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Abstract: This study focuses on a risk assessment method for oil and gas pipelines. Oil and gas 

pipelines are usually constructed in a complex geological environment and are potentially danger-

ous. Risk assessment is a key step for their safety management. Therefore, the present paper estab-

lishes a risk indicator system as the risk assessment foundation, and we propose a risk assessment 

method to obtain a quantitative assessment result for the pipeline based on set pair analysis (SPA) 

theory. For the weight values of each indicator in the assessment process, this paper presents a cal-

culation method based on vague sets theory. Then, a pipeline in the Yanchang oilfield was taken as 

a case study to verify the feasibility of the method, and the final assessment result was 2.911, which 

meant the pipeline was relatively safe. The method could also obtain the risk level of each indicator, 

showing that geological conditions, extreme weather, and public safety awareness were particularly 

unsafe, and service time, pipeline deformation, ground activity, and operation training were rela-

tively unsafe. It is expected that the risk assessment result could provide a reference for pipeline 

safety management. 
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1. Introduction 

Oil and natural gas are the main energy resources used for the development of mod-

ern society, and the exploitation and transportation of oil and gas require a large number 

of pipelines. However, pipelines are inevitably damaged by external force, corrosion, etc., 

and this high risk is generated from the beginning of the pipeline’s operation. Therefore, 

as a piece of engineering equipment that is highly invested in, the risk management for 

pipelines is very important. Although some preventive measures can be used for protec-

tion during the design, construction, and operation of the pipeline’s life cycle, such 

measures will gradually fail with the increase in service life and cannot guarantee the 

long-term safety of the pipeline. Therefore, pipeline risk assessment is a scientific man-

agement technology proposed to ensure the safe operation of the pipeline in the whole 

life cycle. The accuracy of risk assessment results depends on the design of the assessment 

method. 

The earliest risk assessment method came from accidents in the process of industri-

alization 1. In the 1970s, nuclear power engineering began to introduce risk assessment, 

which eventually formed a complete risk management discipline 2. In the late 1980s, risk 

management was applied to equipment safety problems in the petrochemical field, espe-

cially for the risk management of oil and gas pipelines that are prone to accidents. For 

pipelines, risk assessment consists of conducting periodic risk assessments on oil and gas 

pipelines in the operation period and constantly improving defect factors identified in the 

assessment results according to the standards or requirements, then finally realizing the 
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comprehensive management of the pipeline’s safety. Therefore, the risk assessment of the 

pipeline is actually a task that goes hand in hand with the pipeline’s life cycle. Its purpose 

is to ensure that the pipeline is within the scope of risk safety and to provide correspond-

ing improvement and maintenance decisions. 

For pipeline risk assessment, the American Society of Mechanical Engineers (ASME) 

first began to study the risk of pressure vessels 3. The American Petroleum Institute (API) 

published the API RP 580 normative standard of risk inspection technology that was for-

mally proposed in 2002 4, which completely defines how to plan testing technology and 

plan based on risk factors. Pipeline safety expert W. Kent Muhlbauer wrote the authorita-

tive pipeline risk management book, the Pipeline Risk Management Manual, which is a sum-

mary of the theory and application of oil and gas pipeline risk assessment technology in 

the United States in the past decades 5. Canada began to pay attention to the research of 

risk assessment technologies of pipelines in the 1990s and put forward a number of future 

research topics 6. The HSC (Health and Safety Commission) of the UK developed the MIS-

HAP software package for risk assessment and has achieved good practical results in us-

ing computer technology to carry out pipeline risk technology 7. After years of practical 

applications in various countries, it has been shown that the risk assessment of oil and gas 

pipelines can improve the safety of their operation, greatly reduce additional economic 

expenditure, reduce engineering disasters and environmental damage, and even maxim-

ize returns in social benefits, economic costs, and risks 8. For example, from 1987 to 1994, 

Amoco Corporation carried out regular risk assessments on its pipelines, which reduced 

the leakage rate from two-and-a-half times the industrial average to one-and-a-half times, 

and the company’s operating profit reached its highest level in 1994 9. A large number of 

practical applications show that the risk assessment management of oil and gas pipelines 

is necessary, and the reasonable use of risk assessment technology has obvious benefits 

for pipeline safety operations, maintenance decision making, ecological safety, etc. 10. 

At present, the common methods used in risk assessment include the relative risk 

index method 11, the probability analysis method 12, the AHP (analytic hierarchy process) 

13, ETA (event tree analysis) 14, the fuzzy comprehensive assessment method 15, FTA 

(fault tree analysis) 16, the risk matrix method 17, etc. Although these methods have been 

applied in risk assessment, the quantitative risk assessment of oil and gas pipelines is still 

relatively lacking and needs to be further studied. Because there are many risk factors 

affecting pipelines, including pipe properties, transmission media, the external environ-

ment, operating conditions, and management approaches, etc.,  the risk factors will also 

affect each other. Meanwhile, as long-life equipment, the pipeline needs a lot of time and 

money to obtain all the risk factors’ sample information. Therefore, the most commonly 

used risk assessment methods are not suitable for the fitting of multiple risk indicators or 

are unable to process the risk information of small samples. As such, the common risk 

assessment methods are not practical for pipeline risk assessment. At present, many prac-

tical problems have been solved by combining fuzzy theory with multi-criteria decision 

making, such as quality performance indicator evaluation [18], supplier selection [19], 

platform partner evaluation [20], etc. 

In view of the current actual situation of pipeline operations, this paper constructs a 

risk indicator system for pipelines, calculates the indicator weight based on fuzzy theory, 

and combines this with the set pair analysis theory to propose a scientific quantitative risk 

assessment method for oil and gas pipelines. A large amount of risk indicator sample in-

formation can be obtained in a short time through the evaluation by experts [21,22], and 

it can solve the problem of less sample information regarding the pipeline. The set pair 

analysis method can realize the quantitative calculation of multiple indicators [23,24] with 

mathematical modeling to integrate the indicators’ information, and then effective deci-

sion making can be carried out. 

Due to the large number of pipeline risk indicators, obtaining a large amount of in-

dicator information will cost loads of time and money, which does not conform to the 

reality of management. The purpose of this paper is to obtain a more practical risk 
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assessment method through mathematical modeling, which could meet the actual risk 

management requirements of pipeline engineering. 

2. Failure Analysis and Risk Indicator System of Pipeline 

Oil and gas pipelines are usually buried in the ground across a wide area and face 

problems caused by complex geology and a harsh natural environment. Therefore, the 

pipeline will inevitably be damaged by external force, corrosion, or other problems in op-

eration. The CONCAWE (Conservation of Clean Air and Water in Europe) summarized 

the leakage accidents of crude oil pipelines in Western Europe from 1971–2012, involving 

156 pipelines with a total length of 36,251 km, for which 274 leakage accidents occurred 

[25–28]. According to the leakage diameter, the accident statistics are shown in Figure 1. 

 

Figure 1. Statistical chart of leakage accidents. 

The PHMSA (Pipeline and Hazardous Materials Safety Administration) of the United 

States conducted a statistical analysis of pipeline accidents from 1992 to 2012, including 

5868 serious pipeline accidents [29]. The PHMSA divides the accident causes into seven 

forms: corrosion, excavation damage, misoperation, material/welding/equipment failure, 

natural force damage, other external force damage, and other reasons, as shown in Table 
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Table 1. Comparison of major pipeline accidents in the United States in percentage. 

Failure Reason 
Liquid 

Pipeline 

Gas Transmission 

Pipeline 

Gas Gathering 

Pipeline 

Gas Distribution 

Pipeline 

Corrosion 23.6 22.7 50.8 3.8 

Excavation damage 18.8 17.3 6.9 37.8 

Misoperation 7.9 2.5 1.5 7.7 

Material/weld-

ing/equipment failure 
24.1 22.6 16.2 5.4 

Natural force 4.9 12.3 11.5 9.6 

Other external force 1.9 5.3 3.8 11.5 

Other reasons 18.8 17.3 9.2 24.2 

Due to the frequent production and construction activities in China, third-party dam-

age has become an important cause of pipeline accidents, followed by corrosion. Moreo-

ver, there are more and more pipelines in complex geological areas, and pipeline accidents 

caused by floods, landslides, earthquakes, and other geological disasters have begun to 

gradually increase. There have been 28 pipeline leakage accidents in China in the past 

decade, as shown in Figure 2. Among them, there were 10 cases of pipeline damage caused 

by third-party damage, 7 cases caused by drilling and oil stealing, 3 cases caused by geo-

logical disasters, 2 cases caused by corrosion, 3 cases caused by equipment and materials, 

1 case caused by improper operation, and 2 cases caused by unknown reasons. 

 

Figure 2. Statistics of pipeline leakage accidents in China. 

According to the statistics of pipeline accidents in various countries, there are many 

causes leading to pipeline failure, including external interference, corrosion, material de-

fects, mechanical damage, misoperation, and natural disasters. In conclusion, the analysis 

of the risk factors of pipelines needs to be comprehensive and save costs, so as to ensure 

correct and meaningful risk assessment results. The pipeline is a complex system, and the 

impacts of indicators on the system are different 30. Therefore, the difficulty of obtaining 

indicator information is also different [31]. Therefore, the selection of indicators needs to 

be considered comprehensively: the obtainment of methods of indicator information 

should be operable, the impact on risk should be representative, and the final assessment 

of risk should be comprehensive. The selected indicators should be able to accurately re-

flect the risk status of the pipeline on a realizable basis. 

Therefore, based on the analysis of and reference to the classification of pipeline fail-

ure causes in various countries, this paper summarizes the risk indicators of pipelines into 

six secondary indicator sets: corrosion, third-party damage, natural forces, other condi-

tions of the pipeline, incorrect work behavior, and safety management. 

The classification of risk indicator sets is based on pipeline property damage, such as 

steel corrosion and cracks. Risks are caused by external factors, such as natural forces and 

third-party damage, as well as risks caused by incorrect operation and management, such 

as safety management and incorrect work behavior. Corrosion is the main form of damage 
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to pipelines [32]. Pipeline corrosion can be divided into internal corrosion and external 

corrosion. External corrosion is caused by external media such as the soil and atmosphere, 

and internal corrosion is caused by transmission media. Natural forces are the forces of 

natural factors. For instance, a landslide will cause displacement and cracking of pipelines 

[33]. However, disasters caused by natural forces are usually sporadic and require high 

safety monitoring. Safety management includes the management measures taken to main-

tain safe operation during pipeline operation [34]. Third-party damage is the damage 

caused by third-party activities to pipelines [35]. For example, because of unclear ground 

markings, the pipeline may be exposed to the ground due to being wrongly excavated, 

and this will increase the risk of damage. Incorrect work behavior during pipeline opera-

tion will lead to pipeline damage. For instance, calculating the wrong delivery pressure 

will cause pipeline deformation. The incorrect work behavior is caused by many reasons, 

such as a lack of training for oil workers resulting in operational mistakes or the untimely 

maintenance of equipment resulting in failure. Other conditions of the pipeline include 

indicators that have a greater impact on pipeline safety, such as deformation, cracks, and 

weld joint [36]. 

These 6 indicator sets include 21 tertiary indicators. The final risk assessment indica-

tor system is shown in Figure 3. 

 

Figure 3. Risk failure indicator system of oil and gas pipeline. 
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3. Set Pair Analysis Assessment Method 

3.1. Set Pair Analysis Theory 

Zhao 37 proposed set pair analysis method to solve the decision problem for uncer-

tain systems, and the method is a kind of mathematical analysis theory of building corre-

lation expression for the interaction between two different sets. The main idea of SPA is 

to take the certainty and uncertainty between the two sets as a system, and the certainty 

and uncertainty in the system are not only interrelated and interact with each other, but 

they are also transformed into each other under certain conditions 38. Rong 39 used SPA 

and entropy theory to establish a geological disaster risk model for military engineering. 

Kumar 40 made each attribute and ideal attribute into a set pair to study the multi-attrib-

ute decision-making problem for an interval-valued intuitionistic fuzzy set environment. 

Based on SPA, Wang 41 proposed a model that considers the incompatibility, certainty, 

and uncertainty of assessment indicators to analyze the surrounding rock stability. Guo 

42 used improved set pair analysis to calculate the relative membership degree of variable 

fuzzy set theory and then obtained the flood risk level for each assessment object. The 

mathematical expressions of set pair analysis are as follows. 

(1) Assuming M and N are two sets, and defining the set pair H = (M, N), the compo-

nents of M, N are shown in Figure 4, and the relational degree is defined as: 

=
S F P

i j
N N N

     (1)

where μ is the relational degree; N is the total number of characteristics included in the 

set pair; and S, P, F are the common characteristic number, oppositional characteristic 

number, and the number of characteristics that are neither common nor oppositional of 

the two sets in the set pair, respectively. Without considering the weight values, S/N, F/N, 

and P/N are called the identity, the difference, and the opposite between the two sets, 

respectively, and they satisfy the constrained equation: S/N + F/N + P/N = 1, where i ∈ [0,1] 

is the coefficient of the difference degree, and j = −1 is the coefficient of opposition degree. 

 

Figure 4. Schematic diagram of internal relationship between each component of the set pair analy-

sis relational degree. 

(2) Broadly speaking, any system has certainty and uncertainty information. The re-

lational degree μ includes the certainty parts of S/N and (P/N)j and the uncertainty part 

of (F/N)i, and the mixture of certainty and uncertainty leads to the uncertainty of differ-

ence. Therefore, according to different backgrounds of the problem, by conducting a 

skewness analysis of the differences between identity and opposite, Equation (1) is ex-

panded as: 

1 2
1 2= ... m

m

FF FS P
i i i j

N N N N N
        (2)
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where F1, F2, …, Fm are the number of characteristics that are neither included together nor 

opposed to each other for the two sets at different levels. 

(3) Because the system usually contains multiple assessment indicators, the impact 

of each assessment indicator is different; therefore, it is necessary to conduct a further 

analysis on the identity, the difference, and the opposite of each assessment indicator in 

the system and to obtain the relational degree. In order to accurately reflect the influence 

of the assessment indicators in the system, the relational degree and the weight value of 

each assessment indicator should be combined to calculate the average relational degree 

as: 

1

1
( )

n

a n n
i

w
n

 


     (3)

where μa is the average relational degree, μn is the relational degree of indicator n, n is the 

number of characteristics, and wn is the weight of μn. 

3.2. Steps of Pipeline Risk Assessment Modeling Based on Set Pair Analysis Method 

The pipeline risk assessment based on set pair analysis establishes a set pair of risk 

indicators and risk levels. The risk level expresses the ponderance of risk through quanti-

tative form, for instance, to express the different risk levels through 1, 2, …, N, and the 

higher the number, the more serious the risk. The number of risk levels is usually set ac-

cording to the actual needs of project safety management. Then, analyze the relational 

degree between risk indicators and the risk levels, and calculate the relational degree be-

tween each indicator and risk level. Finally, determine the eigenvalue of the pipeline risk 

level. The level corresponding to the eigenvalue value indicates that the risk to the pipe-

line has the highest relational degree with this assessment level, i.e., the risk to the pipeline 

belongs to the assessment level. The detailed assessment processes are as follows: 

(1) Construction of set pair model for pipeline risk. 

Here, the risk assessment indicators of the pipeline are determined, and the risk as-

sessment level is established. Assume that A is the set of risk assessment indicators values, 

and B is the set of risk levels. The risk indicators and the risk levels are combined in pairs 

to establish the set pair as H(A, B): 

A = {x1, x2, …, xi}  (4)

10 11 1

20 21 2

0 1

j

j

i i ij

S S S

S S S
B

S S S

 
 
 
 
 
  

…

…

… … … …

…

  
(5)

where xi represents each risk indicator; Sij is the value of the ith indicator at jth risk level. 

(2) Calculating the relational degree. 

According to the set pair analysis theory, the relational degree of assessment levels 

can be determined, and the calculation method is as follows: 
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(6)

where x is the specific value of the risk indicator, and S1, S2, …, Sj−1 and Sj are the critical 

values of risk indicators at each assessment level. The critical values of different risk indi-

cators at the same risk level are generally different. 

3.3. Calculation Method of Risk Level 

For the risk assessment level, the principle of maximum membership 43 is usually 

used to select the level of the maximum value in the average relation to be the final risk 

level. In practice, though, it is found that the influence of other relational degrees on the 

assessment results cannot be ignored, so the calculation method of the risk level needs to 

be further improved. 

It is assumed that the identity, the difference, and the opposite in the average rela-

tional degree are represented as a, b1, b2, …, bN−2, and c, respectively, and a, b1, …, c ∈ [0,1], 

a + b1 + b2, …, bn−1 + c = 1 [44]. 

Define the maximum value vmax as: 

vmax = max{a, b1, b2, …, bN−2, c}  (7)

with 

vmax ≤ ∑{a, b1, b2, …, bN−2, c} − vmax  (8)

Equation (8) shows that only when vmax > 0.5 can the level of vmax represent the final 

risk level. Therefore, this paper uses the level eigenvalue to determine the final risk level. 

The calculation method of the level eigenvalue is as follows: 

1 2 2= [ 1 2 3 ]NS a b b b c N          (9)

where S is the level eigenvalue. Equation (9) shows that all values in the relational degree 

are considered. The range of the level eigenvalue is [1, N): 1 means the best condition 

without any problems, N means the worst case, and 1 and N are ideal in practice. There-

fore, the risk level is identified by the level eigenvalues as follows: 

level 1: e1 ∈ [1, 1.5); 

level 2: e2 ∈ [1.5, 2.5); 

...... 

level N−1: eN−1 ∈ [N − 1.5, N − 0.5); 

level N, eN ∈ [N − 0.5, N]. 

where ei is the eigenvalue, with conservative treatment of the upper bounds of the interval. 

4. Calculation of Risk Indicator Weight Value 

4.1. Analysis of Indicator Weight Calculation Method 

For any risk assessment method, the weight calculation is an important component 

45, and the accuracy of the weight is directly related to the accuracy of the final assessment 
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result 46. As a complex system, the oil and gas pipeline has multiple and closely related 

assessment indicators, and each indicator value has different influences on the assessment 

result. How to reasonably define the effect of these indicators’ values and obtain the as-

sessment result with a high reference for a risk management decision is a key step in the 

assessment process. 

At present, a large amount of research has been carried out on weight calculation 

methods, and common methods include the binomial coefficient method 47, the Delphi 

method 48, the Analytic Hierarchy Process (AHP) 49, etc., which are based on the 

knowledge and cognitive judgment of decision makers. Other methods include principal 

component analysis (PCA) 50, the entropy value method 51, the variation coefficient 

method 52, etc., which are determined according to the relationship between the indicator 

data and have a strong mathematical basis. The theoretical forms of these methods are 

different, and each has its own advantages, but it has been found that the weighting cal-

culation methods that are most commonly used are subjective methods 53, because these 

are usually in line with the actual needs, and so there will be no contradiction between 

theory and reality, and the assessment results also usually conform to the reality and the 

psychological expectations. The general calculation idea is to transform the stochastic or 

fuzzy uncertainty into certainty under some conditions, and then carry out mathematical 

processing, but these uncertainties usually only describe specific situations, without con-

sidering the uncertain information that still exists in a certain range of uncertain infor-

mation. However, due to the imperfection of the analysis theory, the traditional weighting 

methods generally neglect to simplify this uncertainty information, but with the increas-

ing precision of engineering management and decision making, it has been found that this 

uncertain information really determines the final assessment result. 

Therefore, in view of the fuzziness of pipeline risk indicator information, this paper 

applies the vague set theory to calculate the weight of the risk assessment indicator on the 

premise of respecting subjective experience. 

4.2. Calculation Method for Risk Indicator Weight Based on Vague Set Theory 

Because the cost and time of obtaining pipeline risk indicator values are different, 

some of them have a higher cost and take a longer time, and many indicators cannot give 

specific values, so the indicators’ values are generally evaluated based on an expert’s 

knowledge. However, experts usually cannot give specific assessment information, and 

the assessment information of risk indicators is usually uncertain. In this paper, the as-

sessment information of indicators is expressed in the form of a vague value. The vague 

value considers the negative effects of uncertainty, and the uncertainty information can 

be analyzed accurately [54]. This method has been widely used in the field of decision 

management [55], so this paper uses vague set theory to design indicator weights, and the 

basic theory of vague sets is shown in Appendix A. The calculation steps are as follows. 

(1) The vague value of the indicator be constructed by expert assessment, and the 

assessment matrix for risk is described by Equation (10): 

11 12 13 1

21 22 23 2

1 2 3

...

...

... ... ... ... ...

...

m

m

n n n nm

c c c c

c c c c
C

c c c c

 
 
 
 
 
 

  (10)

where cnm = [tnm,1 − fnm] is the vague value of the indicator. 

(2) The consistency matrix is represented as [56]: 
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n n n nn

M M M M
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(11)

with 

( )
1

2

x y x y

xy

t t f f
M

  
    (12)

where M
k 

ij  is the similarity value between vague values evaluated by different experts. x 

= [t(x),1 − f(x)] and y = [t(y),1 − f(y)] are vague values. Therefore, Mk is the measure of the 

similarity of all the experts’ assessments of the indicator. If the similarity value is closer to 

1, the experts have more consistent opinions, and if the similarity value is closer to 0, the 

experts’ opinions are inconsistent. The average similarity value for the indicator is repre-

sented by 

1

1 n
k k
i ij

j

V M
n 

    (13)

(3) The relative consistency values of each expert to every index are mathematically 

represented by 

1

k
i

ik n
k
i

i

V
d

V






  
(14)

Therefore, the relative consistency measure matrix of indexes evaluated by experts is 

represented by 

11 12 13 1

21 22 23 2

1 2 3

...

...

... ... ... ... ...

...

m

m

n n n nm

d d d d

d d d d
D

d d d d

 
 
 
 
 
 

  
(15)

where D can be interpreted as the information representation of each expert’s preference. 

(4) The indicators of the preference information for all the experts are defined by [57]: 

1 1 1

,1
n n n

k ik ik ik ik ik
i i i

c D c d t d f
  

 
    

 
     (16)

where ck is the assessment vague value of all experts. Finally, according to ck, the weight 

is defined as [58] 

(1 ) / 2k
s k k kw t t f      (17)

where w
k 

s  is the subjective weight and includes two parts: agreement and uncertainty. For 

the uncertainty, this paper defines half of it as agreement and the other half as disap-

proval. tk is the truth membership degree of the vague value, where fk is the false member-

ship degree of the vague value, where tk and fk are represented in Equations (18) and (19): 

1

n

k ik ik
i

t d t


   (18)
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1

n

k ik ik
i

f d f


   (19)

5. A Case Study 

The Yujiaping-Haojiaping pipeline belongs to the Yanchang oilfield and stretches 

from the Xingzichuan oil production plant to the Yongping oil refinery, located in Yan’an 

City, Shaanxi Province, China (Figure 5). The basic pipeline information is shown in Table 

2. The pipeline has been in operation for more than ten years, and it began to gradually 

form sudden damage. The sudden damage, such as leakage, seriously affects the normal 

transportation of oil and brings pressure to pipeline maintenance. (Figure 6) Therefore, 

for the purpose of providing a reference to make maintenance decisions in advance, a risk 

assessment is now carried out for this pipeline. 

 

Figure 5. Location of the studied pipeline. 

Table 2. Basic information on pipeline. 

Parameter Values 

Total length 36.0 km 

Service time 12a 

Pipe diameter 219 mm 

Pipe type Seamless pipe 

Pipeline steel X42 

Pipe wall thickness 6.4 mm 

Specified Minimum Yield Strength (SMYS) 290 MPa (GB/T9711) 

Maximum allowable operating pressure (MAOP) 3.8 MPa 

Design operating pressure 4 MPa 

Medium transported Crude oil and gas 
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Figure 6. Pipeline maintenance. 

5.1. Calculation of Risk Indicator Weight 

The accurate assessment method must be based on the appropriate assessment infor-

mation. The assessment information usually includes the assessment indicators and the 

assessment standard. The assessment indicators are listed in the Section 2. For the assess-

ment standard, the more the assessment levels there are, the more accurate the final as-

sessment result will be. However, too many assessment levels will lead to complexity in 

the calculation in the assessment process, and it will also lead to complexity in the expres-

sion of the results from the qualitative assessment point of view. The psychologist George 

Miller 59 proved that the number of levels for which a human can correctly distinguish 

things is between five and nine, and based on national standards [60,61]. This paper di-

vides the safety of pipeline into 5 assessment levels: L1 is extremely safe; L2 is very safe; L3 

is relatively safe; L4 is relatively unsafe; L5 is particularly unsafe (can be understood as 

failure), and the score ranges are (0.9,1), (0.8,0.9), (0.7,0.8), (0.6,0.7), (0,0.6), respectively. 

The five assessment levels can reasonably reflect the different states of pipeline risk from 

serious to safe. L1 and L5 represent the most extreme state, and L1 means that all the pipe-

line indicators are perfect without any need of improvement. L5 means that the pipeline 

has great risks, cannot be operated, and needs maintenance. L3 represents a stable safety 

state. In L3, although there are some defect indicators, they do not affect the operation of 

the pipeline, and the defect indicators only need to be monitored regularly. L2 is a safer 

state than L3. Some defect indicators have been improved in L2, but there are still a few 

defect indicators that cannot be further improved. L4 indicates that at this time, the pipe-

line has some risk problems that need to be corrected. Although these problems will not 

affect the normal operation of the pipeline temporarily, they will further increase the risk 

of pipeline failure in the short term. 

The assessment of indicators is also divided into six levels, and the vague values are 

constructed: V1 (0.9,1), V2 (0.8,0.9), V3 (0.6,0.8), V4 (0.4,0.6), V5 (0.2,0.3), V6 (0,0.2). Eight ex-

perts in pipeline safety management are invited to judge the indicators and give the vague 

values. 

Taking the corrosion indicator as an example, the magnetic flux leakage detector (Fig-

ure 7) is used to detect the corrosion data. The internal corrosion situation and external 

corrosion situation of the pipeline are shown in Figure 8, and experts can give the vague 

value based on this corrosion information. 
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Figure 7. Magnetic flux leakage detector. 

 
(a) 

 
(b) 

Figure 8. Axial distribution of corrosion in pipeline: (a) axial distribution of internal corrosion in 

pipeline; (b) axial distribution of external corrosion in pipeline. The yellow and green lines indicate 

E.R.F values under different corrosion damages. E.R.F is an estimated maintenance factor, which is 

the basis for judging whether maintenance is required and the severity of corrosion damage.  

The vague value of other indicators can also be given by expert judgement based on 

the testing or recording data. Natural force indicators can be judged based on the recorded 
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data of natural resource departments and meteorological departments. Safety manage-

ment indicators, third-party damage indicators, and incorrect work behavior indicators 

can be judged based on the recorded data of the pipeline operation department. Other 

conditions of pipeline indicators can be judged based on the equipment detection data. 

The assessment vague values are given based on the six levels shown in Table 3. 

Table 3. Vague value of indicators. 

Indicator Vague Value 

Internal corrosion [0.8,0.9] [0.9,1] [0.8,0.9] [0.6,0.8] [0.9,1] [0.6,0.8] [0.8,0.9] [0.9,1] 

External corrosion [0.8,0.9] [0.8,0.9] [0.8,0.9] [0.9,1] [0.9,1] [0.9,1] [0.8,0.9] [0.8,0.9] 

Anti-corrosion measures [0.9,1] [0.9,1] [0.9,1] [0.8,0.9] [0.9,1] [0.8,0.9] [0.6,0.8] [0.4,0.6] 

Geological condition [0.4,0.6] [0.2,0.3] [0.2,0.3] [0.2,0.3] [0.2,0.3] [0.4,0.6] [0.1,0.2] [0.8,0.9] 

Monitoring and warning system [0.8,0.9] [0.9,1] [0.9,1] [0.6,0.8] [0.8,0.9] [0.8,0.9] [0.9,1] [0.6,0.8] 

Disaster prevention measures [0.8,0.9] [0.8,0.9] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.6,0.8] 

Extreme weather [0.4,0.6] [0.4,0.6] [0.2,0.3] [0.6,0.8] [0.2,0.3] [0.4,0.6] [0.2,0.3] [0.1,0.2] 

Pipeline patrol management [0.8,0.9] [0.8,0.9] [0.6,0.8] [0.6,0.8] [0.8,0.9] [0.6,0.8] [0.6,0.8] [0.6,0.8] 

Government attention [0.8,0.9] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.9,1] [0.8,0.9] 

Public safety awareness [0.1,0.2] [0.2,0.3] [0.4,0.6] [0.2,0.3] [0.2,0.3] [0.1,0.2] [0.2,0.3] [0.8,0.9] 

Pipeline failure monitoring [0.6,0.8] [0.8,0.9] [0.6,0.8] [0.8,0.9] [0.8,0.9] [0.6,0.8] [0.8,0.9] [0.8,0.9] 

Landmark damage [0.6,0.8] [0.8,0.9] [0.8,0.9] [0.6,0.8] [0.8,0.9] [0.8,0.9] [0.9,1] [0.8,0.9] 

Ground facilities’ damage [0.8,0.9] [0.8,0.9] [0.8,0.9] [0.9,1] [0.8,0.9] [0.8,0.9] [0.8,0.9] [0.1,0.2] 

Ground activity [0.6,0.8] [0.8,0.9] [0.6,0.8] [0.8,0.9] [0.4,0.6] [0.6,0.8] [0.8,0.9] [0.6,0.8] 

Welded joint [0.8,0.9] [0.9,1] [0.9,1] [0.6,0.8] [0.9,1] [0.8,0.9] [0.6,0.8] [0.8,0.9] 

Service time [0.6,0.8] [0.9,1] [0.4,0.6] [0.1,0.2] [0.8,0.9] [0.6,0.8] [0.1,0.2] [0.9,1] 

Crack damage [0.9,1] [0.8,0.9] [0.8,0.9] [0.6,0.8] [0.9,1] [0.9,1] [0.6,0.8] [0.6,0.8] 

Pipeline deformation [0.4,0.6] [0.4,0.6] [0.6,0.8] [0.8,0.9] [0.2,0.3] [0.2,0.3] [0.8,0.9] [0.8,0.9] 

Maintenance plan [0.8,0.9] [0.8,0.9] [0.6,0.8] [0.6,0.8] [0.8,0.9] [0.8,0.9] [0.6,0.8] [0.6,0.8] 

Operation training [0.8,0.9] [0.6,0.8] [0.8,0.9] [0.1,0.2] [0.8,0.9] [0.6,0.8] [0.1,0.2] [0.4,0.6] 

Operational mistakes [0.6,0.8] [0.8,0.9] [0.9,1] [0.9,1] [0.8,0.9] [0.6,0.8] [0.8,0.9] [0.9,1] 

Based on vague values and Equation (10), the risk assessment matrix is: 

[0.8,0.9] [0.9,1] [0.8,0.9] ... [0.9,1]

[0.8,0.9] [0.8,0.9] [0.8,0.9] ... [0.8,0.9]

... ... ... ... ...

[0.6,0.8] [0.8,0.9] [0.9,1] ... [0.9,1]

C

 
 
 
 
 
 

  

Taking the first indicator of internal corrosion as an example, the consistency matrix 

is calculated by Equations (11) and (12): 

1

1 0.9 1 ... 0.9

0.9 1 0.9 ... 1

... ... ... ... ...

0.9 1 0.9 ... 1

M

 
 
 
 
 
 

  

where 
8

1
1

1

7.4j
j

M


 , and the average similarity value of each expert can be calculated by 

Equation (13): 

V
1 

i  = [7.4, 7.2, 7.4, 6.8, 7.2, 6.8, 7.4, 7.3]  
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and 
8

1

1, 1

57.4ij
i j

M
 

 , so we can obtain the relative consistency value of each expert on 

internal corrosion: 

dik = V
1 

i /57.4 = [0.1289, 0.1254, 0.1289, 0.1185, 0.1254, 0.1185, 0.1289, 0.1272] 

Furthermore, the relative consistency measure matrix of indicators evaluated by ex-

perts is represented by: 

0.1289 0.1262 ... ... 0.1185

0.1254 0.1262 ... ... 0.1289

... ... ... ... ...

0.1272 0.1262 ... ... 0.1271

D

 
 
 
 
 
 

  
 

The assessment vague value of all experts on internal corrosion in can be obtained: 

1 1 1
1

0.1289 0.8 0.1254 0.9 ... 0.1272 0.9 0.7918
n

i i
i

t d t


           

1 1 1
1

0.1289 (1 0.9) 0.1254 (1 1) ...0.1271 (1 1) 0.0861
n

i i
i

f d f


            

Finally, the weight of internal corrosion is: 

1 0.7918 (1 0.7918 0.0861) / 2 0.8528sw        

The weights of each indicator are calculated respectively, and the results are shown 

in the Table 4. 

Table 4. Indicator weight. 

Indicator Weight Indicator Weight 

Internal corrosion 0.055258 Landmark damage 0.053573 

External corrosion 0.057462 Ground facilities’ damage 0.053004 

Anti-corrosion measures 0.055084 Ground activity 0.047607 

Geological condition 0.023032 Welded joint 0.055267 

Monitoring and warning system 0.055201 Service time 0.042459 

Disaster prevention measures 0.058215 Crack damage 0.053911 

Extreme weather 0.024772 Pipeline deformation 0.039098 

Pipeline patrol management 0.048906 Maintenance plan 0.050213 

Government attention 0.060031 Operation training 0.040487 

Public safety awareness 0.019645 Operational mistakes 0.055258 

Pipeline failure monitoring 0.051519 - - 

5.2. Establishment of Set Pair Analysis for Pipeline Risk 

The risk level and the indicator set are constituted as a set pair. The indicators corre-

sponding to levels L1 to L5 are respectively defined as the identity, the difference trend to 

identity, the difference, the difference trend to opposite, and the opposite, and the number 

of indicators is S, F1, F2, F3, and P, respectively. The calculation steps of the five-element 

relational degree for the pipeline are as follows. 

(1) Because the safety of the pipeline is divided into five assessment levels, the five-

element relational degree according to the risk assessment level can be assessed with: 

31 2
1 2 3=a

FF FS P
i i i j

N N N N N
       (20)
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(2) The relation degree of each indicator is calculated based on the median value of 

each vague value. The calculation method is: 

1 2 3

1 2 3

1 2 3

1 2 3

1 2 3

1 0 0 0 0 [1, ]

0.9 1
0 0 0 [0.9,1]

1 0.9 1 0.9

0.8 0.9
0 0 0 [0.8,0.9]

0.9 0.8 0.9 0.8

0.7 0.8
0 0 0 [0.7,0.8]

0.8 0.7 0.8 0.7

0.6 0.7
0 0 0

0.7 0.6 0.7

ij

i i i j x

x x
i i i j x

x x
i i i j x

x x
i i i j x

x x
i i i



     

 
    

 

 
    

 


 
    

 

 
   



1 2 3

[0.6,0.7]
0.6

0 0 0 0 1 [0,0.6]

j x

i i i j x












 


     

 

(21)

where x is the median value of the vague value. Taking internal corrosion as an example, 

the median values of the vague value given by experts are (0.85, 0.95, 0.85, 0.7, 0.95, 0.7, 

0.85, 0.95). The relational degrees of all experts calculated based on Equation (21) are 

shown in the Table 5. 

Table 5. Relational degrees of internal corrosion. 

 1 i1 i2 i3 j 

1 0 0.5 0.5 0 0 

2 0.5 0.5 0 0 0 

3 0 0.5 0.5 0 0 

4 0 0 0 1 0 

5 0.5 0.5 0 0 0 

6 0 0 0 1 0 

7 0 0.5 0.5 0 0 

8 0.5 0.5 0 0 0 

average 0.1875 0.375 0.1875 0.25 0 

Combining the indicator weight 0.55258 (in Table 4), the comprehensive relational 

degree of internal corrosion is calculated as: 

μ
1 

a  = 0.0104 + 0.0207i1 + 0.0104i2 + 0.0138i3 + 0j 

5.3. Calculate the Relational Degree and Determine the Risk Level 

By calculating the relational degree of all risk indicators, the five-element average 

relational degree of pipeline risk is calculated as: 

μa = 0.1288 + 0.3167i1 + 0.1983i2 + 0.2271i3 + 0.1291j 

Because the max value in {S, F1, F2, F3, P} is less than 0.5, the principle of maximum 

membership cannot be used to determine the final risk level. Therefore, the risk level ei-

genvalue value is calculated based on Equation (9): 

S = 0.1288 × 1 + 0.3167 × 2 + 0.1983 × 3 + 0.2271 × 4 + 0.1291 × 5 = 2.911 

 The risk level eigenvalue of the pipeline is calculated as 2.911, i.e., the risk level is L3, 

which means the pipeline is relatively safe. This also indicates that the risk level of the 

pipeline is at L3 but tends to L2, that is, it is could attain level L2 through improvement. The 

relational degree and level eigenvalues of the six indicator sets can be calculated as shown 

in Table 6. Meanwhile, the assessment result also indicates that some indicators are not 

perfect. The calculation results of the risk level eigenvalue for each indicator are shown in 

Table 7. 
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Table 6. Relational degree and level eigenvalues of indicator set. 

Indicator Set 1 i1 i2 i3 j Eigenvalue 

Corrosion 0.2080 0.4178 0.2098 0.1234 0.0410 2.3716 

Natural forces 0.1770 0.2739 0.1611 0.1285 0.2594 3.0195 

Safety management 0.1250 0.3138 0.1888 0.2770 0.0954 2.9041 

Third-party damage 0.0432 0.3386 0.2954 0.2412 0.0816 2.9794 

Incorrect work behavior 0.0710 0.2800 0.2090 0.3360 0.1040 3.1221 

Other conditions of pipeline 0.1352 0.2772 0.1420 0.2597 0.1860 3.0842 

Table 7. Risk eigenvalues of indicator. 

Indicator Set Indicator Eigenvalue Indicator Indicator Set Eigenvalue 

Corrosion 

Internal corrosion 2.5000 

Third-party 

damage 

Landmark damage 2.7500 

External corrosion 2.1250 
Ground facilities’ 

damage 
2.6875 

Anti-corrosion 

measures 
2.5000 Ground activity 3.5625 

Natural forces 

Geological condi-

tions 
4.6875 

Safety manage-

ment 

Pipeline patrol man-

agement 
3.4375 

Monitoring and 

warning system 
2.5000 

Government atten-

tion 
1.7500 

Disaster prevention 

measures 
2.0625 

Public safety aware-

ness  
4.6875 

Extreme weather 4.8750 
Pipeline failure 

monitoring 
3.0625 

Other conditions of 

pipeline 

Welded joint 2.5000 

Incorrect work 

behavior 

Maintenance plan 3.2500 

Service time 3.5625 Operation training 3.8125 

Crack damage 2.6875 
Operational mis-

takes 
2.5000 

Pipeline defor-

mation 
3.9375 - - 

5.4. Analysis of Assessment Results 

The risk eigenvalues of the indicator sets and indicators are shown in Figure 9. Figure 

9a shows that the corrosion is at the L2 level (i.e., very safe), and the natural forces, incor-

rect work behavior, third-party damage, and other conditions of pipeline are at the L3 level 

(i.e., relatively safe). 
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(a) 

 
(b) 

Figure 9. Risk eigenvalues of the indicator sets and indicators: (a) risk eigenvalues of the 6 indicator 

sets; (b) risk eigenvalues of all the indicators. 

Figure 9b shows that geological conditions, extreme weather, and public safety 

awareness are at the L5 level (i.e., particularly unsafe), and service time, pipeline defor-

mation, ground activity, and operation training are at the L4 level (i.e., relatively unsafe). 

These indicators have an obvious influence on the safety of pipeline. Among these indi-

cators, geological conditions, extreme weather, and service time are indicators that cannot 

be changed or modified from the perspective of management and can only be prevented 

in the form of periodic detection. Pipeline deformation needs to be focused on and moni-

tored in time, and timely maintenance is necessary. However, public safety awareness, 

ground activity, and operation training awareness can be corrected and improved in a 

timely manner. By improving the three indicators, the safety of the pipeline can be greatly 

improved. 

Other indicators affecting the risk are in line with the safety regulations and within 

the acceptable range of safety. However, with the increase in the pipeline’s operation time, 

the insecurity of these indicators will increase, and this will affect the overall safety. There-

fore, targeted monitoring should be carried out according to the different risk levels. In 

particular, it is necessary point out that the impact of the risk of misoperation on the safety 

of the pipeline is controllable, which requires more strict control. 
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6. Conclusions 

In this paper, set pair analysis theory is used to assess pipeline risk. Vague set theory 

is applied to calculate the weights of the identity, the difference, and the opposite. The 

calculation method takes into account the subjective influence of experts’ preferences and 

improves the accuracy and reasonableness of the assignment of weights. Meanwhile, to 

solve the problem that the risk level judgement with the maximum membership method 

is usually inconsistent with the actual situation, this paper uses the eigenvalue method to 

calculate the risk level and considers the influence of other relational degrees on the final 

result. 

The risk indicators of pipelines are various and complex. In many cases, these indi-

cators have a comprehensive effect and promote or inhibit to each other. Meanwhile, be-

cause the risk indicators are too numerous and studying all of them to obtain greater de-

tailed information will take a lot of money and time, this is not suitable for actual engi-

neering issues. Compared with traditional risk assessment methods, this paper proposes 

a new weight calculation method for the uncertainty of pipeline risk assessment indica-

tors. Compared with other fuzzy expressions (e.g., fuzzy numbers), the vague value can 

express fuzzy information and comprehensively characterize the indicator information. It 

solves the uncertainty and hesitation of experts in judging risk indicators and renders the 

pipeline risk indicator weight calculation method more scientific. Compared with the tra-

ditional multi-criteria judgement method, the set pair analysis method connects the as-

sessment indicators with the assessment criteria and can scientifically and quantitatively 

calculate the comprehensive judgment result of a large amount of indicator information. 

The assessment decision-making method proposed in this paper is to calculate the rela-

tional degree between indicators with all assessment levels, and this is reflected in the 

final assessment results. Other decision-making methods, for example, the TOPSIS 

method in [18], included calculating the relationship between indicators with the best and 

worst assessment levels, which cannot reflect the membership degree to other risk assess-

ment levels, and this will then lead to a certain error in the final evaluation results. There-

fore, the assessment results in this paper are more comprehensive, stable, and accurate. 

The method proposed in this paper solves the problem of quantitative risk assessment for 

pipelines in the absence of indicator information and is more suitable for the situation in 

which there are only a small amount of sample data in the risk assessment. 

Meanwhile, the assessment method proposed in this paper uses the multi-index as-

sessment of pipeline risk for a single objective decision. The method not only realizes the 

quantification of risk assessment, but it also accurately reflects the comprehensive risk 

level for the pipeline and provides a new idea for the safety management of the pipeline. 

At the same time, the method can also locate the deficiencies of specific indicators, which 

is helpful for managers to make targeted improvements. The method has good practica-

bility and is conducive to the long-term operation and management of pipelines, and it 

also provides a reference for other engineering projects’ risk assessments. However, the 

method relies too much on the experience, knowledge base, and judgement ability of ex-

perts, so it has a personal preference effect on the assessment results and does not exclu-

sively use the indicators’ information. Therefore, it is necessary to further study the ways 

in which to combine the existing indicator information to form a more comprehensive 

assessment method. 
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Appendix A. Basic Theory of Vague Sets 

Definition 1. [62] Assuming U is a universe of discourse, and x is an element in U, vague set D 

belonging to U means that there exists a pair of membership degrees tD and fD in U: 

tD(x):→[0,1], fD(x):→[0,1]  (A1)

with 

0 ≤ tD(x) + fD(x) ≤ 1  (A2)

where tD(x) is the truth membership degree of D and represents the lower bound of the agreement 

information that indicates that x belongs to D. fD(x) is the false membership degree of D and repre-

sents the lower bounds of the disagreement information that indicates that x belongs to D. The 

following uncertainty is introduced: 

πD(x) = 1 − tD(x) − fD(x) (A3)

where πD(x) is the measurement of unknown information, and a higher value of πD(x) indicates 

that more unknown information about x belongs to D. 

When the universe of discourse U is continuous, vague set A can be written as: 

   ,1 / dD DD t x f x x x      
(A4)

When the universe of discourse U is discrete, vague set D can be written as: 

   
1

,1 /
n

D i D i i
i

D t x f x x


   
  

(A5)

Definition 2. [63] Assuming x and y are vague values, x = [tD(x),1 – fD(x)], and y = [tD(y),1 − 

fD(y)]. Let CD(x) = tD(x) − fD(x) and CD(y) = tD(y) − fD(y). The similarity between x and y is ex-

pressed as: 

    ( )
( , ) 1 1

2 2

x y x yD D
t t f fC x C y

M x y
  

   
  

(A6)

where M(x,y) ∈ [0,1]. 
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