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Abstract: Shunting operation is risky and complex because of the nonlinear coupling effect of
personnel, equipment, environment and management, which reflects symmetry, can easily cause
shunting derailment accidents. Traditional railway safety risk assessment techniques seldom consider
the nonlinear coupling relationships of hazard factors in the shunting process,. The Decision Making
Trial and Evaluation Laboratory (DEMATEL) and Analytic Network Process (ANP), which are
applicable to the coupling analysis of complex systems, have been used in many areas to overcome
this shortcoming. Thus, this paper built a hybrid model, developed by integrating DEMATEL and ANP
methodologies, to determine the multifarious interdependencies’ relative strengths among the hazard
factors and to assess the relative importance of the hazard factors with Super Decision (SD) software.
By constructing the “frequency-consequence-vulnerability” three-dimensional risk parameter model,
the risk magnitude of shunting derailment could be obtained through risk aggregation process.
Finally, the model was applied to the risk assessment of shunting derailment in Huangyangcheng
station, the results revealed that this model was effective and efficient, which could yield more reliable
and realistic solutions to the shunting safety.

Keywords: shunting derailment; risk assessment; risk coupling; DEMATEL; ANP; vulnerability;
three-dimensional risk parameter model

1. Introduction

Railway shunting operation is a complex dynamic system and full of symmetry, which has
the characteristics of all-weather operation, high labor intensity, wide scope of operation, diverse
operation objects and complex operation organization; in addition, the public security environment
and climate environment often change, all these factors can trigger shunting derailment accidents
and cause casualties or property losses. Shunting derailment accident refers to the event that during
shunting operation, the wheels of locomotive, vehicle, bullet train and heavy railcar fall off the track
surface, charge into the stop buffer or track by themselves after derailment. The causal chain theory
of accidents proposed by Heinrich clarified the relationship between various factors leading to the
casualty accidents, as well as the relationship between these factors and casualties. The theory held
that every accident was not caused by a single factor, but by a large number of unsafe behaviors and
unsafe conditions [1,2]. Haddon’s theory of accident control argued that an accident was an abnormal,
or unwanted, transfer of energy, that various forms of energy constituted the direct cause of the accident,
and that each energy change had an energy source, a path, and a receiver [3,4]. The above theories
further indicate that there are complex relationships among personnel, equipment, environment and
management factors in shunting operation process, and this kind of relationship has important effect
on shunting derailment accidents. Therefore, it is of great significance to assess the shunting derailment
risk to ensure shunting safety. Furthermore, recognizing, analyzing and highlighting the important

Symmetry 2019, 11, 1359; doi:10.3390/sym11111359 www.mdpi.com/journal/symmetry


http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
http://dx.doi.org/10.3390/sym11111359
http://www.mdpi.com/journal/symmetry
https://www.mdpi.com/2073-8994/11/11/1359?type=check_update&version=2

Symmetry 2019, 11, 1359 2 0of 18

hazard factors can assist in proper planning, successful implementation of risk management and
appropriate responses to eliminate, transfer or control the corresponding shunting risks.

The concept of “coupling” derives from physics and refers to the phenomenon that two or
more systems or motion forms interact with each other through various interactions so as to interact
jointly [5,6]. Coupling has different meanings in different fields. In the field of risk management,
risk coupling refers to the degree of interdependence and interaction among different risk factors
in the process of complex system activities [7]. At present, many experts and scholars have studied
risk coupling, involving engineering, finance, coal mining and other related fields. Kameshwar and
Padgett [8] used a parameterized fragility method to assess the portfolio risk of highway bridges. Jiang
and Fan [9] studied the coupling relationship between credit risk contagion and sentiment contagion
with the help of propagation dynamics theory. He et al. [10] used electromagnetic emission and
micro-seismic coupling method to evaluate the risk of rock burst in coal mines, and the research results
provided a basis for the control and effect detection of rock burst.

However, the traditional railway safety risk assessment methods seldom consider the mutual
coupling relationships among hazard factors. For example, the analytic hierarchy process (AHP)
technology just considers the dominant effect of the upper level elements on the lower level when
calculating the risk weight, and assumes that the elements in the same level are independent of each
other, which is difficult to accurately reflect the feedback effect of the lower level elements on the upper
level of the system and the mutual influence of the elements in the same level. ANP, as an extension of
AHP, is a useful tool for settling complex decision making problems, which can assess the dependencies
and feedbacks among factors in different clusters to select the relative weights of the risk factors [11,12],
and it has been applied in many fields. Yang et al. [13] proposed a multicriteria optimization and
compromise solution model using ANP and DEMATEL methods, which could handle information
security and risk-control problems. Chang et al. [14] used ANP, fuzzy Delphi and TOPSIS to select
the best location of service apartments in Taiwan. Farias et al. [15] used an integrated approach
based on ANP to assess the effect of green and lean practical activities on organizational performance
and prioritize improvements in the system. Yeh et al. [16] studied the key elements considered in
affecting the location of wind farms, ANP and DEMATEL approaches were applied to explore the
correlation among the dimensions and the weights of criteria. DEMATEL method can also handle
complex relationships among system factors, and it is often used to draw the relationships concerning
interdependencies and the intensity of interdependence among complex elements in an evaluation
index system, so as to screen evaluation indicators [17-19]. Hwang et al. [17] applied DEMATEL
approach in the risk assessment process of project life cycle to systematically determine and evaluate
the potential relationship between hazard factors. Vinodh and Vikas [18] used a fuzzy multi-criteria
decision-making approach to choose the best Lean Six Sigma (LSS) project for an automotive component
company, Fuzzy-DEMATEL was used to calculate the interdependencies between LSS criteria.

However, DEMATEL and ANP methods also have some shortcomings. Firstly, DEMATEL
technology is not suitable for calculating the relative weight of risk criteria. Secondly, ANP cannot
be used to analyze the complex influence relationship of system factors in risk identification stage.
Thirdly, both of them have no clear definition on relative importance, causing the idea of judgment
matrix construction contradictory. Actually, the DEMATEL-ANP approach can address the above
problems, especially in dealing with complex systems and limited information. The influence degrees
of each factor can be obtained by DEMATEL method, and then the ANP method can be applied to
get risk factor’s relative weights. Thus, integrating DEMATEL with ANP can effectively identify
the critical attributes of shunting derailment and evaluate weights of hazard factors. And we can
define the connotation of “influence” for DEMATEL and ANP methods, where the influence degree
in DEMATEL method represents “influence on interaction”, while in ANP approach it represents
“influence on importance”. Many fields are showing increasing interest in utilizing the DEMATEL-ANP
method. For example, Buyukozkan and Guleryuz [19] applied DEMATEL and ANP approaches
to select the most appropriate renewable energy resources in Turkey. Hu et al. [20] developed a
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framework for air cargo terminal service quality using DEMATEL technology combined with ANP
method. Shao et al. [21] applied a hybrid model based on DEMATEL and ANP methods to improve
the green building assessment system in China. Dehdasht et al. [22] used DEMATEL-ANP model
to conduct risk assessment in oil and gas construction projects to help making policies for ensuring
reliable energy supply schedules.

Risk refers to the effect of uncertainty on objectives [23]. Risk is often expressed by a combination
of the consequence of an event and the probability of occurrence [24]. At present, the two-dimensional
risk matrix model of frequency - consequence is commonly used. Hsu et al. [25] used the improved
frequency-consequence matrix to evaluate the transportation safety of dangerous goods by air.
Jacek [26] used fuzzy risk matrix to assess aviation risks. Zhang and Sun [27] used two-dimensional
risk parameters to assess the safety risk of railway special line shunting. However, two-dimensional
risk parameter model does not consider other attributes of risk, and its oversimplification has drawn
criticism from many experts [28,29]. In view of the complexity of hazard factors, many experts tried
to conduct three-dimensional risk assessment model. Aven et al. [30] considered manageability as
an important factor. Cagno et al. [31] believed that controllability should be taken as an evaluation
parameter of the expected impact before and after the adoption of risk measures. Zhang [32] took
vulnerability as the third parameter of project risk assessment. Han et al. [33] took materiality as
the evaluation parameter of international project risk management. Vulnerability is an important
concept of natural science and social science, which is widely used in climate change, biophysics,
risk management and disaster management. Due to different research objects, we can get different
definitions, and there is no consensus on the concept. International Organization for Standardization
defined vulnerability as “Intrinsic properties of something resulting in susceptibility to a risk source
that can lead to an event with a consequence”. In view of the complexity of shunting derailment
risk affected by coupling factors, the concept of vulnerability is given, which refers to the situation
or state that shunting derailment is easy to occur in shunting operation due to the coupling effect of
internal and external elements. In this paper, vulnerability is taken as the third parameter of shunting
derailment risk assessment to ensure a better evaluation effect.

In this study, we proposed an integrated and innovative railway shunting derailment risk
assessment model based on DEMATEL and ANP methods. This model could not only be used to
explore the network relationship of hazard factors for coupling analysis but also could obtain the
influential weights of the hazard factors in shunting operation system. In the risk identification
stage, DEMATEL method was used to choose the risk factors and quantitatively express the degree of
interaction among risk factors. While in the risk analysis stage, the risk magnitude of hazard factors
was calculated by building a three-dimensional risk parameter model, and ANP method was used
to quantitatively analyze the influence of the relative importance weight of disaster factors with SD
software, so as to obtain the shunting derailment risk. In the risk evaluation stage, radar chart was
used to evaluate the frequency, consequence, vulnerability and weight after normalization, so as to
establish the sequence of risk response. Finally, the approach was applied to the risk assessment of
shunting derailment in Huangyangcheng station.

The remaining structure of this paper was as follows: The second chapter introduced the risk
assessment method of this paper, including the application of DEMATEL and ANP methods in
different stages of risk assessment, and the construction of “frequency-consequence-vulnerability”
three-dimensional risk parameter model. The third chapter introduced the practicability of the
method by taking the risk assessment of shunting derailment in Huangyangcheng station as an
example. Chapter four summarized some views of policymakers on the use of the DEMATEL-ANP
model. Chapter five summarized the innovation of this research and pointed out the advantages and
disadvantages of this method.
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2. Risk Assessment Model for Railway Shunting Derailment

Risk assessment is the whole process of risk identification, risk analysis and risk evaluation [34].
In this section, we introduced the integrated model that combines DEMATEL with ANP to set up the
interdependent structure and gain the weights of the shunting derailment hazard factors in a coupled
environment. Figure 1 presented an overview of the shunting derailment risk assessment process,
which was also a hybrid proposed model using both DEMATEL and ANP. As shown in Figure 1,
the model consisted of three main stages, which included risk identification, risk analysis and risk
evaluation of shunting derailment based on both ANP and DEMATEL methodologies.

Stage 1

Risk Identification

‘ Step1: Forming a group of experts ‘

‘ Step2: Analyzing shunting derailment information ‘
I
‘ Step3: Establishing the direct influence matrix

I

‘ Step4: Normalizing the direct influence matrix ‘
T DEMATEL

‘ Step5: Calculating the total-relation matrix ‘
1

‘ Step6: Drawing cause and effect diagraph ‘

Stage2
Risk Analysis

‘ Step1: Calculating the vulnerability of shunting derailment risk ‘

‘ Step2: Classifing risk parameter magnituge ‘

‘ Step3: Calculating shunting derailment hazard factors risk ‘

I
8

‘ Step4: Constructing ANP network structure ‘

|

‘ Step 5: Calculating the unweighted supermatrix ‘

‘ Step6: Establishing the weighted supermatrix ‘

‘ Step7: Computing the limiting supermatrix ‘

I
4

‘ Step8: Calculating the shunting derailment risk ‘

Stage3
Risk Evaluation

‘ Step1: Normalizing factors ‘

|

‘ Step2: Using radar map for shunting derailment risk evaluation ‘

Figure 1. Shunting derailment risk assessment model.



Symmetry 2019, 11, 1359 50f 18

2.1. Identification of Shunting Derailment Hazard Factors

In this stage, the collected risk information was analyzed by experts to preliminarily form a
list of hazard factors, and then DEMATEL method was used to further analyze the cause-and-effect
coupling relationship among the factors to obtain the interaction intensity sequence of hazard factors.
The specific steps were as follows:

Stepl: Selecting a group of experts to evaluate the interaction effect of hazard factors, and giving
suggestions on safety information analysis in the evaluation process.

Step2: Analyzing the shunting derailment information. The collected shunting derailment risk
data was used to analyze the safety situation of shunting with the help of experts” experience to form a
list of hazard factors about shunting derailment.

Step3: Establishing the direct influence matrix. Assuming exist the following express instructions:
(0, no influence), ( 1, small influence), (2, moderate influence), (3, high influence), (4, great influence),
the selected experts were requested to give the degree of direct influence that each factor i exerted
on each factor j, which was denoted by a;j,and the direct influence matrix A could be expressed by
Equation (1):

[ ai {Illj a1y 1
A= (tli]')an =1 ap . ajj e ap, |(1<i<n1<j<n) 1
| an 1 ann |

Step4: Normalizing the direct influence matrix. Equation (2) and (3) were used to get the
normalized direct relation matrix D.

m
k=1 Y 0 @
j=1
1
D= EA 3)

Step5: Calculating the total-relation matrix [13]. The total-relation matrix T could be calculated by
Equation (4), where I was the identity matrix.

T=D+D*+D*+...+ D" =D(I-D)"'= (ty)wa(i,j =1,2,...n). (4)

What's more, we could get row sum and column sum from matrix T, which could be expressed

by Equation (5) and (6).
R:wm{24 ©
=1

nx1

1Ixn (6)

F=(f}), =) 1xn= [Z tij
i=1

where r; represented the row sum of the ith row in matrix T, and it expressed the sum of total effect
of element i on the other elements. Similarly, f; represented the column sum of the jth column in
matrix T, and it represented the sum of total effect that element j had received from the other elements.
In addition, (7; + f;) denoted the degree of the central role, representing the strength of influence that
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element i gave and received. If (r; — f;) was positive, then element i was an affecting element, and if (7;
- fﬂ was negative, then element i was an affected element.

Step6: Drawing cause and effect diagraph. The graph was drawn using (; + f;) as the horizontal
axis and (r; — fj) as the vertical axis, and the less influential hazard factors were eliminated.

2.2. Analysis of Shunting Derailment Risk

In this stage, the definition of vulnerability was given and a “frequency-consequence-vulnerability”
three-dimensional risk parameter model was constructed. The risk level of hazard factors was calculated
by semi-quantitative analysis. ANP was used to measure the relative weights of hazard factors, so the
magnitude of shunting derailment risk could be obtained.

2.2.1. Risk Calculation of Shunting Derailment Hazard Factors

By defining “vulnerability”, the “frequency-consequence” two-dimensional risk parameter model
was extended to “frequency-consequence-vulnerability” three-dimensional risk parameter model to
calculate the risk size of hazard factors.

Stepl: Calculating the vulnerability of shunting derailment risk. According to the concept of
“vulnerability” in this paper, it was closely related to the coupling of shunting derailment hazard
factors. “Vulnerability” was calculated by Equation (7), and then it was classified in step2, so as to
unify the expression forms with other parameters to conduct semi-quantitative analysis.

ri fi .
vi:(l_._ﬂ)(l—i_ﬂ) (1<i<n). (7)

1

Where, v; was vulnerability, r; was the row sum of the ith row in matrix T, f] was the column sum
of the jth column in matrix T.

Step2: Classification of risk parameters. According to the semi-quantitative risk classification
method of frequency and consequence in the British Standard for railway application [35], the occurrence
frequency and consequence of shunting derailment risk could be classified into five levels, as shown
in Tables 1 and 2. At present, there were no appropriate grading criteria for vulnerability, the risk
vulnerability of shunting derailment was divided into five levels considering the expert’s experience in
Table 3. According to “As Low As Reasonably Practicable” criterion, the shunting derailment risk level
could be divided into four rankings in Table 4 [36,37].

Table 1. Frequency ranking scheme.

Linguistic Term Frequency Range AP‘I;:I(): ;I(I;s:li\t]sl;;zl:)cal Scale Value
Improbable 1in 35 years to 1 in 175 years 0.01 1
Remote 1in 7 years to 1 in 35 years 0.05 2
Occasional 1in 1.25 years to 1in 7 years 0.25 3
Probable 1in 3 months to 1 in 1.25 years 1.25 4
Frequent 1in 20 days to 1 in 3 months 6.25 5

Table 2. Consequence ranking scheme.

Linguistic Term Description AP\I;:I(:;‘ ;T;Ea‘::g;;;:::)cal Scale Value
Minor Minor injury 0.005 1
Marginal Multiple minor injuries 0.025 2
Moderate Single serious injury 0.125 3
Severe Multiple serious'ir'ljuries 0.625 4
or single fatal injury
Catastrophic 2-5 fatal injuries 3.125 5
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Table 3. Vulnerability ranking scheme.

Linguistic Term Description Value of Number Scale Value
Weakly feedback to the
Teeny coupling effect [1.00, 1.10) 1
Small Slight feeFlback to the [1.11,1.20) 2
coupling effect
Medium A little reaction to the [1.21,1.30) 3

coupling effect
Obvious response to the

Big coupling effect [131,1.50) 4
Large Strong ;‘if‘rfgzgggt the [151,2.00) 5
Table 4. Risk level ranking scheme.
Qualitative Description Response Strategy Scale Value
TG E sl vl T X
Tolerable Acceptable with adequate control and with 7,9]

the agreement of the railway authority
Only be accepted when risk reduction is
Undesirable impracticable and with the agreement of the [10,12]
railway authority
Risk must be reduced in exceptional
circumstances

Intolerable [13, 16]

Step3: Calculation of shunting derailment hazard factors risk. The three-dimensional risk
parameter model could be expressed by Equation (8), and we could get the risk size of hazard factors
by Equation (9).

RLhuzurd = F(L, S, V) (8)

Where, RLj,;,q,g Was the risk size of the shunting derailment hazard factor, L was frequency, S was
consequence, and V was vulnerability.

RLhazard =L+S+V (9)

Where, RLygz2004, L, S, V were all discrete integers.

There were two explanations about the risk magnitude calculation of shunting derailment
hazard factors:

(1) A semi-quantitative analysis method could be used in three-dimensional risk assessment.
Semi-quantitative analysis was an analytical method that made qualitative analysis datamation
and mathematical operation possible. Semi-quantitative analysis was expressed by data (such
as 1, 2, 3, etc.), but without accurate values (such as 3.8, 8.43, etc.), so it was not as accurate
as quantitative analysis. When “frequency-consequence” two-dimensional matrix was used for
semi-quantitative risk assessment, the risk magnitude corresponded to a discrete point in the plane
graph, while the “frequency-consequential-vulnerability” three-dimensional risk parameter model
was used for semi-quantitative risk assessment, each risk parameter scale could be expressed in the
form of numerical value, while the risk magnitude of hazard factor events corresponded to a discrete
point in three-dimensional space.

(2) “Addition” algorithm was suitable for three-dimensional risk assessment. In a two-dimensional
risk matrix, the magnitude or magnitude of the risk was expressed as the “combination” of the result
and its possibility, not only specifically referring to the “multiplication” relationship, but also could be
“addition” relationship, or other functional relations. Literature [35] point out that the adoption of
“multiplication” algorithm for frequency and results might lead to inaccuracy and inconsistency of
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the final risk magnitude, and it suggested using “addition” algorithm. When the semi-quantitative
method was used to get the risk magnitude of hazard factor events, if the “multiplication” algorithm
was adopted for three dimensional parameters calculation, the results might be less accurate than
two-dimensional parameter model, so the “addition” algorithm was adopted in this paper.

2.2.2. The Weights Calculation of Shunting Derailment Hazard Factors

ANP was a useful tool for settling complex decision making problems, it could be used to obtain
the weights of hazard factors with SD software. SD software was a typical ANP computing software,
which could construct a decision model with dependency and feedback, and obtain the results by using
the supermatrix calculation of network analysis. It was a simple and easy to use software package.
This paper used this software to calculate the risk weights of shunting derailment hazard factors.
The calculation process could be described in the following steps:

Step 1: Constructing ANP network structure. This paper only considered a single risk control
criterion, named railway shunting derailment risk, which could also be called risk assessment objective.
Therefore, the ANP hierarchy had only a network layer, which was composed of hazard factors
governed by a single risk criterion and could be divided into multiple hazard subsets, where internal
network structure was interactive.

Step 2: Calculating the unweighted supermatrix. Suppose the network had element sets Cy, Cs,
..., Cy,and ¢, €, ..., ej; was the element of set C;. Under a single risk criterion, we could take
e jl(l =1,2,3,...,n j) as the secondary criterion, where ejr belonged to set C jr and compare the elements
in set C; in terms of their effect on ¢j, so we could get the matrix Wj;, as represented by Equation (10).

i1 2 inj
wﬂl, wi«lz’ cee ,w%l
J J J
Wij = 27777 R (10)
2 jnj
in,-’ iﬂi’ s ini

If factors in set C j were not influenced by factors in set C;, then Wij =0.Fori=1,23,...,N;j=
1,2,3,...,N, repeating the above steps to obtain the supermatrix under a single criterion, as shown in
Formula (11).

W=W;),i=12,...,N;j=1,2,...,N (11)

Step 3: Establishing the weighted supermatrix. Each sub-block of the unweighted supermatrix
only considered the ranking of the sub-criteria by the hazard factors in the hazard subsets, and did not
take into account the influence of other hazard subsets on the criterion. Therefore, each column of the
supermatrix was not normalized. In order to accurately reflect the sequence, we must consider the
effect among hazard subsets. Taking the whole hazard subset as an element, pairwise comparison
was made under a single risk criterion for the relative importance of a certain hazard subset, and this
subset was obtained as normalized weight vector (a; jr @) aN]-)T of other hazard subsets under the
sub-criterion. Where, ajj represented the influence weight of the ith subset on the jth subset, and “0”

N
meant no effect, Y, ajj =1, the weighted supermatrix was shown by Formula (12):
i=1

W = (W) = a;jW;; (12)

Step 4: Computing the limiting supermatrix. The weighted supermatrix W was multiplied with
itself multiple times to obtain the limiting supermatrix. If the limit was convergent and unique,
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the value of the corresponding row of the original matrix was the weight of each indeXx, the limiting
supermatrix W* was shown in Formula (13):

N —_—
W = lim (1 /N)Y WE (13)
—00 P

2.2.3. Calculating the Shunting Derailment Risk

The risk of shunting derailment was obtained by combining the hazard factors’ risk with weights.
Because risk magnitude was measured by discrete integers, we needed to convert the value to integer
form by Formula (14).

RLjwy, +0.5,i=1,2,...,n (14)

n
RLdestination =

i=1

Where RLjestination Was rounded as an integer, and the risk level was determined by Table 4.

2.3. Evaluation of Shunting Derailment Risk

This section mainly included two aspects, one was the normalization of risk parameters, which was
more convenient and fast to map the data to the range of (0,1) for processing; the other is the risk
sequencing analysis. Radar map was adopted to comprehensively rank the probability, consequence,
vulnerability and weights of the shunting derailment hazard factors, so as to determine the order of
risk response.

3. Case Study

Huangyangcheng station is located in Shenmu city, Shaanxi province as shown in Figure 2. It is a
second-class freight station of ShenShuo Railway. The station owns ten tracks, and the operation mainly
includes dealing with the arrival, departure and passage of trains, decomposition of freight trains;
as well as vehicle alignment, delivery and loading of Yujialiang coal mine special line. On account of
the complex topography and harsh climate, and shunting derailment risk involves multiple jobs and
operation links, such as vehicle, engine, electricity and signal, safety risk control is relatively difficult,
which is easy to cause equipment damage, casualties. This paper took the risk assessment of shunting
derailment in Huangyangcheng station as an example to verify the above model.

Figure 2. The location of Huangyangcheng station.
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3.1. Risk Identification of Shunting Derailment in Huangyangcheng Station

Stepl: Building a team of experts. Five experts, selected to form a group of experts, were invited
to evaluate the influence relationship between hazard factors based on their work experience. Relevant
background information was shown in Table 5.

Table 5. Basic information of selected experts.

Experts Age Education Background Professional Title Years of Working
Expert 1 45 Bachelor degree Engineer title 22 years
Expert 2 50 Bachelor degree Senior engineer 28 years
Expert 3 30 Graduate degree Engineer title 5 years
Expert 4 42 Trade school diploma Engineer title 2lyears
Expert 5 35 Trade school diploma Assistant Engineer title 14 years

Step2: Risk factors analysis of shunting derailment. On the basis of “Classification and code
for the hazardous and harmful factors in process” (GB/T 13861-2009), hazard factors of shunting
derailment in Huangyangcheng station were classified into four categories by experts. According to
the last three years of safety inspection data related to shunting derailment in Huangyangcheng station,
combined with experts’ advice, a list of hazard factors about the derailment risk was preliminary

formed, as shown in Table 6.

Table 6. A list of shunting derailment hazard factors in Huangyangcheng station.

Hazard Groups Hazard Description
The psychological state could not adapt to the requirements of on-site work,
. will quality, cognitive ability, personality and other aspects of personal
Poor ideology (A1) psychological quality characteristics and the post was not coordinated. For
example, lack of safety awareness, improper operation, etc.
. Physical health, perceptual skills and motor skills could not meet the
Unsafe behavior of . . . . o
ersonnel (A) Physiological requirements of the corresponding position. For example, heavy workload,
P defect ( A2) age, physical strength, gender and health conditions were all the cause of

occupational diseases.

Poor professional

Workers could not master the skills of production safety, production safety
laws and regulations and other knowledge. For example, low level of

skill (A3) education and skills didn’t meet the job requirements.
Defective protective The product quality index and technical condition of labor protection article
equi mIe) nt (B1) could not meet the national or industrial requirements. For example, the
Unsafe condition of qwp shunting belts were not strong enough.
equipments (B) Shunting The shunting equipment broke down in the process of use and maintenance,
qup equipment including vehicle equipment failure, link closing equipment failure, line
malfunction ( B2) equipment and shunting spare parts failure, etc.
U?;Silllft?elg (s];;ty Protective facilities could not play the role of protection.

Environmental
insecurity (C)

Poor natural
environment (C1)

Including bird damage, freezing damage, abnormal atmospheric temperature,
strong wind, rainstorm, lightning, geology and other adverse factors.

Poor public security
environment ( C2)

External adverse factors affecting shunting operation safety, including coal
stealing, rail damage and track breakage

Poor operating
environment (C3)

The working environment of employees, including large slopes, many
crossings, poor lookout conditions.

Negative influence
of public opinion
(C4)

Extreme, wrong public opinion guidance, easy to disturb the thinking of
employees, digestion of work enthusiasm.

Defects in
management (D)

Imperfect rules and
regulations ( D1)

The rules and regulations were unscientific and unreasonable, and there are
loopholes in safety management.

More joint safety
hazards (D2)

In shunting operation, two or more majors, units or departments were
involved, such as operations, complex organization, personnel.

Lack of workplace
supervision (D3)

Lack of daily management responsibility, remote workplace,
less inspection, etc.

Insufficient safety
investment (D4)

Investment in personnel, technology and facilities, safety education and
training, labor protection and health care costs, accident rescue and
prevention, and treatment costs of accident casualties were all regarded as
safety input.
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Step3: Establishing direct influence matrix. The five experts discussed with each other and gained
a consensus about the intensity of “influence on interaction” among the hazard factors, as shown in
Table 7. The responses ranged from 0 to 4, namely, 0 (no influence), 1 (small influence), 2 (moderate
influence), 3 (high influence), and 4 (great influence), and the higher the degree was, the more important
of the hazard factor was in the system.

Table 7. Direct influence matrix.

Index | Al A2 A3 B1 B2 B3 C1 C2 C3 C4 D1 D2 D3 D4
Al 0 1 1 1 1 0 0 0 1 0 1 0 2 0
A2 0 0 0 0 0 0 0 0 0 0 2 0 0 0
A3 2 1 0 2 1 1 0 0 1 0 3 1 1 0
B1 0 1 0 0 0 0 0 0 0 0 0 0 0 2
B2 0 2 0 0 0 0 0 0 1 0 0 0 0 2
B3 0 2 0 1 0 0 0 0 1 0 0 0 0 1
C1 0 2 0 0 2 2 0 0 1 1 0 1 0 2
C2 0 1 0 0 1 1 0 0 1 1 0 1 0 1
C3 1 3 0 1 1 1 0 0 0 0 0 0 1 2
C4 1 0 0 0 0 0 0 1 0 0 0 0 0 1
D1 1 0 1 0 0 0 0 0 0 0 0 1 0 0
D2 0 1 0 0 1 1 1 1 1 0 0 0 1 0
D3 1 1 2 1 1 1 0 0 0 1 0 1 0 0
D4 0 1 0 2 4 2 1 1 1 1 0 1 0 0

Step3: Normalizing the direct influence matrix. After the direct influence matrix expressed by the
expected value was obtained, we could get k=14 by Equation (2), and the normalized direct impact
matrix was obtained by Equation (3), as shown in Table 8.

Table 8. Normalized direct influence matrix.

Index | Al A2 A3 B1 B2 B3 C1 C2 C3 C4 D1 D2 D3 D4
Al 0.00 | 0.07 | 0.07 | 0.07 | 0.07 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.07 | 0.00 | 0.14 | 0.00
A2 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.14 | 0.07 | 0.00 | 0.00
A3 0.14 | 0.07 | 0.00 | 0.07 | 0.14 | 0.07 | 0.00 | 0.00 | 0.07 | 0.00 | 0.21 | 0.07 | 0.07 | 0.00
B1 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.14
B2 0.00 | 0.14 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.14
B3 0.00 | 0.14 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07
C1 0.00 | 0.14 | 0.00 | 0.00 | 0.14 | 0.14 | 0.00 | 0.00 | 0.07 | 0.07 | 0.00 | 0.07 | 0.00 | 0.14
C2 0.00 | 0.07 | 0.00 | 0.00 | 0.07 | 0.07 | 0.00 | 0.00 | 0.07 | 0.07 | 0.00 | 0.07 | 0.00 | 0.07
C3 0.07 | 021 | 0.00 | 0.07 | 0.07 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07 | 0.14
C4 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07
D1 0.07 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.00
D2 0.00 | 0.07 | 0.00 | 0.00 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00
D3 0.07 | 0.07 | 0.21 | 0.07 | 0.07 | 0.07 | 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.07 | 0.00 | 0.00
D4 0.00 | 0.07 | 0.00 | 0.14 | 0.29 | 0.14 | 0.07 | 0.07 | 0.07 | 0.07 | 0.00 | 0.07 | 0.00 | 0.00

Step4: Calculating the total-relation matrix. According to Equation (4), the total-relation matrix
was obtained. Taking the threshold of the influence factor in the total-relation matrix as 0.10 (a value
less than 0.10 was negligible), as shown in Table 9.
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Table 9. Simplified composite impact matrix.

Index A1l A2 A3 B1 B2 B3 C1 C2 C3 C4 D1 D2 D3 D4
Al | 000 | 016 | 012 | 0.11 | 0.13 | 0.00 | 0.00 | 0.00 | 0.10 | 0.00 | 0.12 | 0.00 | 0.17 | 0.00
A2 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.15 | 0.00 | 0.00 | 0.00
A3 | 019 | 0.20 0.13 | 022 | 0.12 | 0.00 | 0.00 | 0.13 | 0.00 | 0.27 | 0.13 | 0.12 | 0.19
B1 | 0.00 | 0.11 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
B2 | 0.00 | 0.20 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
B3 | 0.00 | 0.19 | 0.00 | 0.10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
C1 | 0.00 | 027 | 0.00 | 0.00 | 024 | 0.20 | 0.00 | 0.00 | 0.13 | 0.00 | 0.00 | 0.12 | 0.00 | 0.00
Cc2 | 0.00 | 0.16 | 0.00 | 0.00 | 0.13 | 0.11 | 0.00 | 0.00 | 0.11 | 0.00 | 0.00 | 0.10 | 0.00 | 0.00
C3 | 0.00 | 031 | 000 | 013 | 0.16 | 0.12 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
C4 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00
D1 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
D2 | 0.00 | 0.17 | 0.00 | 0.00 | 0.13 | 0.12 | 0.00 | 0.00 | 0.11 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
D3 | 013 | 018 | 024 | 0.12 | 0.15 | 0.12 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.12 | 0.00 | 0.13
D4 | 0.00 | 0.24 | 0.00 | 0.19 | 037 | 0.20 | 0.00 | 0.10 | 0.15 | 0.10 | 0.00 | 0.12 | 0.00 | 0.00

Step5: Calculating center degree and cause degree. The results were shown in Table 10:

Table 10. Center degree and cause degree of hazard factors.

Index Al A2 A3 B1 B2 B3 C1 Cc2 C3 C4 D1 D2 D3 D4
(ri + f]) 124 | 234 | 194 | 1.05 | 201 | 1.39 | 1.19 | 083 | 1.76 | 0.10 | 0.54 | 1.10 | 1.34 | 2.85
(ri— f]) 0.61 | -204 | 1.22 | -051 | -1.05 | -0.59 | 1.19 | 0.64 | 0.09 | -0.10 | -0.54 | -0.05 | 0.76 | 0.37

Step6: Drawing cause and effect diagraph. The graph was constructed using (; + f;) as the
horizontal axis and (r; — f]) as the vertical axis, and R10 and R11were eliminated for their low influence,
as shown in Figure 3:
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Figure 3. Sequence diagram of shunting derailment hazard factors.

\4

3.2. Risk Analysis of Shunting Derailment in Huangyangcheng Station

3.2.1. Calculating Vulnerability of Shunting Derailment in Huangyangcheng Station

According to Equation (7), the vulnerability of shunting derailment risk could be obtained,
which was classified in Table 3 to facilitate semi-quantitative analysis with frequency and consequence,
as shown in Table 11:



Symmetry 2019, 11, 1359 13 0f 18

Table 11. Vulnerability of shunting derailment risk.

Hazard Factors Al A2 A3 B1 B2 B3 C1 C2 C3 D2 D3 D4
Value Number 1.13 1.27 1.26 1.13 1.28 1.18 1.12 1.08 1.21 1.14 1.17 1.49
Scale Value 2 3 2 2 3 2 2 1 3 2 2 4

3.2.2. Calculating Hazard Factors Risk of Shunting Derailment in Huangyangcheng Station

According to the shunting safety statistics about Huangyangcheng station and experts’ opinions,
the occurrence frequency, consequence and vulnerability of each hazard factor were comprehensively
obtained, which were taken as the input value. The risk magnitude of each hazard factor event was
obtained by Equation (9) and Table 4, as shown in Table 12:

Table 12. Risk parameters of hazard factors in Huangyangcheng station.

Target Layer Hazard Factors Probability | Consequence| Vulnerability| Risk Classify
Al 2 2 2 6 Negligible
A2 1 1 3 5 Negligible

A3 4 3 2 9 Tolerable
Bl 1 3 2 6 Negligible

Shunting B2 3 3 3 9 Tolerable
derailment risk in B3 1 2 2 5 Negligible
Huangyangcheng C1 4 2 2 8 Tolerable
station C2 2 2 1 5 Negligible
3 1 2 3 6 Negligible
D2 2 2 2 6 Negligible
D3 2 2 2 6 Negligible

D4 2 3 4 9 Tolerable

3.2.3. Weights Calculation of Hazard Factors in Huangyangcheng Station

Step 1: Constructing ANP network structure with SD software, as shown in Figure 4:

File Design Assess/Compare Computations Networks Help

EFE&SF Al a<h A<B Sym +Z

4 4

<K>><<§>

Figure 4. Hazard groups of shunting derailment risk in Huangyangcheng station.

Step 2: Establishing unweighted supermatrix. The unweighted supermatrix data could be
exported by SD software, the results were shown in Table 13.
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Table 13. Unweighted supermatrix.

Al A2 A3 Bl B2 B3 C1 Cc2 C3 D2 D3 D4
Al 0.00 0.33 0.75 0.00 0.50 0.75 0.29 0.30 0.30 0.50 0.50 0.55
A2 0.25 0.00 0.25 1.00 0.50 0.25 0.14 0.16 0.16 0.25 0.25 0.21
A3 0.75 0.67 0.00 0.00 0.00 0.00 0.57 0.54 0.54 0.25 0.25 0.24
B1 0.55 0.54 0.40 0.00 0.00 0.00 0.20 0.3 0.33 0.16 0.16 0.17
B2 0.26 0.16 0.20 0.00 0.00 0.00 0.40 0.16 0.33 0.30 0.30 0.39
B3 0.19 0.30 0.40 0.00 1.00 0.00 0.40 0.54 0.33 0.54 0.54 0.44
C1 0.12 0.16 0.12 0.25 0.67 0.67 0.00 0.33 0.67 0.30 0.20 0.16
C2 0.56 0.30 0.56 0.75 0.33 0.33 0.67 0.00 0.33 0.16 0.40 0.30
C3 0.32 0.54 0.32 0.00 0.00 0.00 0.33 0.67 0.00 0.54 0.40 0.54
D2 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.30 0.30 0.00 0.50 0.67
D3 0.33 0.25 0.33 0.00 0.00 0.00 0.26 0.16 0.16 0.67 0.00 0.33
D4 0.67 0.75 0.67 0.00 1.00 1.00 0.41 0.54 0.54 0.33 0.50 0.00

Step 3: Establishing the weighted matrix. The weighted supermatrix data could be exported by
SD software, and the results were shown in Table 14.

Table 14. Weighted supermatrix.

Al A2 A3 Bl B2 B3 C1 C2 C3 D2 D3 D4
Al 0.00 0.14 0.31 0.00 0.21 0.38 0.12 0.12 0.12 0.21 0.21 0.23
A2 0.10 0.00 0.10 0.59 0.21 0.13 0.06 0.07 0.07 0.11 0.11 0.09
A3 0.31 0.27 0.00 0.00 0.00 0.00 0.24 0.22 0.22 0.10 0.10 0.10
Bl 0.11 0.11 0.08 0.00 0.00 0.00 0.04 0.05 0.06 0.03 0.03 0.03
B2 0.05 0.03 0.04 0.00 0.00 0.00 0.07 0.03 0.06 0.05 0.05 0.07
B3 0.04 0.06 0.08 0.00 0.18 0.00 0.07 0.10 0.06 0.10 0.10 0.08
C1 0.04 0.05 0.04 0.10 0.20 0.24 0.00 0.10 0.20 0.09 0.06 0.05
C2 0.16 0.09 0.16 0.31 0.10 0.12 0.20 0.00 0.10 0.05 0.12 0.09
C3 0.09 0.16 0.09 0.00 0.00 0.00 0.10 0.20 0.00 0.16 0.12 0.16
D2 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.03 0.00 0.05 0.07
D3 0.03 0.02 0.03 0.00 0.00 0.00 0.03 0.02 0.02 0.07 0.00 0.04
D4 0.06 0.07 0.06 0.00 0.11 0.13 0.04 0.06 0.06 0.04 0.05 0.00

Step 4: Establishing the limiting matrix with SD software, as shown in Table 15. The priorities of
hazard factors could be exported by SD software, as shown in Table 16.

Table 15. Limiting matrix.

Al A2 A3 Bl B2 B3 C1 C2 C3 D2 D3 D4
Al 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
A2 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
A3 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
Bl 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
B2 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
B3 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
C1 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
C2 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
C3 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
D2 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
D3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
D4 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
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Table 16. Weights of shunting derailment hazard factors.

Hazard Factors Normalized By Cluster Limiting
Al 0.36 0.16
A2 0.27 0.11
A3 0.37 0.16
Bl 0.37 0.06
B2 0.24 0.04
B3 0.39 0.07
C1 0.27 0.08
2 0.42 0.13
C3 0.31 0.09
D2 0.16 0.02
D3 0.23 0.02
D4 0.61 0.06

3.2.4. Calculating Shunting Derailment Risk in Huangyangcheng Station

According to Equation (9), the risk size of hazard factor was obtained, and then Equation (14) was
used to calculate the shunting derailment risk, and the risk size was 7, belonging to a “Tolerable” risk.

3.3. Risk Evalutaion of Shunting Derailment in Huangyangcheng Station

The shunting derailment risk in Huangyangcheng station belonged to a “Tolerable” risk. Further
analysis should be made, and control measures should be taken to ensure that the hazard factor events
were controllable. In this stage, the frequency, consequence, vulnerability and weight data of the
network hazard factors were normalized, and the radar diagram method was used for sequencing
analysis, as shown in Figure 5.The following conclusions could be drawn:

Al
6 I e requency
= Consequence
s/ || Nerability
D3 L
[ B Weight
D2 / ) Bl

C1

Figure 5. Radar map comparison of shunting derailment hazard factors.

(1) Hazard factors such as “Poor professional skill A3” had the characteristics of high occurrence
frequency of risk events, serious risk consequence, large risk vulnerability and large weight value.
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The risk grade was undoubtedly in the high-risk area. Therefore, when dealing with such risks,
control measures should be taken before, during and after the risk events to reduce the probability of
occurrence and risk loss and ensure that the risk level was reduced to “ALARP” area.

(2) Hazard factors such as “Poor natural environment C1” occur frequently, and the loss was
relatively large. In response to such risks, we should strengthen risk pre-control, strengthen equipment
quality control and safety investment and minimize possible equipment failures and property losses,
so as to achieve the purpose of risk control.

(3) Hazard factors such as “Physiological defect A2” should be well monitored to ensure that the
risk was under control, although the risk level was relatively low.

4. Discussion

The case study applies an integrated DEMATEL-ANP model based on coupling to assess the
shunting derailment risk in Huangyangcheng station. The objective of this study is to find out the key
risk factors and propose a risk assessment process to assess the overall risk of shunting derailment.
After selecting appropriate experts and roughly identifying the risk factors based on the available
safety data, DEMATEL method is used to determine the interdependencies among hazard factors,
and the results are depicted in Table 4. Based on these results, a causal diagram is constructed
to find out the crucial hazard factors, which are presented in Figure 3. The diagram indicats that
“Physiological defect”, “Shunting equipment malfunction” and “Insufficient safety investment” are
the most important hazard factors because they have the highest rate of r; + f;. Therefore, safety
managers should attach great importance to the interaction among these factors. According to the
ANP result, which is presented in Table 5, we can see the weights of the twelve important hazard
factors (A1, A2, A3, B1,B2,B3,C1,C2,C3,D2,D3 and D4) are 0.16, 0.11, 0.16, 0.06, 0.04,0.07,0.02, 0.02, 0.06,
0.08, 0.13, 0.09 respectively. These results imply that “Poor ideology” and “Poor professional skill”
are the most important hazard factors and “Poor public security environment” and ” Poor operating
environment” are the least important. After getting the weights of hazard factors, three-dimensional
risk parameter model is used to obtain the risk level, as shown in Table 5. Based on the viewpoints
of experts, the system risk belongs to a “Tolerable” risk, and policymakers need to take appropriate
risk measures, such as strengthening risk monitor, increasing education and training for employees,
and intensifing emergency rescue.

5. Conclusions

Based on the complexity, systematization and dynamics of shunting operation, it is necessary
to evaluate the risk of shunting derailment. This paper proposes a railway shunting derailment risk
assessment model for coupling analysis based on DEMATEL and ANP methods, and “frequency-
consequence-vulnerability” three-dimensional parameter model is used to optimize shunting
derailment risk assessment in the model. In order to overcome the deficiencies of existing studies,
this paper defines the connotation of “influence” between DEMATEL and ANP methods, where the
influence degree in DEMATEL method represents “influence on interaction”, while in ANP approach
it represents “influence on importance”. DEMATEL method is used to screen hazard factors,
and quantified the degree of interaction between hazard factors. Based on the cause-effect relationship
among the risk elements, and according to the experts” judgment, we could conclude that shunting
equipments and safety investment are critical for a successful implementation of risk management in
shunting operation due to their effect on other factors. ANP methodology is used to quantitatively
express the influence of relative importance among hazard factors, so as to obtain the weights.
The results show that experts are more concerned about safe awareness and professional skill, as the
weights of these hazard factors are significantly higher than other risk factors. By defining the concept
of vulnerability and taking it as the third evaluation parameter, a three-dimensional risk evaluation
parameter model is constructed to further optimize the calculation algorithm of shunting derailment
risk magnitude, which better reflects the complexity, dynamics and uncertainty characteristics of



Symmetry 2019, 11, 1359 17 of 18

shunting operation risk. In the risk evaluation stage, radar map is used to sort and analyze the
occurrence frequency, consequence, vulnerability and weight after normalization processing, so as to
establish the order of risk response. Finally, the method is applied to the risk assessment of shunting
derailment in Huangyangcheng station, and the results reveal that it provides a better risk assessment
tool for railway safety managers, engineers, and decision-makers.

Although DEMATEL-ANP has been used popularized and applied in many industries as a
technology to deliver a new and proper model to facilitate the risk assessment process, it also has some
disadvantages, especially in terms of how to make sure the accuracy of the coupling relationships
among dimensions under uncertainty conditions. Furthermore, the interaction between internal
factors and external environment of the system is dynamic. How to consider the interaction among
system factors under dynamic conditions can also be a research direction on DEMATEL-ANP model in
the future.
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