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Abstract 

Unrefined and highly corrosive upstream petroleum resources and complex operating environments pose a sig-
nificant threat to the integrity and safety of gathering pipelines. The present study proposed a novelty method to 
perform a risk assessment for gathering pipelines. The use of historical failure data developed a fishbone diagram 
model of hazard factors. The risk index system was developed based on the KENT method, including failure likelihood 
and failure consequence coefficient models. Information entropy theory was used to determine the weight of each 
indicator. Combined with the area-level safety design coefficient, The welding institute (TWI) method was improved 
to perform risk classification for different areas. The proposed method was applied to 81 gathering pipelines. Results 
demonstrated that the proposed method could meet the actual conditions of gathering pipelines, improving 
upstream energy security.

Keywords:  Gathering pipelines, Risk assessment, Information entropy, Internal corrosion, Oil and gas field 
infrastructures

Introduction
Gathering pipelines are the primary energy transmis-
sion infrastructure for upstream oil and gas fields [1]. 
Compared with long-distance pipelines, unrefined 
transport media can cause more serious internal cor-
rosion [2–4]. Besides, the operating environment with 
high uncertainties will cause the gathering pipeline fail-
ure, seriously affecting upstream production, environ-
mental pollution, and even casualties [5–8]. Although 
this is well-known in the industry, the statistical data 
show that failure accidents of gathering pipelines are 
rising [9]. Pipeline owners implement risk-based integ-
rity management to prevent such accidents as much 
as possible [10, 11]. Accuracy and adaptability of risk 

assessment are crucial for predicting risks and reducing 
accidents [12].

Extensive studies have been conducted to mitigate pipe-
line risk [13–15]. However, those methods were devel-
oped for the risks faced by long-distance. The increasing 
number of accidents indicates that those methods do not 
apply to gathering pipelines [9]. This may be because some 
critical properties of the gathering pipeline were ignored, 
including transporting multiple corrosive and high-tem-
perature media, small outer diameter, small wall thickness, 
and low operating pressure [4]. It is necessary to sort out 
all risk factors of the gathering pipelines. For long-distance 
pipelines, the semi-quantitative-based method, i.e., the 
KENT method, developed a comprehensive index system 
to implement pipeline risk assessment, including the indi-
cators of failure likelihood and failure impacts [16]. Many 
variants have been generated based on the KENT method, 
such as the fault tree-based and the Bayesian network-
based models [17, 18]. However, the KENT method can 
only provide a subjective expert-based evaluation. Besides, 
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the weight of all major categories of indicators is the same, 
which is not enough to reflect the pipeline risk character-
istics. The information entropy method could compensate 
for the lack of information to dynamically determine the 
weights of indicators according to actual pipeline condi-
tions, which helps reduce the subjectivity of assessment. 
Therefore, this method has been widely used in risk assess-
ment [19–21].

The present study developed a novelty information 
entropy-based risk assessment method for multiple-
media gathering pipelines, including a risk calculation 
model and a risk classification method. The historical 
accidents of gathering pipelines were systematically ana-
lyzed to develop a fishbone diagram model for sorting 
out the risk indicators. A risk evaluation index system 
was developed for multiple-media gathering pipelines. 
The weight of each index was determined by the infor-
mation entropy method. The use of the modified TWI 
method implemented risk classification. The applicabil-
ity and accuracy of the proposed method were illustrated 
through a case study.

Methodology
Statistical analysis of gathering pipeline accidents
Accident statistical analysis is the premise of risk 
assessment. The main risk factors are sorted out 

through the analysis of the root causes to develop a 
practical risk analysis method [22]. Pipeline and Haz-
ardous Materials Safety Administration (PHMSA) 
collected and analyzed the failure causes of gathering 
pipelines in the US in the past 20 years, and the statis-
tical results are shown in Fig. 1(a) [23]. Alberta Energy 
Regulator (AER) organized the failure causes of Cana-
dian crude oil and gas pipelines, respectively, and the 
statistical results are shown in Fig.  1(b) [24]. Fig.  1(c) 
shows the statistical failure caused by gathering pipe-
lines in China from 2011 to 2016 [25]. From Fig.  1, 
corrosion is the primary failure factor of pipeline acci-
dents in the US, specifically, 55.5% of general acci-
dents, 28.6% of serious accidents, and 57% of major 
accidents. In Canada, 69% of crude oil pipeline fail-
ures were caused by internal corrosion, and 53.2% of 
gas pipeline failures were caused by internal corrosion. 
Also, for the accidents in China of crude oil pipelines, 
gas pipelines, water pipelines, and steam pipelines, 
the corrosion contribution was 69.5%, 73.43%, 70.60%, 
and 69.43%, respectively. It can be seen that corro-
sion is responsible for more than 40% of the gathering 
pipeline failure, in which internal corrosion-induced 
failure is over 24%, which becomes the leading factor. 
Thus, internal corrosion is the primary hazard factor 
of gathering pipeline failure.

Fig. 1  Gathering pipeline accident statistics
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Identification and quantitative analysis of failure factors
The Fishbone diagram is an analysis method to capture 
the root cause of an incident, which has been widely 
used in engineering failure analysis given its intuitive 
image and ability to mine the grounds of the accident 
deeply [26].

Figure 2 shows the developed fishbone diagram model 
of gathering pipeline failure factors. Specifically, the 
causal factor can be four categories, including third-
party damage, corrosion, design, and misoperation, 
involving the human-machine–environment, which can 
directly affect the safety status of gathering pipelines [5]. 
From the statistical analysis of the accident, corrosion 
is the main reason for the failure of gathering pipelines, 
especially internal corrosion. The mixed transportation 
of multiple corrosive media can produce different cor-
rosion effects. To identify the corrosion hazard factors 
pertinently, this work considers four different corrosion 
media for internal corrosion factors, i.e., crude oil, gas, 
water, and steam.

Quantitative analysis of the main failure indexes regard-
ing internal corrosion can reduce the subjectivity of risk 

assessment and improve accuracy. Quantitative analysis 
indicators include pressure, sulfur content, temperature, 
chloride ion, and salinity. The failure data are collected 
from various oil and gas fields in Northwest China 
(Table  1) to determine the functions of such indicators 
and the failure rate (Fig. 3).

Given the statistics of failure accidents, fishbone dia-
gram model, and quantitative analysis results, combined 
with the analytic hierarchy process, a risk evalua-
tion index system for gathering pipelines is developed 
regarding different transportation media, as shown in 
Table 2, 3,4,5 and 6 [3, 4, 15, 27].

Risk assessment method
Overview of KENT method
According to the KENT method, pipeline risk assessment 
includes the likelihood and consequences of pipeline fail-
ure [16]:

(1)R = P × C

Fig. 2  Identification of hazard factors in gathering pipelines fishbone diagram. a Relationship between pressure and pipeline failure. b Relationship 
between sulfur and pipeline failure. c Relationship between salinity and pipeline failure. d Relationship between temperature and pipeline failure. e 
Relationship between CI- and pipeline failure
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Table 1  Pipeline failure data

(a) Relationship between pressure and pipeline failure

Operating pressure Failure probability Operating pressure Failure probability

Design pressure Design pressure

0 0.02543 0.50625 0.21564

0.0125 0.02965 0.559375 0.22786

0.021875 0.03032 0.634375 0.23965

0.025 0.03989 0.690625 0.24739

0.03125 0.04768 0.771875 0.26988

0.0375 0.06382 0.796875 0.2779

0.046875 0.07921 0.86875 0.29362

0.090625 0.09102 0.9125 0.30171

0.11875 0.11763 0.934375 0.34974

0.146875 0.13821 0.959375 0.38416

0.234375 0.15967 0.984375 0.43101

0.325 0.18802 1 0.48905

(b) Relationship between Sulfide and pipeline failure

Sulfide (mg/L) Failure probability Sulfide (mg/L) Failure probability

0.0005 0.0167548 19.278629 0.335179

0.001 0.0986524 25.78192 0.3652819

0.015 0.1587651 30.267819 0.3819283

0.1648 0.1654318 40.267812 0.4028381

0.19876 0.1892761 53.267189 0.412312

0.786542 0.2109763 59.271829 0.4328172

1.347652 0.2276541 70.362718 0.4728272

2.45632 0.289754 80.27838 0.493721

7.263721 0.291082 100.26372 0.5019283

10.27653 0.319864 142.26 0.51685937

(c) Relationship between salinity and pipeline failure

Salinity (mg/L) Failure probability Salinity (mg/L) Failure probability

0 0.053832 5000 0.180123

500 0.102123 6000 0.185632

900 0.14231 8000 0.189263

1000 0.147921 9000 0.19321

1100 0.149012 10000 0.19999

1200 0.15112 12000 0.22031

1250 0.156281 14000 0.242516

1300 0.1590187 16000 0.280192

1400 0.164961 20000 0.310212

1600 0.169979 25000 0.3462712

2000 0.175291 30000 0.392012

2500 0.179021 35000 0.4602123

4000 0.17999 40000 0.503728

(d) Relationship between temperature and pipeline failure

T (°C) Failure probability T (°C) Failure probability T (°C) Failure probability

2 0.1011 9 0.15021 23 0.16999

3 0.1231 11 0.15782 25 0.17211

4 0.13217 13 0.159021 27 0.17621

5 0.13671 16 0.16021 29 0.17985

7 0.140123 19 0.16823 33 0.1821

35 0.18867 61 0.54123 220 0.35125

40 0.19012 63 0.51283 230 0.37859
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where R is the pipeline risk value; P is the failure likeli-
hood score; C is the consequence score. The risk assess-
ment model for failure likelihood in the KENT method 
can be

where Pthird party, Pcorrosion, Pdesign and Pmisoperation are the 
score of the third-party damage indicator, the corrosion 
indicator, the design indicator, and the misoperation 
indicator, respectively. The failure consequence calcula-
tion model can be

(2)
P = Pthird party + Pcorrosion + Pdesign + Pmisoperation

where Kw is the hazard of the product; LV is the leak-
age volume; D is the diffusion coefficient; S is the receptor 
coefficient.

An information entropy‑based method of failure likelihood 
for gathering pipelines
When evaluating the failure likelihood, different causal 
factors have individual effects on pipeline safety. There-
fore, the weight of each factor needs to be determined. 
Then, Eq. (2) can be

(3)C = Kw × LV × D × S

Table 1  (continued)

43 0.19701 65 0.47891 240 0.401293

46 0.19989 66 0.43212 250 0.43128

49 0.20001 69 0.40105 260 0.45752

50 0.21012 70 0.39211 270 0.47291

51 0.26012 80 0.35102 280 0.49128

52 0.3012 90 0.21021 290 0.51965

54 0.38102 100 0.1921 300 0.542712

55 0.41219 130 0.22103 310 0.54123

56 0.46961 140 0.23104 320 0.501293

57 0.49989 160 0.26109 330 0.482731

58 0.52012 180 0.28473 340 0.402483

59 0.53129 200 0.29386 350 0.353921

60 0.56125 210 0.280192

(e) Relationship between CI- and pipeline failure

CI-(mg/L) Failure probability CI-(mg/L) Failure probability

1 0.1021 430 0.34652

2 0.1212 500 0.31203

3 0.1523 550 0.31293

4 0.17382 600 0.31238

5 0.19382 700 0.3283

6 0.210334 800 0.32993

7 0.250234 900 0.33102

8 0.278392 1000 0.33765

9 0.29832 1200 0.33989

10 0.319389 1300 0.412031

15 0.33234 2500 0.431342

20 0.364283 3700 0.431723

50 0.36431 5000 0.449872

100 0.35218 6100 0.462341

200 0.35281 8000 0.48997

250 0.35102 8600 0.501283

300 0.350123 9000 0.523898

350 0.349921 10000 0.563742
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where L1, L2, L3, and L4 are the weights of third-party 
damage, corrosion, design, and misoperation, respec-
tively, L1 + L2 + L3 + L4 = 1.

It should be noted that the L1, L2, L3, and L4 are dynami-
cally determined based on the actual situation. Ignoring 
that will reduce the accuracy of the risk assessment. In this 
work, the dynamic weights can be determined by the infor-
mation entropy method combined with failure frequency 
[28, 29], following the steps:

a. According to the actual situation of the oil and gas field, 
the information matrix AT is developed by the experts:

b. Define the membership function μ(tij):

where k = n is the conversion parameter; γ (1, 2,…, n) is 
the adjustment coefficient; tij is the recommendation trust 
degree of the i-th recommended entity for the j-th attribute 
index.

c. Develop membership matrix B:

d. Determine the initial weight by Eqs. (8-11), as follows:

(4)
P = L

1
Pthird party + L

2
Pcorrosion + L

3
Pdesign

+ L
4
Pmisoperation

AT =

t11 t12 . . . t1n
t21 t22 . . . t2n
. . . . . . . . . . . .

tm1 tm2 . . . tmn

(5)µ
(

tij
)

= -�pn
(

tij
)

ln pn
(

tij
)

(6)s.t.pn
(

tij
)

=
tij + γ

k + γ

(7)� =
1

ln (k + γ )

B =







b11 b12 . . . b1n
b21 b22 . . . b2n
. . . . . . . . . . . .

bm1 bm2 . . . bmn







(8)
tj =

m
∑

i=1

bij

m

Fig. 3  Relationship between quantitative index and failure 
probability
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where the initial weight is G = [g1, g2…, gn], there are 
four indexes, including third-party damage, corrosion, 
design and misoperation in this work, n is 4. The initial 
weight is g1, g2, g3 and g4, respectively; tj is the average 
recommendation, representing recommend the entity’s 
consistent views on attribute indicators; bij is the degree 
of membership of trust tij; m is the number of recom-
mended subjects; ζj is the recommended blindness, i.e., 
uncertainties due to differences in recommendations.

Subsequently, according to the failure rate of various 
indexes from different oil and gas fields, the dynamic 
weight can be determined by

(9)
ξj =

√

√

√

√

√

m
∑

i=1

(

bij-tj
)

m
≥ 0

(10)gj = tj
(

1-ξj
)(

gj > 0
)

(11)
ωj =

gj
n
∑

i=1

gj

(12)
Li =

gi+
Fi

F
2 (i = 1, 2, 3, 4)

where Fi  (i = 1, 2, 3, 4) is the number of accidents 
caused by third-party damage, corrosion, design, and 
misoperation, respectively; F is the number of fail-
ures of gathering pipelines; ai  (i = 1, 2, 3, 4) is additional 
weights determined by the evaluator for third-party dam-
age, corrosion, design, and misoperation, respectively, 
a1 + a2 + a3 + a4 = 0.

Failure consequence assessment model
The failure consequences of gathering pipelines can be 
assessed by medium harmfulness and receptors. The 
KENT method-based failure consequence assessment 
model can be

where Kw is the medium hazard score; S is the receptor 
score; Kwsum is the total score of medium hazards; Ssum is 
the total score of the receptors. The failure consequence 
coefficient is within [0.3117,1].

Risk classification
According to the population density of different areas and 
China standard GB 50251-2015: Code for the design of gas 
transmission pipeline engineering [30], the surroundings 
can be defined as level 1 first-class area, level 1 second-class 

(13)C =
Kw

Kwsum
×

S

Ssum

Table 2  Failure factors of gathering pipelines regarding third-party damage

a Completeness of warning signs
b The evaluation range is 7 meters on both sides of the pipeline
c Construction duration

First level Second level Weight Description

Third party damage Buried depth Buried (28) >160cm (7); 100cm~160cm (14); 50cm~100cm (21); <50cm (28)

Above ground
and across (28)

Well protection (5); A degree of protection (16); None (28)

Ground facilities a Line mark (15) 100% (3); 80%-100% (5); 60%-80% (8); 40% -60% (10); <40% or none (15)
b Building facilities (7) None (2); 1-3 (3); >3 (5)

Activity level c Construction (6) None (1); 0~3 months (2); 3~12 months (4); >12 months (6).

Transportation (8) None (2); Traffic branch (4); Traffic artery/main road (6); Rail or road traffic trunk lines 
(8)

Patrol efficiency Frequency (10) Once a day (2); Once every two days (5); Once a week (7); Once a month (10)

Method (7) Step by step (1); High-risk pipe section (3); Valve chamber (7)

Malicious damage Possibility (6) Low (2); Medium (3); High (6)

Natural disasters History (5) None (0); Occurred but did not cause incident (2); Occurred and caused pipeline 
failure (5)

Protection (8) Disaster monitoring and normal operation (1); In-line inspection (4); Pigging and 
corrosion inhibitor (8)

Total 100
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Table 3  Failure factors of gathering pipelines regarding corrosion

a For different media, the weight should be multiplied after the evaluation, e.g., it is necessary to multiply the weight 26/40 after evaluating the external corrosion of 
the heavy oil pipeline

First level Second level Weight Third level Weight Description

Corrosion External corrosion Heavy oil (13/20)a;
Thin oil (2/5);
Gas (21/20);
Water, Steam (13/20)

Soil corrosion Resistivity (7) >50Ω•m (2); 20~50Ω·m (4); <20Ω·m or none (7)

pH (8) 6.5~8.5 (2); 4.5~6.5 (4); <4.5 (8)

External coating Type (6) 3-Layer Polyethylene (1); Coal tar enamel/coal tar 
epoxy/epoxy powder (2); Yellow jacket polyure-
thane foam/polythene (3); Asphalt glass fabric/
phenolic resins (4); Anti-rust oil (5), None (6)

Quality (9) Complete (2); Partial loss (5), Mass shedding (9)

Cathodic protection (10) Normal use (3); Not used (6); None (10)

Internal corrosion Heavy oil (24/29)
Thin oil (1)
Gas (4/8)
Water/Steam (1)

Oil (58) Water (6) <50% (2); 50%~75% (3); 75%~95% (5); >95% (6)

Pressure (5) <0.6 MPa (1); 0.6~0.8 MPa (3); 0.8~1.5 MPa (4); 
>1.5MPa (5)

CI- (10) <1000mg/L (2); 1000~3000mg/L (3); 
3000~5000mg/L (5); 5000~7000mg/L (7); 
7000~9000 (8); >9000 mg/L (10)

H2S (10) <0.005mg/L (2); 0.005~0.01mg/L (4); 
0.01~0.015mg/L (7); >0.015mg/L (10)

Temperature (4) <50°C (2); 50~70°C (3); >70°C (4)

pH (8) 7~10 (2); 4~7 (4); <4 (6); >10 (8)

Hardness (5) <100 mg/L (2); 100~300 mg/L (4); >300 mg/L (5)

Gas (40) Water (10) <5% (4); 5%~10% (6); 10%~15% (8); >15% (10)

Pressure (8) <1MPa (1); 1~4 MPa (2); 4~10 MPa (4); 10~20 
MPa (6); >20 MPa (8)

Sulfide (12) <42.68mg/L (3); 42.68~142.26mg/L (6); >142.26 
mg/L (12)

CO2 (10) <0.207%mol/mol (3), 0.207%~2.073%mol/mol 
(7), >2.073% mol/mol (10).

Water (38) Oil content (6) <2 mg/L (2); 100~500 mg/L (4); 2~100 mg/L (6)

CI- (6) <5 mg/L (2), 5~10 mg/L (4), >10 mg/L (6).

Salinity (9) <1000mg/L (1), 1000~3000 mg/L (3), 
3000~10000 mg/L (5), 10000~50000 mg/L (7), 
>50000 mg/L (9).

pH (5) 7~10 (1); 4~7 (3); <4 (4); >10 (5)

Temperature (6) <50°C (2), >60°C (3), 50~60°C 6.

Pressure (6) <1 MPa (1); 1~2.5 MPa (2); 2.5~16 MPa (3); 16~20 MPa 
(4); 20~25 MPa (5); >25 MPa (6)

Steam (38) Pressure (9) <2.5MPa (2); 2.5~10 MPa (4); 10~12 MPa (5) 
12~14 MPa (6); >14 MPa (9)

CI- (12) <5mg/L (4); 5~10mg/L (7); >10mg/L (12)

pH (9) 7~8 (3); 6~7 (5); 5~6 (6); <5 (8); >8 (9)

Temperature (8) <200°C (3); 200~300°C (5); >300°C (8)

Other corrosion factors (17) Pipe grade (3) X70 (1); X52 (1.5); X42 (2); Lower grade (3)

Service years (8) <5 years (2); 5~10 years (4); 10~20 years (6); >20 
years (8)

Corrosion-induced 
failure history (6)

≤1 (2); 1~3 (4); >3 (6)

Corrosion inspection (9) External inspection (4) <1 per 1 year (1); 1 per 1~2 years (2); 1 per > 2 
years (4)

In-line inspection (5) <1 per 1 year (2); 1 per 1~2 years (4); 1 per >2 
years (5)

Total 100
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area, level 2 area, level 3 area, level 4 area, with safety design 
coefficients of 0.8, 0.72, 0.6, 0.5 and 0.4, respectively [30].

In combination with the TWI risk classification method 
[31], taking [ Min , ( Min  + (Max − Min) × 6/25 × b] as the 
low-risk level, [Min + (Max − Min) × 6/25 × b, Min + (Max 
− Min) × 13/25 × b] as the medium risk level, [Min + (Max 
− Min) × 13/25 × b, Max] as the high-risk level, where Min 
is the minimum risk value, while Max is the maximum risk 

score. The value differs for various oil and gas fields, and 
b is the safety design factor. The risk ranking is shown in 
Fig. 4, where the high-risk level is in red, the medium-risk 
level is in yellow, and the low-risk level is in green.

A framework of risk assessment for gathering pipelines
This section analyzes the failure data of gathering pipe-
lines to develop a fishbone diagram model of failure 

Table 4  Failure factors of gathering pipelines regarding design

First level Second level Weight Description

Design Pipeline strength Safety design factor (34) Actual wall thickness
Design wall thickness

 : >1.8 (0); 1.61~1.8 (3.5); 1.41~1.6 (7); 1.20~1.4 (14); 1.1~1.20 (21); 1.0~1.1 
(28); <1 (34)

Water hammer Elevation change (9) Gently topography (0); Design pressure - MAOP > Maximum elevation pressure (4);
Design pressure - MAOP < Maximum elevation pressure (9)

Protective (6) Slow closing device (2); Pressure relief valve (3); Buffer tank (5); Operating procedures for 
preventing water hammer (6)

Integrity assurance Usage time (10) 0~5years (2), 5~15 years (4), 15~20 years (6), 20~25 years (8), >25 years (10).

Inspection time (7) <1 year (1); 1~2 years (2); 2~3 years (3); 3~4 years (4); > 4 years (7)

Welding quality Welding level (10) Strictly follow the operation procedure, i.e., high quality (2); According to the operation 
procedure, i.e., average quality (6); Random welding, i.e., poor quality (10)

Inspection rate (10) 100% (2); 80%~100% (6); 60%~80% (8); <60% (10)

Backfill quality Backfill depth (8) >76.2 cm (2); 7.62~76.2cm (4); <7.62cm or uncovered (8).

Backfilling method (6) Both process and method are correct (2); Process is correct but the method is incrorrect (4); 
Both backfill process and method are incorrect (5); None (6).

Total 100

Table 5  Failure factors of gathering pipelines regarding misoperation

First level Second level Weight Description

Misoperation Misoperation during operation Operating procedures (20) Equipment operation, maintenance and calibration procedures are 
complete and strictly followed (5); Regulations have not been imple-
mented (13); None (20)

Communication (10) Dedicated communication tool (4); Communication equipment is 
not dedicated (6); Communication equipment failure (10)

Staff training 10 Regular training (3); Occasional training (7); None (10)

Safety measures (10) Safety responsibility system is sound and strictly implemented (3); 
There is a safety responsibility system but not implemented (7); None 
(10)

Maintenance misoperation Maintain documentation (10) Complete (3); Incomplete (6); None (10)

Maintenance measurement (10) Replacement or no need for repairing (3); Repairment (5); Mainte-
nance (8); None (10)

Maintenance plan (10) Regular maintenance (3); Irregular maintenance (7); None (10)

Maintenance procedures (10) Strict implementation of maintenance procedures (2); Maintenance 
procedures are not fully implemented (5); No procedures but main-
tenance records (8); None (10)

Maintenance personnel ability
(10)

Maintenance personnel are of high quality and strong sense of 
responsibility, and no accident occurred (3); Maintenance personnel 
are competent for their jobs, and only one accident occurred (6); 
Maintenance personnel are unqualified and irresponsible and there 
were more than 2 liability accidents (10)

Total 100
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factors. The primary failure indicators are quantitatively 
analyzed to ensure the objectivity of evaluation indexes. 
Further, this section develops a novelty risk assessment 
method for gathering pipelines combined with the KENT 
method and information entropy theory. Also, the risk 
classification method is proposed to judge the pipe-
line’s safety status in different regions. The proposed risk 
assessment framework for gathering pipelines is shown 
in Fig. 5.

Case study
Site description and pipeline selection
The proposed method is implemented in gathering pipe-
lines of an oil and gas field in Northwest China. As shown 
in Fig.  6, the operating environment of the gathering 
pipelines is complex with high uncertainties, including 
deserts, gobi, cross railways, highways, national high-
ways, woods, rivers, and scenic spots. Three operating 
regions are selected and marked in blue. The selected 

pipelines pass through the World Devil City Scenic spot 
(See pink label), farmland (See white label), and river (See 
black label). Roads route the operation area (See yellow 
label) and the main traffic road inside the oil field (See 
green label).

81 double-high (A term that denotes high failure likeli-
hood and high failure consequences) pipelines transport-
ing four different media, including crude oil, gas, water, 
and steam, are selected for the case study. The character-
istics of the pipelines chosen are shown in Table 7.

Method implementation
Each pipeline can be assessed according to the risk index 
system developed in Section  2.2. Then, the score of 
pipeline failure likelihood can be determined given the 
method in Section 2.3.2. Further, according to the pipe-
line inspection data and the opinions of oil and gas field 
experts, the pipeline trust recommendation matrix AT 
can be

Table 6  Consequences of failure

a The range of influence is within 200m;
b Gathering pipeline connects the two stations or facilities, e.g., well-metering station represents the well and the metering station are connected by a pipeline

First level Second level Weight Description

Conse-
quences of 
failure

Medium hazard Combustibility (20) None (2); Flash point>93°C (4); 38°C<Flash point>93°C (8); Flash point<38°C 
and ignition point<38°C (12); Flash point<23°C and ignition point<38°C 
(20)

Toxic hazard (20) None (2); Minor chronic injuries (5); To avoid temporary incapacity, medical 
measures must be taken immediately (10); Can cause severe temporary 
or sequelae injuries (15); Short-term exposure can cause death or serious 
injury (20)

Receptor Population density (26) Level 1 first class region (5); Level 1 second class area region (8); Level 2 
region (15); Level 3 region (20); Level 4 region (26)

Environmental sensitivity a (22) None (8); Vegetation or farmland (14); Culverts, rivers, fresh water, marshes 
and silted land, wetlands (18); Animal sanctuary, scenic spot or scenic area 
sanctuary (22)

Internal influence in oil and gas filed b (12) Well-metering station/metering station-well/water supply-injection branch 
(6); Metering station-transfer station/transfer station-metering station/
metering station-processing station/metering station-pull station/gather-
ing station-transfer station (8); Transfer station-processing station/transfer 
station-transfer station/empty station-processing station/processing 
station-empty station (9); Oil depot-oil depot/oil depot-outside the station/
processing station-oil depot (12)

Total 100

Fig. 4  Risk classification of gathering pipelines
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According to Eqs. (5), (6) (7), the membership matrix 
B is

At this time, n = 4, m = 4, k = 4, and γ = 1. Then, the 
initial weight can be determined by Eqs. (8), (9), (10), 
(11), i.e., G = [0.1123 0.8353 0.009 0.0404].

AT =







1.0000 7.0000 0.1670 0.2000
0.1420 1.0000 0.1100 0.1250
6.0000 9.0000 1.0000 4.0000
5.0000 8.0000 0.2500 1.0000







B =







0.4306 1.2920 0.0957 0.1132
0.0829 0.4306 0.0654 0.0731
1.2090 1.4307 0.4306 1.0000
1.1132 1.3653 0.1386 0.4306







The number of gathering pipelines failure are statisti-
cally analyzed in this oil and gas field. In the past six 
years, there have been 463 pipeline incidents, where 
third-party damage caused 21 pipeline failures, corrosion 
caused 423 pipeline failures, the design caused six pipe-
line failures, and misoperation caused 13 pipeline fail-
ures. The failure rate of pipelines caused by such factors 
were 0.0454, 0.9135, 0.0130, and 0.0281, respectively.

The dynamic weight of failure indicators can be 
determined based on Eq. (11). As the evaluation was 
jointly participated by staff and experts, the evalua-
tion result was highly accurate and ai is 0. Thus, the 
dynamic additional weights of failure likelihood indi-
cators can be L = [0.0803 0.8744 0.0110 0.0343].

Then, the failure likelihood can be determined by

Fig. 5  Risk assessment framework proposed in this work
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(14)P = 0.0803Pthird party + 0.8744Pcorrosion + 0.011Pdesign + 0.0343Pmisoperation

Fig. 6  Area and environment

Table 7  Pipeline features

Medium Number Service 
years 
(year)

Pipe material Outer 
diameter 
(mm)

Wall 
thickness 
(mm)

Design 
pressure 
(MPa)

Operating 
pressure 
(MPa)

Description

Thin oil 18 5~20 20# 159~273 3.5~13 2.5~6 0.7~3.5 The soil along the pipeline is soft, making 
it difficult for vehicles to pass. Due to wind 
erosion, the content of the pipeline marker 
piles is blurred. The embankment along the 
pipeline is flush with the ground and cannot 
protect the pipeline.

Heavy oil 25 10~20 20# 60~273 3.5~7 1.6~16 0.6~10.5 There is a main traffic line near the pipeline, 
some marker piles along the line are 
inclined and collapsed, some pipe trenches 
are not backfilled, and large construction 
machinery is nearby.

Gas 18 10~20 20# 114~508 5~27 1.6~32 0.~29 Part of the pipeline through provincial roads, 
agricultural areas, a desert oasis ecological 
park, the railway, a parking lot, and some 
signs along with the pipeline collapse.

Water 12 5~25 20# 159~219 5 1~20 0.~16 Pipeline elbows are used to cross roads. 
There are marks of rolling over the pipeline, 
and the pipe dike is damaged.

Steam 8 10~20 20# 114 10 14 3~13.5 There is no internal anti-corrosion method 
for pipeline laying. The pipeline crosses the 
aisle, the traffic flow is large, the marking 
pile along the line is incomplete, and the 
marking content is unclear. The insulation 
layer of the pipeline has fallen off.



Page 13 of 17Qin et al. J Infrastruct Preserv Resil            (2022) 3:19 	

The failure consequence coefficient can be deter-
mined by Eq. (13). The use of Eq. (1) can assess the risk 
of each pipeline.

Results and discussion
Results show that the lowest risk value is 19.765, while 
the highest is 49.085. The risk grade boundary can be 
determined by the safety design coefficients of different 
areas. The risk level boundary of the level 1 first-class 
area is between 25.39444 and 31.96212. The risk level 
boundary of the level 1 second-class area is between 
24.831496 and 30.742408. The risk level boundary 
of the level 2 area is between 23.98708 and 28.91284. 
The risk level boundary of the level 3 area is between 
23.2834 and 27.3882. The risk level boundary of the 
level 4 area is between 22.57972 and 25.86356. The risk 
matrix is shown in Fig. 7.

The risk level of each pipeline is determined given 
the proposed risk matrix, as shown in Table 8. The risk 
value of the selected pipeline is between 19.765 and 
49.085, where 8 pipelines are low-risk level, accounting 
for 9.88%; 34 pipelines are medium-risk, accounting for 
41.96%; There are 39 high-risk pipelines, accounting for 
48.16%. Among the four kinds of transmission medium 
pipelines, the risk value of water transmission pipelines 
is the lowest, most are at medium risk level, and a few 
are at low-risk level, but there is no high-risk level. The 
gas transmission pipeline with the highest risk value is 
located in densely populated areas and has serious failure 
consequences. 72% of thin oil pipelines are high risk, 28% 
are medium risk, and there is no low risk; 36% of heavy 
oil pipelines were rated as high risk, 56% as medium risk 
and 8% as low risk.

The proposed method (i.e., method 1) is compared with 
a previous method (i.e., method 2), see Appendix [30], as 
shown in Fig.  8. The previous risk assessment method 
used in the case of oil and gas fields mainly refer to a 
China Code (GB-32167-2015). The gathering pipelines 
are scored using the semi-quantitative risk assessment 
index system to determine the failure likelihood and con-
sequence scores. The semi-quantitative failure lilelihood 
index and failure consequence index are shown in Table 1 
A and Table 2.

Results show that high, medium and low risk accounted 
for 48.16%, 41.96% and 9.88%, respectively, by using the 
method 1. Meanwhile, the results using the method 2 
show that all pipelines are at high risk where the low-
est risk value is 6.4827, and the highest one is 185.8968, 
demonstrating risk threshold is quite different between 
the two methods.

Further, 81 double-hight pipelines are investigated on-
site to examine the accuracy of the two methods. The 
results show that some pipelines are not featured with 
high risk, e.g., thin oil pipeline #9, heavy oil pipeline #33, 
gas pipeline #52, water pipeline #64, and steam pipe-
line #79. They all have a 5cm thick concrete protective 
layer, intact pipe embankment, and marker piles. A staff 
patrols the pipelines daily. The pipelines are equipped 
with a real-time monitoring system. Also, heavy oil pipe-
line #41, gas pipeline #46, and water pipeline #69 have a 
10cm protective layer. Staff patrol the pipelines daily, fill 
corrosion inhibitor and pigging regularly, set up real-time 
monitoring and automatic cutting system, carry out staff 
training regularly, and set up protection devices when 
routing densely populated and scenic areas. Therefore, it 
can be explained that method 2 cannot accurately reflect 
the actual risk status of the pipelines, which provides too 
conservative protective measures, increasing mainte-
nance costs.

Conclusions
In this work, a comprehensive risk assessment frame-
work was proposed to effectively avoid the environmen-
tal hazards and economic losses caused by the failure 
of gathering pipelines. A risk index system for multiple 
media gathering pipelines was developed based on the 
KENT method. The information entropy method was 
used to determine the weights of the failure likelihood 
indicators to improve the accuracy and applicability of 
the method. An improved risk classification method for 
different regions was proposed by introducing the safety 
design coefficient, reflecting the actual risk status in dif-
ferent areas. The proposed risk assessment method was 

Fig. 7  Risk matrix of gathering pipelines



Page 14 of 17Qin et al. J Infrastruct Preserv Resil            (2022) 3:19 

Ta
bl

e 
8 

Ev
al

ua
tio

n 
re

su
lts

 [3
3]

N
um

be
r

M
ed

iu
m

A
re

a
Va

lu
e

G
ra

de
N

um
be

r
M

ed
iu

m
A

re
a

Va
lu

e
G

ra
de

N
um

be
r

M
ed

iu
m

A
re

a
Va

lu
e

G
ra

de

1
Th

in
 o

il
Le

ve
l 2

34
.0

64
H

ig
h

28
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
29

.6
11

M
ed

iu
m

55
G

as
Le

ve
l 4

30
.2

11
H

ig
h

2
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
33

.1
59

H
ig

h
29

H
ea

vy
 o

il
Le

ve
l 1

se
co

nd
 c

la
ss

29
.2

78
M

ed
iu

m
56

G
as

Le
ve

l 4
31

.0
8

H
ig

h

3
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
34

.9
69

H
ig

h
30

H
ea

vy
 o

il
Le

ve
l 2

28
.1

29
M

ed
iu

m
57

G
as

Le
ve

l 1
fir

st
 c

la
ss

28
.2

95
M

ed
iu

m

4
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
34

.0
64

1
H

ig
h

31
H

ea
vy

 o
il

Le
ve

l 2
29

.9
54

H
ig

h
58

G
as

Le
ve

l 3
29

.8
71

H
ig

h

5
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
33

.7
36

1
H

ig
h

32
H

ea
vy

 o
il

Le
ve

l 3
28

.4
38

H
ig

h
59

G
as

Le
ve

l 2
28

.1
95

M
ed

iu
m

6
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
38

.7
86

H
ig

h
33

H
ea

vy
 o

il
Le

ve
l 1

fir
st

 c
la

ss
29

.2
98

M
ed

iu
m

60
G

as
Le

ve
l 1

se
co

nd
 c

la
ss

29
.1

95
M

ed
iu

m

7
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
32

.7
80

6
H

ig
h

34
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

28
.9

37
M

ed
iu

m
61

G
as

Le
ve

l 1
se

co
nd

 c
la

ss
23

.1
95

Lo
w

8
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
32

.7
8

H
ig

h
35

H
ea

vy
 o

il
Le

ve
l 1

fir
st

 c
la

ss
28

.1
95

M
ed

iu
m

62
W

at
er

Le
ve

l 1
fir

st
 c

la
ss

22
.3

6
Lo

w

9
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
31

.1
41

M
ed

iu
m

36
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

27
.1

95
M

ed
iu

m
63

W
at

er
Le

ve
l 1

fir
st

 c
la

ss
28

.1
95

M
ed

iu
m

10
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
31

.2
44

M
ed

iu
m

37
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

37
.8

92
H

ig
h

64
W

at
er

Le
ve

l 1
fir

st
 c

la
ss

27
.1

95
M

ed
iu

m

11
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
30

.5
27

M
ed

iu
m

38
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

31
.9

37
H

ig
h

65
W

at
er

Le
ve

l 1
fir

st
 c

la
ss

31
.2

73
M

ed
iu

m

12
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
31

.3
72

M
ed

iu
m

39
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

30
.0

47
M

ed
iu

m
66

W
at

er
Le

ve
l 1

fir
st

 c
la

ss
30

.1
92

M
ed

iu
m

13
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
33

.2
2

H
ig

h
40

H
ea

vy
 o

il
Le

ve
l 1

fir
st

 c
la

ss
28

.1
95

M
ed

iu
m

67
W

at
er

Le
ve

l 1
fir

st
 c

la
ss

29
.2

73
M

ed
iu

m

14
Th

in
 o

il
Le

ve
l 1

fir
st

 c
la

ss
43

.4
83

H
ig

h
41

H
ea

vy
 o

il
Le

ve
l 1

fir
st

 c
la

ss
23

.1
63

Lo
w

68
W

at
er

Le
ve

l 1
fir

st
 c

la
ss

28
.9

47
M

ed
iu

m

15
Th

in
 o

il 
l

Le
ve

l 3
29

.1
62

M
ed

iu
m

42
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

30
.1

65
M

ed
iu

m
69

W
at

er
Le

ve
l 1

fir
st

 c
la

ss
19

.7
65

Lo
w

16
Th

in
 o

il
Le

ve
l 3

29
.4

55
H

ig
h

43
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

22
.4

62
Lo

w
70

W
at

er
Le

ve
l 1

fir
st

 c
la

ss
28

.1
36

M
ed

iu
m

17
Th

in
 o

il
Le

ve
l 4

36
.2

08
H

ig
h

44
G

as
Le

ve
l 1

fir
st

 c
la

ss
48

.3
08

H
ig

h
71

W
at

er
Le

ve
l 1

fir
st

 c
la

ss
27

.3
62

M
ed

iu
m

18
Th

in
 o

il
Le

ve
l 4

40
.2

61
H

ig
h

45
G

as
Le

ve
l 1

fir
st

 c
la

ss
22

.5
7

Lo
w

72
W

at
er

Le
ve

l 1
fir

st
 c

la
ss

27
.5

61
M

ed
iu

m

19
H

ea
vy

 o
il

Le
ve

l 4
37

.8
92

H
ig

h
46

G
as

Le
ve

l 1
fir

st
 c

la
ss

21
.8

2
Lo

w
73

W
at

er
Le

ve
l 1

fir
st

 c
la

ss
29

.1
62

M
ed

iu
m

20
H

ea
vy

 o
il

Le
ve

l 1
fir

st
 c

la
ss

31
.9

37
M

ed
iu

m
47

G
as

Le
ve

l 2
22

.6
42

Lo
w

74
St

ea
m

Le
ve

l 1
fir

st
 c

la
ss

47
.5

6
H

ig
h



Page 15 of 17Qin et al. J Infrastruct Preserv Resil            (2022) 3:19 	

Ta
bl

e 
8 

(c
on

tin
ue

d)

N
um

be
r

M
ed

iu
m

A
re

a
Va

lu
e

G
ra

de
N

um
be

r
M

ed
iu

m
A

re
a

Va
lu

e
G

ra
de

N
um

be
r

M
ed

iu
m

A
re

a
Va

lu
e

G
ra

de

21
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
31

.9
37

M
ed

iu
m

48
G

as
Le

ve
l 2

49
.0

85
H

ig
h

75
St

ea
m

Le
ve

l 1
fir

st
 c

la
ss

47
.7

52
H

ig
h

22
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
35

.5
38

H
ig

h
49

G
as

Le
ve

l 3
47

.8
35

H
ig

h
76

St
ea

m
Le

ve
l 1

fir
st

 c
la

ss
35

.5
64

H
ig

h

23
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
34

.6
81

H
ig

h
50

G
as

Le
ve

l 2
48

.2
26

H
ig

h
77

St
ea

m
Le

ve
l 1

fir
st

 c
la

ss
38

.8
69

H
ig

h

24
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
33

.4
1

H
ig

h
51

G
as

Le
ve

l 1
se

co
nd

 c
la

ss
29

.2
96

H
ig

h
78

St
ea

m
Le

ve
l 1

fir
st

 c
la

ss
39

.1
35

H
ig

h

25
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
33

.4
1

H
ig

h
52

G
as

Le
ve

l 1
se

co
nd

 c
la

ss
30

.7
47

M
ed

iu
m

79
St

ea
m

Le
ve

l 1
fir

st
 c

la
ss

29
.4

55
M

ed
iu

m

26
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
33

.7
91

H
ig

h
53

G
as

Le
ve

l 3
29

.2
96

H
ig

h
80

St
ea

m
Le

ve
l 1

fir
st

 c
la

ss
36

.2
08

H
ig

h

27
H

ea
vy

 o
il

Le
ve

l 1
se

co
nd

 c
la

ss
29

.6
11

M
ed

iu
m

54
G

as
Le

ve
l 2

28
.1

17
M

ed
iu

m
81

St
ea

m
Le

ve
l 1

fir
st

 c
la

ss
40

.2
61

H
ig

h



Page 16 of 17Qin et al. J Infrastruct Preserv Resil            (2022) 3:19 

applied to a case study. Results showed that high-risk 
pipelines account for 48.16%, medium-risk pipelines 
account for 41.96%, and low-risk pipelines account for 
9.88%, consistent with the pipeline’s actual operating 
conditions. Meanwhile, it demonstrated that the pro-
posed method could guide risk operators to improve the 
effectiveness of risk management. However, the proposed 
method is essentially an expert-based system with sub-
jectivity. A Bayesian network model could be established 
based on the index system proposed in this work to per-
form a more accurate quantitative risk assessment.
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