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                                                         Abstract 
Industrial plants are subjected to very dangerous events. Therefore, it is very 
essential to carry out an efficient risk and safety analysis. In classical 

applications, risk analysis treats event probabilities as certain data, while there is 

much penurious knowledge and uncertainty in generic failure data that will lead 

to biased and inconsistent alternative estimates. Then, in order to achieve a 
better fitting with systems condition, uncertainty needs to be considered. One of 

the most usual analytical methods that have been widely applied in the field of 

risk analysis is the technic of failure mode and effects analysis (FMEA). The 
usage of this method is in identifying and abolishing the multiple failure modes 

in various phases of system, from the product design to production of the 

industries system operation. To solve the shortcomings in the traditional FMEA 
method, we propose an innovative approach consisted of Dempster Shafer 

evidence theory (DST) and FMEA to provide a more efficient way for failure 

mode identification and prioritization. The proposed methodology in this study 

can well capture imprecise opinions and can prioritize failure modes considering 
uncertainties. City Gate Station (CGS) of Yazd Province was used to prove the 

practical application and validity of the proposed risk analysis methodology. 

Results showed that the proposed method is effective and practical for real 
engineering purposes. 

Keywords: Risk analysis, failure mode and effect analysis (FMEA), 

uncertainty, Dempster Shafer evidence theory (DST), City Gate Station (CGS) 
 

1- Introduction 

   City Gate Stations (CGS) are very important facilities in the gas transportation system at the point of 
consumption of major industries, factories, industrial towns, and cities (Nourian et al., 2019). Any 

derangement in the operation of such a system can cause costly or catastrophic consequences 

(Nourian and Mousavi, 2019). Therefore, in order to prevent undesired events, it’s important to carry 

out safety and risk analysis of the CGS operations (Liu, 2019). Safety and risk analysis is scientific 
and systematic tools for predicting and abolishing risks in industrial and process systems (He et al., 

2018).  
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   Several approaches have been represented as risk analysis methods (e.g., Even Tree Analysis 
(ETA), Fault Tree Analysis (FTA), Bow-Tie (BTA), HAZOP, Failure mode and effect analysis 

(FMEA) and so on). Failure mode and effects analysis (FMEA) is recognized as one of the most 

usable analytical methods that can be applied  in case of defining, identifying, and eliminating 

multiple failures of  the system before any occurrence (Li and Chen, 2019). In addition, this method 
helps to prioritize the identify failures and avoid occurrence of their potential accidents (Yang et al., 

2011). Prioritizing the failures is based on risk parameters value, including occurrence (O), severity 

(S), detection (D), and index, called risk priority number (RPN). Parameter O denotes the occurrence 
probability, parameter S denotes the severity, and parameter D denotes the failure detection 

probability before any occurrence (Liu, 2019). By taking the product of the values of equivalent risk 

parameters, the RPN of a specific failure mode can be created. Besides all advantages of FMEA, this 
method has been criticized because of different reasons. One of its defects is that difficulty in precise 

evaluation of risk parameters (i.e., O, S, and D). In fact, most of the information in FMEA is often 

uncertain or imprecise. The reason mainly is the different expertise, knowledge, and experience of 

experts due to their different backgrounds. On the other hand, some of them maybe not having 
adequate knowledge to exactly represent their evaluation of failure mode, so they often have degrees 

of uncertainty in assessing the risks of failure modes(Jiang, 2018; Yang, 2011). There is no way in 

traditional FMEA to address the precise evaluation of risk parameters (Wang et al., 2018). 
In the literatures, numerous uncertainty illustration theories have been directed to FMEA. 

Approaches are containing fuzzy set theory (Zadeh, 1965), intuitionistic fuzzy set theory (Atanassov, 

1986), Z-numbers (zade, 2011), Stochastic probabilities (Shishebori and Zeinal Hamadani, (2010); 
Shishebori et al., (2015))  D-numbers (Deng, 2012) along with DS evidence theory (Dempster, 1967; 

Shafer, 1976) and so on (Liu et al., 2014).  

Kutlu (2012), presented a fuzzy TOPSIS based fuzzy AHP method to overcome the drawbacks 

belongs to RPN evaluations of FMEA analysis, which allows domain experts to evaluate parameters 
D, O, and, S obtained by initial linguistic terms. Another study has been presented by Zhou and Thai 

(2016) for risk assessment of oil tanker equipment applying the method of FMEA. In the procedure of 

FMEA, the authors applied fuzzy set theory to manage uncertainty and applied gray theory to 
consider the nature of relative priority ranking, respectively. To overcome the limitation of 

uncertainty, Tian et al. (2018) developed the method of fuzzy FMEA. In their work, the author 

utilized fuzzy Best-Worst method for attaining the weights of risk parameters and for prioritizing 

multiple kinds of failure modes, the author applied fuzzy VIKOR. In order to cope with uncertainty 
and imprecision contributing to FMEA and to address experts various knowledge and opinions, Chin 

et al. (2009) presented a group-based evidential reasoning method. The proposed methodology is 

containing evaluating parameters of risk by utilizing belief structures, making individual belief 
structures into group belief structures, combining belief structures group into overall belief structures, 

converting the overall belief structures into expected risk scores and ranking the expected risk scores 

by means of mini-max regret approach (MRA). Liu et al. (2011) adopted approach of grey theory and 
fuzzy evidential reasoning (FER) to improve the efficiency of the traditional FMEA. The advantage of 

the proposed methodology is that it can prioritize potential modes of failures dealing with a variety of 

opinions evaluated from FMEA team members. Shi et al. (2012) proposed an aggregation method 

regarding evidence distance and conflict coefficient, applying intuitionistic fuzzy set and evidence 
theory. By considering the reliability coefficients of expert’s evaluation, Jian et al. (2016) enhanced 

the applications of FMEA. In the proposed FMEA method, the authors reassign the BBAs of 

evidence. Guo (2016) presents a method by combining DS theory of evidence and intuitionistic fuzzy 
sets (IFSs) to combine ignorance, conflict, and incomplete evaluation information. In their study, they 

proposed a new risk analysis method that evidence distance was used for evaluating the weights of 

domain experts.  
The above literature review demonstrates that DS evidence theory has been extensively employed 

in reliability and safety analysis for evaluating the uncertainty (Wang et al., 2018). 

DS evidence theory has desirable procedure infusing various evidence arising from numerous 

independent causal sources (Liu et al., 2014). 
    In this paper, to cope with inexactness and uncertainty arising from different evaluations and to 

retain risk parameters and make failure modes available for prioritizing in the frame of DS theory of 
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evidence, a set of innovative solutions was employed. In our work, the plot of belief and plausibility 
curves (BPA plot) in analogy to a cumulative distribution function (CDF) has been delivered to 

aggregate conflict, different, and incomplete interval-valued evaluations. 

The rest of this paper is structured as follows: some conceptions of DS evidence theory are 

delivered in Section 2. In this section, the brief introduction of FMEA approach is also provided. To 
present a risk-based study, the application of the proposed methodology is conducted in the CGS of 

Yazd province. The results are delivered in section 4. Finally, in section 5, concluding remarks are 

appeared.  

2- Materials and methods 

   With the intention of representing the proposed methodology, this section provides a brief overview 

of DS evidence theory and FMEA. 

2-1- DS evidence theory 

   The Dempster Shafer evidence theory denoted as DST is a flexible and effective mathematical 

setting dealing with imperious and incomplete information on the basis of belief structure (Wang et 

al., 2018). As a result of Dempster’s study, this theory was initiated in 1967 and then reinforced 

further by Shafer in 1976. Compared with the probabilistic methods, this theory has extremely 
powerful ability because it required no further assumptions to deal with available ambiguous or poor 

knowledge. For describing uncertainty in a brief framework, three basic parameters are used in DS 

evidence theory, including basic probability assignment (BPA), belief function (Bel) and, plausibility 
function (Pl) (He, 2018). These concepts are presented at the following: 

 

2-1-1- Frame of discernment 

   Consider 𝛩 is finite nonempty mutually exclusive assumptions set of given propositions, denoted 
by: 

Θ = {Ɵ1, Ɵ2, … , Ɵ𝑖 , … , Ɵ𝑁}                                                                    (1) 

In which set Θ is termed as frame of discernment (FOD), where its power set, involves all possible 

subsets of Θ comprising the empty set ∅. The power set 2𝛩 is expressed as: 
 

2Ɵ = {∅, {Ɵ1}, … {Ɵ𝑁}, {Ɵ1, Ɵ2}, … , {Ɵ1, Ɵ2, … , Ɵ𝑖}, … , Ɵ}                                      (2) 

  

2-1-2- Basic probability assignment (BPA) 
The basic probability assignment (BPA) entitled as the mass function is employed to assign the 

probability for every subset associated with power set 2Ɵ to the boundary [0,1] provided by the 

experts. BPA, is signified as m(A) and formally noted by equation (3). 

 

𝑚(𝐴): 2Ɵ → [0,1]  
𝑚(∅) = 0      

∑ 𝑚(𝐴) = 1

𝐴⊆2Ɵ

 

 

                                                              (3) 

 

   The function m(𝐴) is a mapping of 𝑚(𝐴) ∶ 2Ɵ → [0,1]. 0 value, signifies no belief, and 1 value, 

signifies entire belief in assumptions, and a value between [0,1] corresponds to partial belief (Jiang, 
2018). 

 

2-1-3- Belief interval 

Definition1. Belief function (Bel) is expressed based on the mass function that is defined as follows: 
 

𝐵𝑒𝑙(𝐴) = ∑ 𝑚(𝐵)

𝐵⊆𝐴

 
                                                            (4) 

 

Definition2. Given a mass function, Plausibility (Pl) is defined as follows: 
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𝑃𝑙(𝐴) = 1 − 𝐵𝑒𝑙(𝐴) = ∑ 𝑚(𝐵)

𝐵∩𝐴≠∅

 
                                                                  (5) 

𝐵𝑒𝑙(𝐴) and 𝑃𝑙(𝐴) are viewed exact probability’s lower and upper bounds at which A is supported 

(Si et al., 2011). 

 

 2-1-4- Combination of evaluations 

   Combination rule is the principal role of DS evidence theory for aggregating multiple sources of 

evidence along with the specific degrees of belief. let two BPAs denoted as 𝑚1 and 𝑚2, along with 

Dempster’s rule of combination, concerning conflict coefficient between the two BPAs as K, the 
evidence combination of the two BPAs is expressed as follows (Ferdous et al., 2009; Jiang, 2018): 

 

𝑚(𝐴) = {

0                                                   𝐴 = ∅
1

1 − 𝐾
∑ 𝑚1(𝐵)𝑚2(𝐶)

𝐵∩𝐶=𝐴

      𝐴 ≠ ∅ 

 

 

 

                                           (6)    

In which 

𝐾 = ∑ 𝑚1(𝐵)𝑚2(𝐶)

𝐵∩𝐶=∅

 
                                                                (7)   

The evidence aggregation can be expressed as equation (8) once pieces of evidence are more than 

2 (𝑛 > 2). Combination rule can be written as ⊕. 

 

m = m1 ⊕ m2 ⊕ … ⊕ mn = (((m1 ⊕ m2) ⊕ … ) ⊕ mn)                                                 (8)    
 

Some researchers, as Yager (1987) and Deng (2015) presented alternative rules for Dempster’s  
combination with the intention of handling the conflicts. While some researchers prefer to refine 

because they believe Dempster’s rule of combination is not the only reason leads to counter-intuitive 

answers (Jiang et al., 2017). 

2-2- FMEA 

   Failure mode and effect analysis (FMEA) is one of the risk identification tools that have been 
broadly used in complex systems.  

   This method also identifies solutions and corrective actions to eliminate failure modes. In the last 

few decades, the usage of this approach has been increased in various fields. Risk Priority Number 
(RPN) is an index of this approach that helps critical and serious items be realized based on 

prioritizing identified failures (Colli et al., 2019). RPN can be attained according to three risk 

parameter including O, S, and D and is defined as the following equation: 

 

𝑅𝑃𝑁 = 𝑆 × 𝑂 × 𝐷                                                                   (9) 

   In which S denoted the amount of severity of damage on the process/system. O denotes the 

probability of occurrence, and D denotes the failures detecting probability before any occurrence. 
These three parameters are all evaluated based on a discrete ten-point scale with ratings from 1 to 10 

as described in (Yang et al., 2011) and (Liu et al., 2014).  For parameter S and O, value of 1 signifies 

the minimum and value of 10 signifies the maximum risk score, but the parameter D is usually 
ordered in reverse instruction (Wang et al., 2018). By production of corresponding risk parameters, 

RPN of a given failure mode can be obtain. Therefore, a failure mode with higher RPN should be 

given higher priority ranking and considered as most serious and critical than those with a lower RPN 

(Jiang et al., 2017). 
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3- Proposed methodology framework 
   So as to introduce the proposed methodology of this work, a brief overview of the study framework 

is depicted in figure1.   
 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig1. Proposed methodology framework 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig1. Proposed methodology framework 
 

3-1- Case Study 

   The proposed methodology of this work is conducted in safety and risk analysis of City Gate 

Stations (CGS). CGSs which are typically installed outside the limits of the city entrance is composed 

of a complex array including pipes, valves, and devices of gas measurement, pressure regulation and 
reduction to that of distribution system. It supplies gas to the city consumers and industries at 

commanded pressure. For most distribution systems, natural gas is received from transmission 

Obtain component and process function information 

Determine potential failure modes 

Obtaining relative risk factors using the interval-valued 

expert opinion and assigning BPA  

 

Aggregate FMEA team expert’s evaluation  

Cartesian product of risk factors  

Drowning belief and plausibility curves (BPA plot) 

Information aggregation 

Team members’ acquisition 
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Failure modes prioritization Obtaining critical RPN according to intersection 

between credibility mass 𝑚ഥ  and plausibility curves 

Equally positioned 

failure modes? 

Ranking failure modes according to critical RPN 
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pipelines and fed through one or more CGS. These stations are susceptible to disastrous accidents 
because containing large quantities of explosive and flammable natural gas and because of their 

proximity to urban areas, their catastrophic consequences are threatening to urban safety and general 

public. Therefore, the proposed risk analysis methodology is directed to CGSs so as to protect the 

human lives and helps to provide a safe condition. In figure 2, a view of a CGS is presented. 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig 2. City Gate Station (CGS) 

4- Results and discussion 

4-1- Team members acquisition information 
   As a result of FMEA procedure, the number of 23 potential failure modes was detected by help of 

experts’ team member (consisted of 3). Results are presented in table 1.   
 

Table 1. Recognized failure modes 

Failure modes Code 

Heater Coil Perforation F1 

Thermocouple or ionization rod failure and gas accumulation as a consequence F2 

Pressure Reduction System Failure of heater’s fuel (Regulator Failure) F3 

Gas leakage from the exterior part of heater F4 

Malfunction of electrical valve F5 

Compressor located in danger zone F6 

Electrical motor located in danger zone F7 
Odorant emission F8 

Panel of Odorize located in danger zone F9 

Existence power flow in the body of Odorizer panel F10 

Existing power flow in the body of electrical panel of Odorizer’s control panel F11 

pressure increase in barrels containing odorant during odorant injection to the Odorizer operation F12 

Odorant leakage in the effect of Odorizer ventilation F13 

Odorant’ barrels Exposure to the sun F14 

Abrasion, weakening of pipe wall, reduction of pipe thickness and perforation F15 

Gas leakage from fittings and pipelines F16 

Vibration in pipes and fittings F17 

Sensing rupture F18 
Sensor tubes Detachment F19 

Gas emission during element filter replacement operation F20 

Filter’s  Gas leakage during repairment F21 

Mixing gas with oxygen in the tank located at the bottom of separator F22 

Not fastening of  Tach’s  Separator Filter  F23 
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    To quantify the inexactness and uncertainty of FMEA, the DS evidence theory is employed. In 
common traditional FMEA, just one single value can be used for risk factors S, O, and D, while 

experts are preferring to use interval-valued probability  for presenting their actual knowledge. 

Therefore, for each failure mode of this paper, an interval form using the ten-point scales (reported in 

(Yang et al., 2011) and (Liu et al., 2014)) are elicited as input information from a team of 3 experts. 
   Considering the different weighting factors (suggested by (Renjith et al., 2010)) including service 

time (year), age, educational level, and professional position of a group of three independent experts, 

experts were considered equally reliable and credible. In table 2 and 3, Experts’ weighting factors and 
equivalent weighting scores for the selected experts are delivered. 

 

Table 2. Experts’ weighting factors (employed by Renjith et al. (2010)) 

Score Educational level Score Professional position 

5 

4 

3 

2 

1 

PhD 

Master 

Bachelor 

Higher National Diploma 

School-level 

5 

4 

3 

2 

1 

Senior academic 

Junior academic 

Engineer 

Technician 

Worker 

Score Age Score Service time (year)  

4 

3 

2 

1 

≥ 50 
40-49 

30-39 

< 30 

5 

4 

3 

2 

1 

30 ≥ 
20-29 

10-19 

6-9 

 ≤5 

 

 

Table 3. Corresponding weighting scores for the selected experts. 

NO Title Professional 

position 

Educational 

level 

Service time 

(year) 

Age Weighting 

score 

Expert1 Production expert Senior 
academic 

 

Bachelor 
 

20-29 
 

49-40 
 

15 
 

Expert2 Occupational 

Safety Health and 

expert 

Senior 

academic 

 

Bachelor 

 

20-29 

 

49-40 

 

15 

Expert3 Operational 

employee 

Junior academic 

 

PhD 

 

19-10 

 

49-40 

 

15 

 

 

   As highlighted in Section 2-1, such that the sum of the BPA (weight allocated to each expert’s 

outlook) must be 1. Since the participation of three equal experts(𝑁 = 3), each risk parameter 

including S, O, and D related to each failure mode is illustrated by interval-valued probability, each 

one having an allocated BPA calculated as 
1

3
. The following notations are used for describing some 

parameters of rest of paper.  
 

 Symbols 

S associated with modes of failure f and combination number z 𝑆𝑓,𝑧 

O associated with modes of failure f and the combination number z 𝑂𝑓,𝑧 

D associated with modes of failure f and the combination number z 𝐷𝑓,𝑧 

RPN associated with failure mode f and the combination z 𝑅𝑃𝑁𝑓,𝑧 

threshold value of critical generic for failure mode f 𝐶𝑅𝑃𝑁𝑓 

 

Respecting three risk parameters, table 4 represent the three expert’s evaluation on the 23 failure 
mode. 
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Table 4. Experts’ opinion on risk factor  

S O D  

EX3 EX2 EX1  EX3 EX2 EX1  EX3 EX2 EX1  Failure 

mode 

[4,6] [6,7] [4,6]  [6,7] 6 [4,6]  [3,5] 5 [3,5]  F1 

7 [7,8] [6,8]  [4,7] 6 [5,6]  5 5 [3,5]  F2 

6 [4,5] [4,5]  5 [5,6] [4,6]  [4,5] 5 [2,4]  F3 

5 [4,5] [2,5]  [4,5] [5,6] [4,5]  [4,6] [4,5] [2,4]  F4 
[8,9] 9 [8,9]  [4,6] 7 [4,5]  [6,7] 8 [6,8]  F5 

8 [6,7] [6,7]  [4,5] 4 [2,4]  [3,4] [1,3] [1,3]  F6 

[6,7] [6,8] [6,7]  [3,4] 3 [2,4]  [3,4] [1,3] [1,3]  F7 

[4,5] 4 [3,4]  [5,6] [4,5] [4,5]  [3,4] [4,6] [3,4]  F8 

6 [6,7] [6,7]  4 [2,4] [2,4]  [3,4] 4 [2,3]  F9 

9 [9,10] [8,10]  [4,5] 4 [3,4]  [4,5] 4 [3,4]  F10 

[8,9] [8,9] [8,10]  [3,4] 4 [2,4]  [3,4] 3 [1,3]  F11 

[5,7] 7 [6,7]  5 [5,6] [5,7]  4 [2,3] [1,3]  F12 

[4,5] 4 4  [5,7] 7 [6,7]  [1,3] [3,4] [1,3]  F13 

6 6 [4,6]  [6,7] 6 [6,7]  [4,5] [2,4] [1,3]  F14 

7 7 [5,7]  7 [5,6] [4,6]  3 [3,4] [3,5]  F15 

[4,5] 4 [2,5]  [4,5] 4 [3,4]  2 [2,4] [2,4]  F16 
[8,10] [8,10] 8  [7,8] 8 [5,7]  [3,4] 4 [2,4]  F17 

[7,8] 9 [7,9]  [7,8] 7 7  3 [2,3] [1,3]  F18 

[8,9] [8,9] [7,9]  [5,7] 5 5  [2,3] 4 [3,4]  F19 

[8,10] [8,10] [8,10]  8 [7,9] [8,9]  [5,6] 7 [4,5]  F20 

9 [8,10] [8,10]  8 [7,9] [8,9]  [5,6] 5 [4,5]  F21 

[7,8] 9 [8,10]  8 [8,10] 8  [4,5] 4 [2,4]  F22 

[8,9] 9 9  7 8 [8,9]  5 [2,4] [2,4]  F23 

 

4-2- Information aggregation 

   As a consequence of some shortcomings that belongs to combination rule of Dempster (e.g., 
unsuitability of DS evidence theory in case of exponential conflicting information and increase in 

complexity of computation), it possibly will access a counter-intuitive conclusion (Yager, 1987).  

   With this recognition, to address this issue caused by strongly conflicting evidence, several 

combination methods have been proposed by other researchers (Jiang et. al., 2016). Many of those 
proposed combination methods have been employed in an application and discussed in the research of 

(Sentz and Ferson (2002)). 

   In light of enhancing the robustness of the proposed methodology results, via Cartesian product of 
expert’s evaluations, all possible combinations among the related risk parameters ratings are reflected 

in the calculation and the findings are used for plotting the belief and plausibility curves. For example, 

for the failure mode number 20, combination of expert’s opinions is presented in table 5. 
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Table 5. Combination of expert’s opinions for failure mode 20 

RPN S O D Number of 

combinations 

Failure mode 

[256,450] [8,10] [8,9] [4,5] 1 F20 

[256,450] [8,10] [8,9] [4,5] 2 

[256,450] [8,10] [8,9] [4,5] 3 

[224,450] [8,10] [7,9] [4,5] 4 
[224,450] [8,10] [7,9] [4,5] 5 

[224,450] [8,10] [7,9] [4,5] 6 

[256,400] [8,10] [8,8] [4,5] 7 

[256,400] [8,10] [8,8] [4,5] 8 

[256,400] [8,10] [8,8] [4,5] 9 

[448,630] [8,10] [8,9] [7,7] 10 

[448,630] [8,10] [8,9] [7,7] 11 

[448,630] [8,10] [8,9] [7,7] 12 

[392,630] [8,10] [7,9] [7,7] 13 

[392,630] [8,10] [7,9] [7,7] 14 

[392,630] [8,10] [7,9] [7,7] 15 

[448,560] [8,10] [8,8] [7,7] 16 
[448,560] [8,10] [8,8] [7,7] 17 

[448,560] [8,10] [8,8] [7,7] 18 

[320,540] [8,10] [8,9] [5,6] 19 

[320,540] [8,10] [8,9] [5,6] 20 

[320,540] [8,10] [8,9] [5,6] 21 

[280,540] [8,10] [7,9] [5,6] 22 

[280,540] [8,10] [7,9] [5,6] 23 

[280,540] [8,10] [7,9] [5,6] 24 

[320,480] [8,10] [8,8] [5,6] 25 

[320,480] [8,10] [8,8] [5,6] 26 

[320,480] [8,10] [8,8] [5,6] 27 

 

4-3- Failure modes prioritization 

   With the intention of prioritizing the failure modes, BPA plot is conducted in analogy to a 

cumulative distribution function (CDF). Then based on each recognized failure mode, generic 

threshold values are highlighted as critical RPN (CRPN) to point out the most critical state scenarios. 
Belief of CRPN is calculated as: 

         𝐵𝑒𝑙(𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁𝑓) = ∑ 𝐵𝑃𝐴(𝑅𝑃𝑁𝐹,𝑍)

𝑅𝑃𝑁𝑓,𝑧⊂[0,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁𝑓]

 
                                  (10) 

   Plausibility of the CRPN is computed by accumulation of the BPA belongs to all the intervals 

𝑅𝑃𝑁𝑓,𝑧 intersect with specific [0, 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁], plausibility of the CRPN is calculated as: 

𝑃𝑙(𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁𝑓) = ∑ 𝐵𝑃𝐴(𝑅𝑃𝑁𝑓,𝑧)

[0,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁𝑓]≠∅

 
                                   (11) 

 

By considering the mass of credibility equivalent to 𝑚, CRPN of each failure mode is pointed out 

from the intersection between the associated Pl  and the line between [0, 𝑚] parallel to the x-axis (i.e., 

y=𝑚).  

 To prioritize failure modes, plausibility curves were embedded as an index. Considering the obtained 
CRPN of each failure mode, each one has been ranked from most to the least critical one. 

   When various failure modes were equally ranked, the line between  [0, 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁] parallel to the 

y-axis is drawn. In such a case, for the specific value of CRPN, the minimum state of credibility (i.e., 
belief) reasonably is the intersection between belief curve and such a line.  
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   The subsequent BPA plot of the failure mode number 20 i.e., 𝐵𝑒𝑙(𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁20), and 

Pl(𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁20) is presented in  figure 3. Then, C𝑅𝑃𝑁20 is calculated as the intersection between 

the associated Pl  and the line y=0.9.   
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Fig 3. Curves of belief and plausibility (BPA plot) of failure mode 20 

 

   For sake of similar process, such combinations as well as BPA plot for each failure mode are not 

being given any more. In table 6, the ranking result of failure modes is delivered. 
 

Table 6. Ranking result of failures modes 

Codes of 

failure 

modes  

CRPN Ranking 

F1 180 9 

F2 210 8 

F3 100 16 

F4 100 16 

F5 240 6 

F6 84 17 

F7 63 20 

F8 80 18 

F9 72 19 

F10 160 11 

F11 108 15 
F12 120 14 

F13 84 17 

F14 108 15 

F15 126 13 

F16 250 5 

F17 224 7 

F18 168 10 

F19 135 12 

F20 400 1 

F21 400 1 

F22 256 4 
F23 280 3 

   As shown in table 6, some failures (e.g., failures number 6 and 13) are equally positioned. As a 

result, intersection between x=84 and the belief curves of failure mode 13 and 6, leads to 

Bl(𝑐𝑡𝑖𝑡𝑖𝑐𝑎𝑙  𝑅𝑃𝑁6)= 0.074074  and Bl(𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑅𝑃𝑁13)= 0.111111 respectively. Results are 
delivered in figures 4 and 5.  
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Fig 4. Curve of belief and plausibility (BPA plot) of failure mode 6 

 

Fig 5. Curve of belief and plausibility (BPA plot) of failure mode 13 
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Table 7. Final ranking of failure modes 

Final 

ranking 

𝑪𝑹𝑷𝑵 𝑩𝒍(𝑪𝑹𝑷𝑵𝒇) 𝑷𝒍(𝑪𝑹𝑷𝑵𝒇) Failure mode 

code 

1 400 0.925926 0.9 20 

2 400 0.222222 0.9 21 

3 280 - - 23 

4 256 - - 22 

5 250 - - 16 

6 240   5 

7 224 - - 17 

8 210 - - 2 

9 180 - - 1 

10 168 - - 18 

11 160 - - 10 

12 135 - - 19 

13 126 - - 15 

14 120 - - 12 

15 108 0.222222 0.9 14 

16 108 0 0.9 11 

17 100 0.407407 0.9 3 

18 100 0.074074 0.9 4 

19 84 0.111111 0.9 13 

20 84 0.074074 0.9 6 

21 80 - - 8 

22 72 - - 9 

23 63 - - 7 

    

   Obtained results of the equally positioned failure modes, as well as the new prioritizing, are 
presented in table 7. Correspondingly, the final ranking of failure modes is delivered in figure 6. 

 

 

Fig 6. Final failure modes ranking 
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As clearly shown, failure mode 20, i.e., Gas emission during operation of element filter 
replacement, has the largest CRPN in the CGS plan, followed by failure mode 21, 23, 22, 16, and 5. 

These failures are considered to be exponentially critical and will denoted higher priorities for future 

corrective actions and procedures. 

5- Conclusions 
   This study, presented a framework for risk analysis under uncertainty to recognize the level of risks 

in the case of CGS. In particular, in the proposed methodology, an innovative approach was used to 
capture the diverse opinions and uncertainty related to the evaluation of FMEA. In order to synthesize 

the available interval-valued probability information and make them useful for prioritizing failure 

modes in the frame of DS theory, Belief and Plausibility curves were used considering point of 0.9 as 
a baseline. Respectively evaluation of the obtained curves demonstrate that among 23 identified 

failure mode, failure mode number 20, i.e., Gas emission during operation of element filter 

replacement is the most critical failure meanwhile, failure mode 21(i.e., Filter’s  Gas leakage during 
repairment), 23 (i.e., Not fastening of  Tach’s  Separator Filter), 22 (i.e., Mixing gas with oxygen in 

the tank located at the bottom of separator), 16 (i.e., Gas leakage from fittings and pipelines) and 5 

(i.e., Malfunction of electrical valve) were figured out as the other critical failures that improvement 

of emergency preparedness and the implementation of safety prevention measures are necessary.  
The results verified the robustness and applicability of the proposed methodology for other case 

studies or engineering fields in the process industries. 
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