-off valve and safety valve,
adjustment screw damage to station equipment,
FMs Odorize failure Improper operation of the injection pump, Toxic and harmful gas leakage, possibility
inadequate diameter of the orifice, orifice of not detecting gas leakage, possibility of
closure fire and explosion
RESULTS

In reality, many failure modes and causes are
related to the CGS station. Six failure modes of
the station’s main equipment were selected based
on the available maintenance and repair reports
of the station’s equipment, which were expressed
as FM, FM,..FM, in this study. These failure
modes, the causes, and the possible effects are
described in Tablel.

In this study, the importance weights of risk
factors, and the qualitative assessments of failure
modes with respect to risk factors are expressed
as linguistic variables. These linguistic variables

y

are shown in Tables 2, and 3.

Evaluations of the importance of the weights
of the risk factors (severity, occurance, and
detection) by team members are presented in
Tables 4, and 5.

The following steps were then taken to achieve
the main goal and develop an effective decision-
making model. Different phases of the fuzzy
SWARA-RE-VIKOR methods must be completed
consecutively to prioritize the identified risks.
Hence, a summary of the step-by-step application
of important phases of this technique is presented

Iran Occupational Health. 2023 (01 Mar);19: 33.
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Table 2. Linguistic variables for evaluating the weights of risk factors.

Linguistic . . .

variables Very low (VL) Low (L) Medium (M) High (H) Very high (VH)
Tri lar fi

rlangtvar ftizzy (0,0,0.25) (0,0.25,0.5) (0.25,0.5,0.75) (0.5,0.75,1) (0.75,1,1)
numbers
Table 3. Linguistic variables for rating the failure modes with respect to risk factors
Linguistic Slightly low Medium Slightly high , Very high
Very I VL L)L High (H

variables srylow (VL) (L) Low (SL) (M) (SH) igh (H) (VH)

Tri lar fi 910,10
rlanguar ey 0,0,1) 0,1,3) (13,5) (35.7) (57.9) @90 1010
numbers
Table 4. Evaluations of failure modes with respect to risk factors by team members
Severity Occurrence Detection
TM: TM. TM; TMa TM: T™M: T™; TMa TM: T™M: T™; TMa

FM, SH H H SH H M SH SH SL M M SL
FM> H H VH VH M M SL SL VL VL L L
FM; H VH H VH SH SH H H M SH M SL
FM4 M SH SH SH M SL SL M M VL SL M
FM; SH SH H H SL M M SL M M SL SL
FMs SH H VH VH SH SH H H SL M SL SL

Table 5. Evaluations of the importance of the weights of the risk factors (severity, occurance, and detection) by team members

T™M: TM. TM; TM4

Severity H H H VH
Occurrence M H M M
Detection L L L L

in the following:

1) Calculation of the weight of risk factors by
fuzzy SWARA

2) Determining the weight of team members
(a0 = 0.5 is considered)

3) Determining the risk assessment matrix
and cumulative fuzzy weighted vector of risk
factors

4) Determining the best and worst fuzzy
values for all criteria

5) Calculation of fuzzy index values

6) Determining the ranking of failure modes
(ranking all the failure modes by descending
these crisp values). The ranking results are shown
in Table 6. In this step, the alternatives are sorted
by the values S, R, and Q in three groups from
small to large. The best alternative is the one with
the smallest Q value provided. The ranking of all
the failure modes is Q- < 0, < Q. < Q. < Q. < O«
. The comprehensive evaluation results indicate
that the most serious failure mode is FM+, and it

should be assigned the highest risk priority.

Sensitivity analysis

The sensitivity analysis in this subsection
contains three main parts. First, an analysis is
conducted on the control parameter a to explore
the influence of changing values of a on the final
ranking of failure modes. Then, an analysis of
risk factors is performed to explore the influence
of importance of the weights fluctuation on the
performance of failure modes. Finally, two test
criteria are used to evaluate the proposed ranking
approach.

1) Sensitivity analysis of the control
parameter a and the risk factors: The process
shows a good sensitivity in the final ranking in
this work. The control parameter a must be used
to combine PEW and SEW in determining the
weights of team members.

2)  Analysis of risk factors to investigate the
effect of weight fluctuations of importance on the

f
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Table 6. Ranking of failure modes

Utility value ~ Regret value  Final VIKOR index ~ Ranking
FMu 0.18274 0.077333 0.286939886 2
FM; 0.07347667 0.013583 0.820662632 6
FM; 0.30763333 0.0987 0.10483871 1
FM.4 0.00781 0.03124 0.804408799 5
FM;s 0.13297167 0.036333 0.630176387 4
FMs 0.14493333 0.065 0.340199727 3

Ranking

70% 80% 120% 130% 70% 80% 120% 130% 70% 80% 120% 130%
Changing weights of risk factors
w=@unfFV1  e=@u==FM2 e=0==FM3 FM4 e=@u=fF\5 e=@==F\M6

Figure 2. Ranking the results of sensitivity analysis by changing the weights of risk factors

Table 7. Ranking of failure modes with different methods

Traditional FMEA SWARA-VIKOR Proposed approach
RPN Ranking Q Ranking Q Ranking

FM: 20 2 0.235 2 0.286939886 2
FM, 12 4 0.630 6 0.820662632 6
FM; 28 1 0.109 1 0.10483871 1
FM4 4 5 0.445 4 0.804408799 5
FM; 15 3 0.580 5 0.630176387 4
FMs 12 4 0.335 3 0.340199727 3

performance of failure situations: For three risk
factors, twelve sensitivity analysis experiments
are conducted, as shown in Figure 2. It is revealed
that failure mode FM, retains the highest risk
priority by changing the values of risk factor
weights. Meanwhile, failure mode FM, possesses
the lowest risk priority in most experiments.

Comparative analysis

To verify the advantages of the proposed
approach, a comparative analysis is conducted
between the proposed method and two other
methods, namely, the traditional FMEA and
SWARA-VIKOR. The results yielded by different

Iy

methods are shown in Table 7. It shows that
despite some differences in the ranking of failure
modes, the failure mode with the highest risk
level is still FM,. This finding validates the results
obtained by the proposed approach to some
degree.

CONCLUSION

This paper presents a new risk priority
model for FMEA, which integrates SWARA, RE,
and VIKOR in fuzzy environment. The fuzzy
environment method is used to express imprecise
or uncertain risk evaluation information. Fuzzy
SWARA is used to obtain the weights of risk

Iran Occupational Health. 2023 (01 Mar);19: 33.
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factors. Moreover, a combination of PEW and
SEW is used to obtain the weights of FMEA
team members with respect to each risk factor,
thereby, allowing for their different knowledge
backgrounds. Subsequently, the fuzzy VIKOR
method is used to rank the failure modes. Finally,
a case study of a CGS station in Iran is provided
to illustrate the potential application and benefits
of the proposed FMEA approach. Sensitivity
and comparative analyses are then conducted to
demonstrate the advantages and validity of the
proposed FMEA.

The results of sensitivity, validity and adaptive
analyses revealed that the proposed approach has
good stability, validity and adaptability, therefore,
it can overcome the shortcomings of the FMEA
method, improve the effectiveness of the FMEA
method, and provide useful information to help
manage equipment risks. Finally, an appropriate
framework for improving the risk assessment of
safety requirements was implemented through
FMEA, which recommends the necessary
guidance for conducting risk analysis in similar
industries.

One of the strengths of this research was
the novelty of implementing this method in
combination with one of the important and
sensitive centers of gas transmission lines.
Although this study eliminated some of the

ol Ken 55.>L_Tp.§>‘5b.¢.'>)

limitations of the FMEA method, there are
still limitations that need to be considered. It
is suggested that future studies focus on the
following aspects: First, it would be intriguing
to use fuzzy and linguistic Z numbers to obtain
qualitative risk assessment information in a very
complex decision environment. Second, other
MCDM methods, such as MULTIMOORA,
GRA, and WASPAS, can be applied to the FMEA
method. Finally, the proposed model for FMEA
can be easily applied to other risk analysis
problems.
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