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Abstract: Railway special line shunting safety is a complicated systemic topic, which is full of
uncertainty and dynamic; safety is determined by numerous aspects, including human, management,
environmental, and equipment factors. Many railway risk assessment techniques currently used
are comparatively mature tools. However, in many circumstances, the application of these tools
gives unsatisfactory results because the risk data are incomplete or involve high levels of uncertainty.
Because risk assessment technology has its own applicability that it may not suitable for the three
sub-processes of risk assessment, it is difficult to obtain ideal effects by using a single tool in the
risk assessment process. This paper presents an integrated approach for conducting special-line
shunting risk assessment, using fishbone diagram analysis, fuzzy reasoning approaches, and a fuzzy
analytical hierarchy tool, which can evaluate both qualitative and quantitative risk data efficiently
and effectively. The outcomes of risk assessment are represented as risk degrees and risk levels,
providing railway safety risk managers and engineers with tools to improve their safety management
standards. A case study is used to demonstrate the proposed methodology. The results reveal that
the proposed model can effectively and efficiently assess risks associated with a special-line shunting
system, yielding more reliable and realistic solutions.

Keywords: risk assessment; fishbone diagram; fuzzy reasoning approach; fuzzy analytic
hierarchy process

1. Introduction

Railway special lines are branch lines that are managed by enterprises or other units that connect
to national railway lines [1,2]. Special line shunting safety involves many kinds of work and multiple
operation links, such as transportation, electric locomotives, maintenance, electric service and vehicles.
The operation coordination degree is high and the dynamic control of safety risk is difficult; carelessness
can cause collision, derailment, and other accidents [3]. Therefore, risk assessment of special line
shunting should be examined to improve railway safety management.

At present, many mature risk assessment technologies have been promoted and applied in many
industries with good practical results, such as fault tree analysis, event tree analysis, and Monte Carlo
simulations [4]. However, the results of such technologies rely heavily on the availability and accuracy
of the risk data. In many circumstances, risk events have never occurred, occurred with low historical
frequency, or had varying problems in data collection. Thus, data cannot effectively support risk
measurement or the modeling and estimation of related risk parameters, obviously, these methods
cannot obtain reliable and realistic results. Furthermore, various factors influence the selection of an
approach to risk assessment, such as the availability of resources, the nature and degree of uncertainty
in the data and information available, and the complexity of the application [5]. Different assessment
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tools and techniques have their own applicability, and it is difficult to achieve ideal assessment effects
with a single technique. To solve this problem, An et al. [4] proposed an improved fuzzy hierarchical
analysis method for decision-making in the railway risk assessment process. An et al. [6] used fuzzy
theory and fuzzy analytic hierarchical processing (FAHP) to evaluate railway safety risks. Hakan et
al. [7] used a fuzzy theory based method to analysis cargo vessel safety. Abbas et al. [8] constructed an
integrated fuzzy hierarchical risk assessment model for water supply systems, while Samanta et al. [9]
proposed an integrated risk assessment route in relation to metropolitan construction projects based
on the fuzzy set theory. Ajit et al. [10] used the fuzzy c-means algorithm, which works according to the
fuzzy membership between data points and cluster centers to handle volumes of data. Other methods
can be found in the references.

In this study, an integrated risk assessment method for special line shunting is introduced to
assess risks in complex shunting systems based on fuzzy theory. This model not only uses fishbone
diagrams to identify system risk factors qualitatively, but also addresses incomplete or redundant safety
information by a fuzzy reasoning approach (FRA) and can confirm the weight of the contribution of
each risk factor in a hierarchical structure through FAHDP, so that the risk assessment can be progressed
from the indicator level to the criteria level and finally to the target level. Finally, three risk parameters
are used to rank the risks and thereby select appropriate risk response measures. Outcomes of the
proposed risk assessment approach are represented as the risk degrees and the defined risk categories
of risk levels with a belief of percentage, which provide very useful risk information to decision makers.

The structure of the remaining part of the paper has been described below. Section 2 presents a
new risk model, and discusses the application of fishbone diagram, FRA, and FAHP in detail. A case
study on risk assessment of special line shunting at the Yujialiang coal mine is presented in Section 3
to demonstrate the application of the proposed risk assessment methodology. Finally, Section 4
gives conclusions and a summary of the main benefits of using the proposed approach in the risk
assessment process.

2. Risk Assessment Model

Risk assessment is the overall process of risk identification, analysis, and evaluation [11,12]. As an
important part of risk management, risk assessment is not a stand-alone activity; it should be fully
integrated into the other components of the risk management process [5,12]. The risk assessment model
constructed in this paper divides risk assessment activities into five stages: context establishment, risk
identification, risk analysis, risk evaluation, and risk treatment, as shown in Figure 1.



Symmetry 2018, 10, 599

Context Establishment

External Context
(natural environment, social,

safety requirement)

Internal Context
Cequipment quality, safety
management status)

¢

Risk Identification

,.‘\

Hazard factor analysis

Hierarchical structure

Fishbone diagram .
construction

v

Risk Analysis

evaluation
scale

comparison Defuzzification

discriminant matrix

eigenvectors and
fuzzy weights

FRA FAHP System Risk
[ [ 1 i [ _ [
Constructing Establishing Fuzzy reasoning Calculating Calculating
the MF fuzzy rules calculation criterion layer risk target layer risk
Establishing Constructing Solving of

I

‘ Risk Evaluation ‘

Likelihood of

i )

Severity of Risk level

occurrence consequence
Risk cannot bejustified
High risk area savein extraordinary
circumstances
. Risk is undertaken
Moderate risk area X A .
only if a benefit is denied
Low risk arca Necessary to maintain assurance
i e that risk remains at this level
‘ Risk Treatment ‘
[ I I
risk risk risk risk
avoidance reduction sharing retention

30f19

Figure 1. Railway special-line shunting risk-assessment model. FRA: fuzzy reasoning approach; FAHP:

fuzzy analytic hierarchical processing.
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2.1. Context Establishment

This stage mainly states the internal and external challenges faced by the operation of special line
shunting. These challenges include cultural, social, legal, and regulatory factors, as well as the nature
environment, safety requirements, equipment quality, and so on [12]. The context establishment assists
in identifying the natures and types of risk causes, determining disaster-causing factors, and setting
the scope and criteria for risk assessment.

2.2. Risk Identification

Risk identification is the process of finding, recognizing, and describing risks [11-14]. In this
paper, we use fishbone diagram analysis to qualitatively identify hazard factors in railway special line
shunting. The fishbone diagram is a model of suggestive presentation for the correlations between an
event and its multiple possible causes. The structure provided by the diagram helps decision makers
to think systematically. The proposed risk assessment method utilizes hazard factor analysis, the
fishbone diagram, and hierarchical structure construction as inputs [15,16].

2.3. Risk Analysis

Risk analysis is the process of comprehending the nature of a risk and to determine the level of
risk [11,12]. In this stage, we obtain the indicator layer risk level by FRA, and then we use FAHP to
calculate the relative importance of the risk factors to process the risk assessment from the indicator
level to the criteria layer and finally to the target level.

2.3.1. Fuzzy Reasoning Analysis

Fuzzy reasoning analysis can convert risk information, such as expert knowledge, engineering
experience judgement, and historical data, into a mathematical model in the form of fuzzy language,
which encompasses fuzziness and uncertainty from different sources. The resulting model can
quantify and materialize risk information [8,17]. Through the likelihood of occurrence and severity of
consequence, the risk size of a single hazard factor can be obtained by the model. The specific steps are
as follows:

(1) Constructing the Membership Function (MF)
® Stepl: Likelihood of occurrence MF

According to “Railway applications—The specification and demonstration of Reliability,
Availability, Maintainability and Safety”, we can obtain the likelihood of occurrence MF combined
with FRA, as specified in Table 1 and Figure 2.

A
Probability

Remote Rare Infrequent Occasional Frequent Regular

1.0

0.8

0.6

0.4

0.2

-
Likelihood
0 0.002 0.01 0.05 0.25 1.25 6.25 31.25

Figure 2. Likelihood of occurrence MF.
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Table 1. Likelihood of occurrence membership function (MF).

S . Midpoint of Approximate
Linguistic Estimated Estimated Numerical Value MF Parameters
Term Frequency Range
Frequency (Events per year)
Regular 1in 20 days to 1in 1in 2 months 6.25 (1.25,6.25, 31.?75, 31.25)
3 months trapezoid
Frequent 1 in 3 months to 1 1in 9 months 125 (0.25,.1.25, 6.25)
in 1.75 years triangle
Occasional Lin .1'75 years fo 1 1 in 4 months 0.25 (0'05’.0'25’ 1.25)
in 7 years triangle
Infrequent 1in7 yearsto1in 1in 20 years 0.05 (0.01,00.05,0.25)
35 years triangle
Rare 1lin35yearsto1in 1in 100 years 0.01 (0.002,.0.01,0.05)
175 years triangle
Remote <175 years 1in 500 years 0.002 0.0, 0'002’.0'01)
trapezoid

® Severity of consequence MF

According to “Railway applications—The specification and demonstration of Reliability,
Availability, Maintainability and Safety”, we can obtain the severity of consequence MF combined
with FRA as specified in Table 2 and Figure 3.

Table 2. Severity of consequence MFs.

Approximate Numerical

Linguistic Term Description Value (Event/year) Parameters of MFs
Minor Minor injury 0.005 (0,0,0.005, 9'025)
trapezoid
Marginal Multiple minor injuries 0.025 (0.005, (.)'025' 0.125)
triangle
Moderate Single serious injury 0.125 (0025, (.)'125’ 0.625)
triangle
Severe Multlple serious injuries 0.625 (0.125, 9.625, 3.125)
or single fatal injury triangle
Catastrophic 2-5 fatal injuries 3.125 (0625, 3'125.' 55)
trapezoid
A
Probability
10 Minor Marginal Moderate Severe Catastrophic

0.8

0.6

0.4

0.2

»
»
Severity

0 0.0075 0.025 0.125 0.625 3.125

Figure 3. Severity of consequence MF.



Symmetry 2018, 10, 599 6 of 19

® Risk-level MF

According to the “as low as reasonably practicable” (ALARP) principle, as practiced in the UK,
special-line shunting risks are classified into four categories: intolerable, undesirable, tolerable, and
negligible [6]. Combined with fuzzy theory, different risk levels are assigned different risk values to
establish the MF of risk levels as shown in Table 3 and Figure 4.

Table 3. Risk level MF.

Risk Category Description Risk Scores Parameters of MF
Risk is acceptable with /without 0,0,2,3)
Negligible the agreement of the Railway 0-3 e
. trapezoid
Authority
Acceptable with adequate 2,3,5,6)
Tolerable control and with the agreement 2-6 tra’ (;.zé)i 4
of the Railway Authority p
Shall only be accepted when risk
. reduction is impracticable and . (5,6,8,9)
Undesirable with the agreement of the > trapezoid
Railway Authority
Intolerable Risk I.nust b(.e reduced in 311 (8,9,11, 11)
exceptional circumstances trapezoid
A
y
Negligible Tolerable Undesirable Intolerable
1.0
08 —
0.6 —
04 —
02 —
- | T | - | Lo >

Figure 4. Risk level MF.

(2) Establishing fuzzy rules

Fuzzy rules consist of a series of “if-then” rules, which are the core of the fuzzy reasoning
approach [8,18]. The form is as follows:

If x1is Ay, ..., xpis Ay, thenyis By

where A, and B, are the input and output fuzzy sets, x = (xq, x, ..., x)T e, y € V,x and y are input
and output fuzzy vectors, U and V are the domains of the input and output variables, k=1, 2, ...,
m, and m is the total number of fuzzy rules. Fuzzy rules are determined by expert experience and
engineering knowledge; the number of fuzzy rules is determined by the classification of the two inputs
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of fuzzy reasoning of “likelihood of occurrence” and “severity of consequences.” In this paper, the
likelihood of occurrence has six categories of qualitative description, and the severity of consequence
has five categories of qualitative description, so thirty fuzzy rules can be established in total. The
specific content is shown in Table 4:

Table 4. Risk fuzzy rules.

Severity of Likelihood of Occurrence
Consequence Remote Rare Infrequent Occasional Frequent Regular
Catastrophic Tolerable Undesirable  Undesirable =~ Undesirable Intolerable Intolerable
Severe Tolerable Tolerable Undesirable  Undesirable = Undesirable Intolerable
Moderate Tolerable Tolerable Tolerable Undesirable = Undesirable = Undesirable
Marginal Negligible Tolerable Tolerable Tolerable Undesirable  Undesirable
Minor Negligible Negligible Tolerable Tolerable Tolerable Undesirable

(3) Fuzzy Reasoning Calculation

Fuzzy reasoning calculation is the process of transforming fuzzy input values into output values.
In order to obtain the specific output value, the fuzzy set must be solved. The specific steps are
as follows:

® Step 1: Input language fuzziness

Input language fuzziness refers to the process of transforming the known risk information into a
risk level with a certain degree of membership, according to the MF and fuzzification. For example,
the likelihood of occurrence of “psychological abnormality” is 0.015, the severity of consequence is
0.02, and the result of fuzziness can be expressed as {(remote, 0), (rare, 0.875), (infrequent, 0.125),
(occasional, 0), (frequent, 0), (regular, 0)}; {(minor, 0.25), (marginal, 0.75), (moderate, 0), (severe, 0),
(catastrophic, 0)}.

® Step 2: Fuzzy mapping

After the input language is fuzzified, the activated fuzzy rules are found against the fuzzy rule
matrix. The MFs in the active rules are analyzed and calculated, and the fuzzy degree of the conclusion
is obtained [19].

For fuzzy inference rules composed of two input variables and one output variable, such as “if x
is A, and y is B, then z is C”, the input language value is (xo, /o), according to FRA. To obtain the output
language value zy, the excitation intensity (representing the extent to which the first half of the rule is
satisfied) a; must be determined. a; can be obtained by the Cartesian product of the fuzzy set sum.

Assuming that the input language (xo, vo) is fuzzified, the membership degree to which x( belongs
to the fuzzy subset A; is 14,)(x0), and the membership degree to which yo belongs to the fuzzy subset
B; is u( B)) (yo), the fuzzy rules that are activated are: “if x is A; and y is B;, then z is Ci,” and the
excitation intensity 4,4 obtained by fuzzy rules R; can be obtained by Equation (1):

ag = min(u(Ai)(xo),u(Bj)(yO)) @

After obtaining the excitation intensity aq, We can use 4, to obtain the MF of Cy, receiving the
mapping of the first half to conclusion, and obtain the inference results C;* under fuzzy rules R,
cutting can be expressed by Equation (2). This method is often referred to as the clipping method. See
Figure 5 for the FRA process.

By = min (3,1, (2) ) @)



Symmetry 2018, 10, 599

Crnt

A
Y \ g (V)

N

8 of 19

=V

Yo

® Step 3: Fuzzy aggregation operation

»

y

Figure 5. Fuzzy inference.

Ny

From Figure 5, we can see that for xg belonging to two different fuzzy sets A; and A;,, besides
activating the fuzzy rules R, it can also activate other fuzzy rules. Fuzzy aggregation is the process
of integrating the mapping results obtained under all activated fuzzy rules. The integrated result
represents the output fuzzy set of the whole fuzzy reasoning conclusion, corresponding to the union
set of fuzzy relations of each fuzzy rule, as represented by Equation (3) [19]. The process is shown in

Figure 6.
U (z) = max (u(c) (z1),u(e)(22), -+ 1) (zn))
A Ck—l Ck Ck+1
1
fuzynie R CZ
e
A Ck—] Ck Ck+l
1
FUEyl‘Uk?R *
7 Ck+1
e
A Ck—l Ck Ck+l
1
Fuzzy aggregption
results
e

Figure 6. Fuzzy inference aggregation.

®)
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® Step 4: Defuzzification

In the process of FRA, the activated fuzzy rules are analyzed and calculated, and then the MFs
of the output fuzzy sets are obtained by combining the results of inferences obtained by calculation.
In this paper, the method of the circumference centroid is used to solve the fuzziness [9]. The formula
is as follows:

L [fzdo fzz” zu(z)dz
T [fde fZZO” u(z)dz

where z, represents the output value of the FRA conclusion. Substituting this value into the initial
ME, we can complete the qualitative transformation of fuzzy reasoning results. As can be seen from
Figure 7, the membership degree to which the output value belongs to Cj is u(z.); that to which it
belongs to Cy,1 is u(zx) [20].

4)

A
1 Ck+1 Ck+2
u (ch ) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
u (202 ) 77777777777777777777777777777777777777777
z, Z'

Figure 7. Defuzzification.
2.3.2. Fuzzy Analytic Hierarchical Process

Because of human thinking, cognitive fuzziness, and the uncertainty of risk information, the
traditional hierarchical analysis method is unable to provide precise numerical description of these
fuzzy problems, so it is difficult to help decision makers to evaluate the fuzzy decision-making
problems in real life. FAHP is combined fuzzy theory with AHP, thereby allowing more flexible
variation of the expression form of an assessment scale comparison, and can better express expert
opinions [21-23].

(1) Establishing evaluation scale

In the process of pairwise comparison, FAHP uses triangular fuzzy numbers as the evaluation
scale for estimation in the following form: a;; = (I;;, m;;, u;;) where a;; is the score given by experts on the
importance of the item element i relative to the item element j, and ll-]-, m;j, and u;; are evaluation scales
from 1 to 9 satistying the relationship l;; < m;; < u;;. I;; and u;; respectively represent the minimum
and maximum values of the fuzzy range and m;; is the value considered by experts as the most
representative of the relative importance of the two elements [20,21,24]. The meanings expressed by
different score ranges are shown in Table 5 and Figure 8.
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Table 5. Evaluation scale.

Qualitative Descriptors Description Triangular Fuzzy Numbers
Same The two elements are exactly the same 1,11
Equal importance The two element: lfllll'relt(i)r’f1 ;(gjlaeln itrnportance to the (1,1,2)
Weak importance One element is slightly stronger than the other (2,3,4)
Strong importance One element is stronger than the other 4,5,6)
Very strong importance One element is significantly stronger than the other 6,7,8)
Absolute importance One element is definitely stronger than the other 89,9

y Equal . Weak Strong Very strong Absolute
importance importance importance importance importance
1 .O A A A A
o 1 2 3 4 5 6 7 8 9 X

Figure 8. Evaluation scale score diagram.

(2) Constructing comparison discriminant matrix

For a hierarchical structure containing # individual elements, the following comparison judgment
matrix can be constructed by comparing the two elements in the layer and using the scores 4;; obtained
by the experts according to the evaluation scale table.

a1 412 1.n
A _ | f21 422 2.1 )
nxn —
a1l  an2 An.n
The matrix element a;; = (I;;, m;;, u;;) should satisfy the following two conditions:
1 1 1 1
aji = — = A AT (6)
{Ill']' Ml']' ml-]- 11]
ajj = (1r 1, 1) (7)

(3) Solving of eigenvectors and fuzzy weights

Suppose ap = (lp, my, up) and ag = (lq, myg, uq), representing two different triangular fuzzy numbers
respectively [24,25]. The fuzzy operation rules of the two numbers are as follows:

ap —ag = (lq —lp,mg —mp,uq — ”P) ©
ap x ag = (lg X Ip,mg X mp, g X up) (19
ﬂp/ﬂq = (ll”/”q/ m?’/mq/ ”p/lq) (11)
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In this paper, the geometric average method is used to integrate the evaluation results of several
experts; see [20] for details.
fi = (dm X ai,Z X ... X 111',”)1/”
1/n 1/ 1/n
= |:(li,1 Xli,Z X ll] Xli,n) ,(mirl ><mi/2 X ml] xmi,n) n/ (uirl ><ui,2 X Z/ll] xui,n) ] (12)

= (li/ mj, ui)

o fi
w; = S hols (13)

where f; is the geometric average of the judgment matrix row i and w; is the weight of the risk factor i.
(4) Defuzzification

As the obtained characteristic value w; is a fuzzy value, the fuzzy value must be transformed into
a non-fuzzy value by defuzzification. In this study, the inverse triangulation fuzzy number formula is
adopted [20]. Assuming the triangulation fuzzy number w; = (I;, m;, u;), the defuzzification calculation
formula is as follows:
(i — i) + (m; — ;)

341

In order to compare the relative importance of different evaluation indices, the fuzzy weight value

is normalized according to the following formula:

DF,, = (14)

o DFy
e ZDle

(15)

2.3.3. System Risk
(1) Calculating criterion layer risk
The risk size of the criterion layer can be obtained by Formula (16), with specific references [6]:
n
RLeriterion—layer = g RLgwg,i=1,2,...,n (16)
(2) Calculating target layer risk
The risk size of the target layer can be obtained by Formula (17), with specific references [6]:
n
RLiarget—1ayer = 1_21 RLeiterion—layerWeriterion—layersi = 1,2,..., 1 (17)
2.4. Risk Evaluation

Risk evaluation is the process of comparing the results of risk analysis with risk criteria to
determine whether the risk is acceptable or tolerable [11,12]. After the system risk was obtained
through the above steps, we should use “ALARP” principle to analyze “likelihood of occurrence”,
“severity of consequence” and “risk level”, to determine which risk area the risk events belong to and
what measures should be taken [26,27].

2.5. Risk Treatment

Risk treatment is an important sub-process of the risk management process and one of the
purposes of risk assessment [11,28]. As the output of risk assessment, risk treatment is implemented
according to the priority of risk response. According to the results of risk evaluation, special line
shunting risk can be addressed in four ways, including risk avoidance, risk reduction, risk sharing,
and risk retention [29].
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3. Case Application

3.1. Context Establishment

The Yujialiang coal mine special line is located in the Huangyangcheng station of the ShenShuo
Railway. It is used for coal transportation by the ShenDong Group. Because of the heavy transportation
tasks, complex topography, regional landforms, harsh climate, and environment, the operation quality
of the equipment and the ability to resist natural disasters are obviously inadequate. Furthermore,
shunting safety involves multiple jobs and work links, such as vehicles, electric locomotives, power,
etc. The dynamic control of safety risk is quite difficult, and insufficient control may easily induce
collisions, derailments, and other inertial vehicle adjustment accidents, which will affect railway
transportation safety.

3.2. Risk Identification

3.2.1. Hazard Factor Analysis

According to “Classification and code for the hazardous and harmful factors in process” (GB/T
13861-2009), the Yujialiang coal mine special line shunting hazard factors can be divided into human,
management, environmental, and equipment factors, details are shown in Table 6.

Table 6. Hazard factor analysis.

Hazard Groups Hazardous Events Description
Abnormal psvcholo Lack of focus at work, easily distracted, daze
psy 2 phenomenon; constituting violation of personal safety
. High work intensity can cause insomnia,
Unsafe behavior of personnel Physical defects trichomadesis, hypertension, and other ailments that
cause production safety accidents
Low intellectual quality The employee’s own cultural level cannot adapt to the

job requirements

Inadequate manufacturing strength of protective
equipment; workers do not wear protective equipment
as required

Defect of protective equipment

Unsafe condition of equipment

Shunting equipment malfunction Radio damage, rail damage, fastener failure

Unsafe protection facilities

Lack of necessary safety facilities

Environmental insecurity

Natural disasters

Landslides, debris flows, and other geological disasters

Poor public security environment

Stolen coal, damaged reinforcements, rail damage

Poor working environment

Outdoor operation in hot summers and cold winters
can cause occupational disease

Defects in management

Imperfect rules and regulations

Rules and regulations are not revised in a timely
manner and emergency plans lack practicability

Safety hazards in the joints

The shunting involves a wide range of aspects and the
operation organization is complex, involving a large
number of personnel

Field operation out of control

Difficult to achieve all-weather monitoring and control
of key operation links

3.2.2. Fishbone Diagram

The fishbone diagram for the Yujialiang Coal Mine special line, constructed according to the

classification and analysis of the hazard factors, is shown in Figure 9.
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Unsafe behavior of personnel el D@ 6

equipment
Physical Defect of -
defects protective Shunting
equipment equipment
malfunction
Abn}i)r{nal Tow S—
psychology intellectual nsate
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q facilities
Yujialiang coal
P mine special line
Tmperfect shunting risk
rules and
. regulations
disasters Poor working Safety
environment hazards in
Poor public the joints
security Field operation
environment out of control
Environmental insecurity Defects in management

Figure 9. Hazard factor identification.

3.2.3. Hierarchical Structure Construction

According to the fishbone diagram of the hazard factors, the hierarchical structure of “target
layer—criterion layer—indicator layer” is constructed as shown in Figure 10:

Yujialiang coal mine special line shunting risk Target layer

Criterion
layer
Unsafe behavior of personnel Unsafe condition of equipment Environmental insecurity Defects in management
Indicator
layer
B : Safety Field
Abrormal | Physical | . Low Defectlof Shunting Unsa€e Natural | Foor pL}bllc Poor hazards Imperfect —
intellectual protective | equipment | protection . security working N rules and
psychology | defects 5 . : s disasters 5 a in the . n out of
quality equipment | malfunction | facilities environment | environment | o regulations trol
join control

Figure 10. Staircase substructure.

3.3. Risk Analysis

3.3.1. Risk of Indicator Layer Hazard Factors

According to the historical data and expert opinions on the operation of special line of the
Yujialiang coal mine, the likelihood of occurrence and severity of consequence about the risk events of
hazard factors in the indicator layer are obtained comprehensively, and then the risk of hazard factors
in the indicator layer is obtained using FRA. Details are shown in Table 7.
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Table 7. Yujialiang coal mine special line shunting risks of indicator layer.

14 of 19

Likelihood of Severity of

Target Layer  Criterion Layer Indicator Layer Occurrence Consequence Risk Score Risk Category
Abnormal 0.015 0.02 342 Possible 100%
psychology R11
Unsafe behavior  physical defects R12 0.01 0.03 4.00 Possible 100%
of personnel R1 Low intell .
ow Intellectua 320 0375 7.92 Substantial 100%
quality R13
Defect. of protective 0.008 0.03 3.49 Possible 100%
equipment R21
Unsafe - -
condition of Shunting equlpment 0.20 0.015 4.00 Possible 100%
i equipment R2 malfunction R22
waliang Defect of protective :
coal mine . 0.20 0.01 4.00 Possible 100%
1 equipment R23
;peaal lmek N i Possible 50%
shunting ris atural disasters ossible 50%
R31 0.75 0.025 550 Substantial 50%
Environmental  poor public security .
insecurity R3 environment R32 1.00 0.02 6.17 Substantial 100%
Poor working 0.50 0.01 494 Substantial 100%
environment R33
Safety hazards in . o
the joints R41 0.10 0.015 4.00 Possible 100%
Defects in Imperf 1 d
perfect rules an . o
management R4 regulations R42 0.01 0.02 3.42 Possible 100%
Field operation out 0.60 0.10 6.10 Substantial 100%

of control R43

3.3.2. Relative Weights of Indicator Layer Hazard Factors

The relative weights of indicator layer hazard factors are assigned by consulting experts on the
site and combining their opinions with the actual safety situation, yielding the following matrices:

(L,1L,1)  (L,23) (1/7,1/61/5)
Aperson = (1/3/ 1/2, 1) (1/ 1, 1) (1/8/ 1/7, 1/6)
(5,6,7) (6,7,8) (1,1,1)
(1,1,1) (1/5,1/4,1/3) (2,3,4)
Afacility = (3,4,5) (L11)  (L23)
(1/1,1/3,1/2)  (1/3,1/2,1) (1,1,1)
(1,1,1) (1/4,1/3,1/2) (2,3,4)
Aenvironment - (2/ 3, 4) (1/ 1, 1) (5/ 6, 7)
(1/4,1/3,1/2) (1/7,1/6,1/5) (1,1,1)
(1,1,1) (3,4,5) (1/3,1/2,1)
Amanagement = (1/5/ 1/s, 1/3) (1, 1, 1) (1/6, 1/s5, 1/4)
(1,2,3) (4,5,6) (1,1,1)

(18)

(19)

(20)

(21)

The relative weight of each hazard factor in the indicator layer can be obtained by defuzzification,

as shown in Table 8.

Table 8. The index layer hazard factor weight.

Criterion Unsafe Behavior of Unsafe Condition of Environmental Defects in
Layer Personnel Equipment Insecurity Management
Indicator layer W} w2 W3 Wi W7 W} wl w2 wsowL o owr w?
Weight 0.21 0.14 0.65 0.24 0.57 0.19 0.29 0.61 0.10 0.36 0.08 0.56
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3.3.3. Relative Weights of Hazard Factors in Criterion Layer

The relative weights of hazard factors in the criterion layer are assigned by consulting experts
and combining their opinions with the actual safety situation, forming the following matrix:

(1,1,1)  (6,7,8)  (2,3,4) (4,5,6)

A _ (1/8,1/7,1/6) (1,1,1) (1/5,1/4,1/3) (1/3,1/2,1) 22)
criterion—layer (1/4, 1/3, 1/2) (3’ 4, 5) (1, 1, 1) (1, 2, 3)
(1/6,1/5,1/4) (1,2,3) (1/3,1/2,1) (1,1,1)

The relative weight of each index in the criterion layer can be obtained by defuzzification.

w! = 0.58; W2 =0.05, W3 =025, Wt =0.12

criterion—layer criterion—layer criterion—layer riterion—layer

3.3.4. System Risk Calculation

According to Equation (16), the risk of each hazard factor in the criterion layer can be obtained:
RLyerson = 6.43; RLfacitity = 3.88; RLengironment = 585; RLmanagement = 5.13

According to Formula (17), the risk size of the target layer can be obtained:

4
RLgestination—layer = '21 RL;w; = RLyw1+RLyw; + RLzws + RLywy
i=

= 6.43 x 0.58 + 3.88 x 0.05 + 5.85 x 0.25 +5.13 x 0.12 (23)

= 6.00

3.4. Risk Evaluation

”

We can find that the system risk is 6.00 by the above calculation and 100% is an “undesirable
risk. Therefore, further analysis should be made. In this stage, we use the likelihood of occurrence, the
severity of consequences, and the risk level to analyze the system risk. The left of Figure 11 sorts the
results of risk likelihood of occurrence, the right sorts the results of severity of consequences, and the
center sorts the results of risk level. The following conclusions can be drawn:
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Likelihood of Severity of
occurrence consequence

[
\ Risk level '
\ |/
\ / /

N

/
7 Ru Abnormal psychology
Riz Physical defects
@ RusLow intellectual quality
Rz Defect of protective equipment

Rz2 Shunting equipment

malfunction

R23 Unsafe protection facilities

l:l Possible RaiNatural disasters

Rs2Poor public security environment
— High risk area Rss Poor working environment

Moderate risk area Rui Safety hazards in the joints

_______ Low risk area Ra2Imperfect rules and regulations

Ru Field operation out of control

Figure 11. The order of hazard factor risk.

(1) “Low knowledge quality” hazard factors have the characteristics of high occurrence rates,
serious consequences, and high risk; the risk level thus obtained falls into the high-risk area. Therefore,
control measures should be taken before, during, and after such risks occur to reduce the likelihood of
occurrence of similar events and losses. Risk levels must be reduced to the “ALARP” region. Similar
characteristics apply to the “poor public security environment,” “inadequate safety inspection,” and
other factors.

(2) The risk event probability of hazard factors such as “poor operating environment” and
“unreliable protection facilities” is high; while the risk loss is relatively small, they remain “undesirable”
risks. In order to reduce the likelihood of occurrence of such risk events, it is necessary to improve the
operating environment and strengthen the quality of protective facilities.

(3) The likelihood of occurrence of risk events such as “physical defects” is relatively low, but the
risk loss is relatively serious; the risk is thus tolerable. To address such risks, we should strengthen
medical examinations, prevent occupational diseases, and minimize possible casualties and property
losses to reduce the risk.

(4) The likelihood of occurrence and losses caused by “imperfection of laws and regulations” are
relatively low, and the risk level is tolerable. Such risks should be monitored and controlled within

acceptable limits, considering the cost-benefit principle.
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3.5. Risk Treatment

(1) Risk avoidance. In case of severe storms and snow, natural disasters such as landslides and
mud-rock flows occur easily, causing casualties and property losses. In such cases, emergency plans
should be initiated to strengthen the safety control of shunting. Shunting should be stopped when
severe weather reaches a certain level to avoid risk.

(2) Risk reduction. For predicable hazard factors such as “incomplete safety inspection” and
“low knowledge quality,” the source control should be strengthened, the quality of education training
for employees should be improved, and the likelihood of occurrence of such risk events should be
reduced. Simultaneously, emergency plans should be launched soon after events occur and handled in
accordance with the “five determinations” principle to reduce the consequences of risk events. For
unpredictable risks such as “poor security environment,” it is necessary to strengthen risk information
collection and act to reduce the uncertainty of risk events.

(3) Risk sharing. Sharing is a common way to address risks. For the “safety hazard of the joint
department,” the responsibilities of each type of professional work and personnel in each position
can be clearly defined, and the joint department risk can be detailed and subcontracted to each type
of work.

(4) Risk retention. For hazard factors such as “psychological abnormality” and “physical defects,”
we should take the initiative to accept the adverse consequences and prepare funding in advance for
risk events caused by these hazard factors, thereby strengthening the mental health education and
rehabilitation training of employees to prevent the occurrence of such events.

4. Conclusions

Traditionally risk assessment techniques currently used in the railway industry heavily rely on
the availability and accuracy of risk information, sometimes they are unable to deal with incomplete
or uncertain data. This paper presents a new integrated railway special line shunting risk assessment
model using fishbone diagrams, FRA, and FAHP, that addresses both quantitative and qualitative
risk information. The model can also overcome the drawbacks of a single risk assessment technique,
which cannot acquire reliable results in the risk assessment process. The model is applied to the special
line shunting of the Yujialiang coal mine, the results reveal that by using the proposed model, risks
associated with a special line shunting system can be assessed effectively and efficiently, and more
reliable and realistic solutions can be obtained. It provides railway special line safety risk managers,
engineers, and decision-makers with a tool to improve their safety management standards.
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