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Abstract: In the face of the increasing complexity of risk factors in the coal mining transportation
system (CMTS) during the process of intelligent transformation, this study proposes a method for
analyzing accidents in CMTS based on fault tree analysis (FTA) combined with Bayesian networks
(BN) and preliminary hazard analysis (PHA). Firstly, the fault tree model of CMTS was transformed
into a risk Bayesian network, and the inference results of the fault tree and Bayesian network were
integrated to identify the key risk factors in the transportation system. Subsequently, based on the
preliminary hazard analysis of these key risk factors, corresponding rectification measures and a
risk control system construction plan are proposed. Finally, a case study was carried out on the X
coal mine as a pilot mine to verify the feasibility of the method. The application of this method
effectively identifies and evaluates potential risk factors in CMTS, providing a scientific basis for
accident prevention. This research holds significant importance for the safety management and
decision making of coal mine enterprises during the process of intelligent transformation and is
expected to provide strong support for enhancing the safety and reliability of CMTS.

Keywords: coal mining transportation system; accident analysis and prevention; preliminary hazard

analysis; smart mining process

MSC: 82D99

1. Introduction

Accident risk assessment and management are crucial for the coal mining transporta-
tion system (CMTS), which aims to investigate and predict the failure of mining processes
and, further, to ensure the well-being of humans, no harm to the environment, and asset
integrity [1]. Given the hazardous underground mining environment, dynamic and opera-
tional risk assessment and management are crucial processes for coal mining enterprises to
identify, evaluate [2], and mitigate risks associated with their operations and activities of
CMTS [3]. At the same time, the intelligentization of the coal mine working face is the core
technology to achieve high-quality development in the coal industry; building a model
for coal mine transportation accidents is beneficial for the intelligent development of coal
mines [4]. Therefore, it is of great significance to systematically analyze the accidents of
CMTS and establish a risk pre-control system for intelligent transformation and efficient
mining of coal mines [5].

To deal with the increasingly complex dynamic and operational risk and safety for
the coal mining process industry [6], previous research has tried to identify the chance in
exploring the solely state-of-the-art methods and models from the view of risk assessment
and management for CMTS, such as failure mode and effects analysis (FMEA) [7], risk
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matrix (RM) [8], statistical process control (SPC) [9], hierarchical analysis [10], and grey
relational analysis (GRA) [11]. Specifically, Bayesian network (BN), with the ability of
bidirectional inference and efficient analysis of the impact of complex influencing factors
on accidents, has been widely applied in the field like hydrogen-doped pipelines [12],
offshore drilling operations [13], and so on. Obviously, all the above forerunner research
has important significance. Nevertheless, it ignores the system-level issues (i.e., accident
data set, interaction, initial assumptions, and construction of knowledge base [14]) and few
works have been dedicated to the issue of integration and fusion of multiple methods at
the same time for CMTS.

Therefore, to address the limitations of traditional analysis methods in meeting prac-
tical needs, this study proposes a comprehensive qualitative and quantitative analysis
of the risks of CMTS by combining fault tree analysis (FTA) with BN and preliminary
hazard analysis (PHA). The aim is to identify the risk Bayesian accident nodes that are most
likely to cause transportation accidents in coal mines. Furthermore, in order to analyze the
risk Bayesian accident nodes and take corresponding preventive measures, it is necessary
to identify the causes of accidents in the CMTS and the potential consequences through
PHA. This allows for the formulation of risk prevention and control measures and the
construction of a pre-control system to minimize the likelihood of accidents.

The rest of this paper is organized as follows: Section 2 defines methodology for
accident analysis in CMTS. Section 3 details the risk assessment process for coal mine
accidents. The case study validation at X coal mine is presented in Section 4. The conclusion
and future work are concluded in Section 5.

2. Related Work
2.1. Risk and Safety Assessment and Management Technigues

Process systems are subject to deterioration over time due to natural and human-made
causes [15]. C-RISE of Memorial University, a professional risk and safety research group,
has systematically summarized various methods and models to investigate and predict
risk in different domains. Based on structures, accuracy, and independency, these risk
analysis methods and modes can be categorized into static (i.e., FTA, event tree analysis [16],
reliability block diagrams, and PHA [17]) and dynamic (i.e., dynamic event tree [18] and
Markov-process-based fault tree [19]), where the latter is an improvement of the former
type to deal with more complex dynamic process systems [20]. Feature- and function-
based categories of risk and safety assessment and management techniques encompass
risk identification and analysis, assessment, management, and control, which will be
comprehensively reviewed in detail [21].

To identify and evaluate the hazards and risk, FTA is a typical analytical method
utilizing logical reasoning and representing the logical relationships between potential
accidents and causes through a tree-like diagram [22]. Based on a random number, Zhang
et al. [23] proposed a safety static fault tree model to quantitatively analyze the potential
risk of inerting systems with a large number of minimal cut sets. Based on FTA-AHP, Ren
et al. [24] proposed a collapse accident safety decision analysis method to qualitatively
and quantitatively evaluate risk factors related to collapse accidents and determine the
primary causes. To improve the accuracy and interpretability of the milling fault detection
model, Cheng et al. [25] introduced a milling fault detection method combined with FTA
and hierarchical confidence rule base.

To analyze and assess key factors, BN is an ideal network model with the function of
bidirectional inference and efficient analysis of the influence of each variable on the final
node and the interpretation of the correlations between variables based on Bayesian theory
and graphical theory [26]. Combined with association rules, Li et al. [27] utilized BN to
explore chemical explosion accidents, revealing accident pathways and the sensitivity of
direct causes. Mohammed et al. [28] proposed a formalized modeling tool, named Bayesian
Stochastic Petri Nets (BSPN), for dynamic safety and reliability analysis. For medical
device risk assessment and management, Hunte et al. [29] propose a novel approach using
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hybrid Bayesian networks to handle uncertainty and incorporate causal knowledge and
incorporate relevant factors from the medical device safety and risks. Cenk et al. [30]
mapped fault trees to BN for dynamic analysis of pilot transition accidents, greatly improv-
ing the accuracy of determining accident factors. By dividing risk factors into multiple
states, Yang et al. [31] introduced the concept of accuracy and relied on BN to calculate risk
probabilities and distributions in real time, providing targeted preventive measures. Wang
et al. [32] conducted simulations, analysis, and evaluations using the accident causality
model System-Theoretic Accident Model and Processes (STAMP) and the Bayesian net-
work model to accurately assess the traffic safety risks associated with the penetration of
autonomous driving technology.

To analyze and control potential risk before engineering activities, PHA is one of the
methods applied to analyze triggering conditions, hazard types and levels, consequences,
and prevention measures of accidents [29]. To determine key influencing factors and iden-
tify accident causal event chains of autonomous surface ships, Zhang et al. [33] proposed a
PHA-based causal logic method to provide references for maritime autonomous surface
ship design and safety assessment processes. Combined with inversion temperature charts,
Zhu et al. [34] proposed an OCTEM-PHA analysis model to analyze and predict five risk
factors present in Guangxi mine and propose corresponding safety measures. To identify
hazardous scenarios, Nicolau et al. [35] developed a PHA-based quantitative analysis
method for the radioactive and chemical risks in uranium isotope enrichment facilities and
defining the characteristics of each hazard and their causes and consequences.

2.2. Coal Mine Transportation Accidents Analysis

Efficient transportation is one of the keys to efficient coal production [36]. While the
development of intelligent transformation and the improvement of management levels,
the occurrence rate of transportation accidents and associated risk continue to increase [37]
due to the complex nature of the coal industry [38]. For effective accident prevention
and risk assessment in CMTS, a scientific method is to analyze the causes of historical
transportation accidents and understand the mechanisms and patterns of accidents and
design an effective analysis indicator and rational foundations [39]. Currently, scholars
are conducting relevant research on CMTS accidents. Based on statistical patterns of the
past five years (2017-2021) of nationwide coal mine accidents, Zhang et al. [37] described
the accident information from four dimensions, accident level, type, region, and time, and
proposed preventive measures for transportation accidents. Wang et al. [39] proposed a
modeling approach called mine accident unsafe behavior network (MAUAN) to analyze
the interrelationships and potential behavioral patterns of unsafe behaviors from a network
modeling perspective. Wei et al. [40] proposed a quantitative risk assessment method
based on the bow-tie model to reduce the occurrence rate of underground vehicle accidents.
Pandey et al. [41] propose a method that utilizes fuzzy decision-making trial evaluation
laboratory (DEMATEL) to conduct a comprehensive assessment of the key factors leading
to truck mining accidents and the relationships between these factors are illustrated with a
causal diagram.

The current application research shows that extensive studies have been conducted
both domestically and internationally on safety risk analysis and accident prevention in
CMTS, resulting in significant achievements in technology and management. However,
there are also some drawbacks that need to be addressed. Firstly, the data in case studies
often represent specific cases with poor representativeness. Secondly, the analysis of
accident causes is not comprehensive enough, lacking inferences about risk evolution,
and the provided recommendations for risk prevention are relatively general and not
specific enough.

To address these issues, this study will select coal mine transportation accident cases
from the past 20 years and utilize fault tree analysis, Bayesian network methods, and
preliminary hazard analysis for risk analysis and prevention. The following sections
will provide a detailed introduction to the relevant methods used in this study and their
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applications in the field of accident analysis, exploring their potential application in the

domain of coal mine transportation accidents.

3. A Framework of CMTS Accident Analysis and Prevention Based on FTA-BN-PHA

This study proposes a framework of accident analysis and prevention based on FTA-
BN-PHA for CMTS. Firstly, according to the classic CTMS, an FTA model is constructed.
Then, the accident tree is mapped to a BN model for performing bidirectional inference and
enabling analysis of the importance of each basic event. Finally, a PHA model is conducted
on the main risk factors to establish an accident pre-control system. The framework of the

proposed accident analysis method in this study is illustrated in Figure 1.

I
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Figure 1. Analysis process of coal mine transportation accidents based on FTA-BN-PHA.

3.1. Identification of Factors in Coal Mine Transportation Accidents

There are two channels for knowledge acquisition; one is that it only needs simple
preprocessing that can be used as input for subsequent Al and the other is that it needs
to extract structured information with the help of natural language processing and other

technologies [14]. So, this study is no exception.

Firstly, this study used Python web-scraping techniques to select and compile a total of
coal mining transportation accidents from websites such as the Coal Mine Safety Network,
National and Local Mine Safety Supervision Bureaus, etc. Next, in this study, R 3.6.1 and
corresponding programs were used to perform mining analysis on accident reports to
obtain textual data on risk factors in CMTS. To enhance the analysis results and minimize
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the impact of irrelevant phrases, only three sections of the accident reports were chosen for
text mining. These sections are the “accident category or nature”, “accident process”, and
“accident causes”. For instance, an accident description could be condensed as follows: “On
20 October, at 10:00 AM, at the installation working face, the wire rope of the winch in the re-
turn airway, which was 2200 m away from the roadway entrance, popped out and struck the
operating personnel”. Additionally, any erroneous information in the accident reports was
corrected. The selected data were then stored in a text file to form a corpus for mining. To
handle the abundance of specialized terms in the accident reports, Python 3.8 was utilized
to implement jieba word segmentation programmatically. Following this, a stop-word
dictionary and a user dictionary were created, adhering to the specific guidelines within
the coal industry’s transportation safety domain. The stop-word dictionary, along with
regular expressions, aided in the elimination of irrelevant conjunctions and punctuation
from the accident text. Additionally, the user dictionary pattern was employed for effective
segmentation of the report data.

Afterwards, the textual data were transformed into a vector format that can be recog-
nized by computers. Using Python programming, a Word2Vec word-embedding model was
trained based on the preprocessed set of accident words. The trained model represents key
words as multidimensional vectors, and the relationship between key words is determined
by analyzing the distances between the vectors” dimensions. The Continuous Bag-of-Words
(CBOW) model in Word2vec is used to distinguish words with similar content but different
meanings. For example, “mine car”, “electric locomotive”, and “drive” all contain the word
“car”, while words that appear in “Ore car” and “electric locomotive” are noun-like feature
words for transportation equipment, while “drive” is an operation verb-like feature word,
which can well distinguish professional vocabulary in the field of transportation systems.
Since the word vector model only contains keywords and vector space after training, it is
necessary to establish a classification corpus that can provide a classification basis for the
computer. A keyword classification corpus is constructed based on expert knowledge. The
classification attribute value of “1” indicates that the keyword is a feature-class keyword,
while a value of “—1” indicates a causative-class keyword. A classification attribute value
of “0” indicates that the classification of the keyword is unclear.

The principle of the keyword classification algorithm is based on the concept that, in
the same vector space, the smaller the angle between two keyword vectors, the larger the
cosine value, indicating that the two keywords have a similar composition and contextual
environment. The algorithm selects the eight most similar keywords to the target keywords.
The formula for calculating cosine similarity is as follows:

n
0 Y, 4 (wixsi)

|ci)|><|é|: noo, no o,
L @i X\ 28

. L - .
In Equation (1), cos 0 stands for cosine similarity between two keyword vectors, w; is

cosf =

)

the word vector of the target word, sj is the word vector of the matching word, and w; and
s; are the values of word vectors in the i-th dimension.

After calculating the cosine similarity and obtaining the eight most similar words,
the target word can be classified using the score. The formula for calculating the score is
as follows:

8
Score = ) cosb; x f; )
i=1
In Equation (2), Score represents the word classification score, cos6 is the cosine

similarity of word vectors, and f; represents the classification attribute value of the ith
similar word.
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After calculating the Score using the Python programming language, keywords can
be automatically classified. When Score >1, it indicates a high cosine similarity between
the target word and feature-class keywords, assigning a classification attribute value of
1. Conversely, when Score <—1, it indicates a higher cosine similarity between the target
word and causative-class keywords, assigning a classification attribute value of —1. Finally,
the causative-class keywords can be stored in an Excel spreadsheet, categorized by their
attributes, to obtain data on coal mining transportation accident factors. Using the corpus
to display accidents as an example, text mining is used to determine accident keywords
and classify them, as shown in Figure 2.

Accident ledger information

Statistics of coal mine transportation accident in 2021, a level Roadway Transportation Accident.

October 20th, 10:00 AM, at the installation working face, the wire rope of the winch in the return airway, 2200m away from the

roadway entrance, popped out and struck the operating personnel.

[}
1 1
1 1
[} 1
1 1
1 1
[} ]
1 1
1 1
[} 1
1 1
1 ] 1
[} 1
| : P 1
N Accident ID Keyword 1D Keyword classification 6 W+ s E?:l(wf X Si) :
I cosb = =
) - - .
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: 1 2 Locking pin 1 :
! 1 3 Detachment -1 :
! 2 1 Winch 1 8 !
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: the perating personnel :
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| i
1

Figure 2. Text mining example.

3.2. Theoretical Analysis and Process of FTA

According to the traffic accident risk factors and accident-report-related data, the
specific process of constructing the coal mine traffic accident tree model is as follows:

Step 1: Establishment and module decomposition of CMTS accident tree. Firstly, the
accident of the CMTS is determined to be the top event of the fault tree analysis, which
is represented by “T”. According to the type, the CMTS can be divided into level road-
way transportation system accidents, inclined roadway transportation system accidents,
and vertical shaft lifting transportation system accidents, and the above three events are
represented by “T, Ty, and T3”, respectively, as the first intermediate events.

Due to the complexity of the fault tree model for the CMTS, a simplification and
decomposition approach is adopted to analyze its causes. Each first-level intermedi-
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ate event is treated as a module, leading to the decomposition of the system into three
sub-fault trees. Each sub-fault tree will be subject to individual qualitative analysis and
quantitative calculations.

Step 2: Qualitative analysis of accident trees in CMTS. Qualitative analysis is used
to obtain the minimum cut sets of each sub-fault tree, thereby reducing the probability
of failure in the CMTS. The occurrence of the top event is not established unless all the
basic events have occurred. If a simultaneous occurrence of certain basic events can lead to
the occurrence of the top event, then the set of these basic events is known as the cut set
of the fault tree. Structural importance analysis, from a qualitative perspective, examines
the importance of each basic event. The structural importance can be determined using
the minimum cut sets. In this study, the structural function and the downset method are
employed to calculate the minimum cut sets of the fault tree model and rank the structural
importance of the basic events for the analysis of the CMTS accident tree model. The
structural function of the fault tree is essentially a Boolean function associated with logic
gates. When the values of the basic events are either 0 or 1, the calculation formula is as
follows [42]:

d(X) :Hilei(izl,Z,---n) ©

In Equation (3), ®(X) represents that the top event will occur only when all n basic
events occur simultaneously. Conversely, if any of the basic events does not occur, the top
event will not occur [42]. In the formula, X; represents the basic event.

@(X)zl—Hizl(l—Xi)(i:1,2,---n) )

In Equation (4), ®(X) represents that the top event will occur when any one of the
n basic events occurs. Conversely, if none of the basic events occur, the top event will
not occur.

The downset method applies the rules of Boolean algebra to replace the upper-level
and lower-level events. The AND gate is represented by multiplication and the OR gate is
represented by addition. This process continues until all events in the equation are replaced
by basic events. Finally, the results of the minimum cut sets are accumulated.

Step 3: Quantitative analysis of accident trees in CMTS. The quantitative calculation
of the fault tree is to find out the key failure modes in the fault tree by calculating the
importance of each bottom event in the fault tree. The structural importance of the basic
events in the CMTS is ranked based on the results of the minimum cut sets and the related
basic events. The formula for calculating the structural importance is as follows [43]:

. 1
L) = Y er, o ®)

In Equation (5), I;(i) represents the structural importance of the basic event I, k;
represents the j-th minimum cut set, and 7; represents the number of basic events in k;.

3.3. Build BN Model

Given the sample dataset, BN analysis typically involves two types of learning: pa-
rameter learning and structure learning. This study maps the accident tree model into a
Bayesian network structure and then carries out parameter learning.

The node states in the Bayesian network are represented as:

X, = {0 When event i doe; not occur(normal)i 12 .n ©)
1 When event i occurs(fault)

In Equation (6), X; denotes the Bayesian network node stateandi = 1, 2...n.
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The structural function ¢(X) of the top event is:
[0 When event i does not occur(normal) .
p(X) = { 1 When event i occurs(fault) i=12.m @

In Equation (7), ¢(X) denotes the structure function of the top eventand i = 1, 2...n.

When constructing a Bayesian network based on the accident tree model, the steps are
as follows:

Step 1: Mapping the incident tree to a Bayesian network. Determining the directed
acyclic graph of the Bayesian network is as follows: each node of BN is mapped to the
events in the accident tree and directed edges are used to connect the corresponding nodes.
The logic gates in the accident tree are expressed as conditional probability distributions of
the nodes in the BN. The specific process algorithm for mapping the accident tree model to
the Bayesian network model is shown in Algorithm 1.

Algorithm 1. Algorithm for mapping FTA to BN.

Input: Accident tree model and related nodes, relationships
Output: Bayesian network model and related nodes, relationships
Begin

// 1.Define the fault tree node class

class Fault Tree Node:

def __init__(self, name):

self.name = name

self.parents = []

self.children = []

self.probability = 0.0

/2. Define the BN node class

class Bayesian Node:

def __init__(self, name):

self.name = name

self.parents = []

self.children = []

/1 3.Define a function to convert the fault tree model to a BN model
def convert_fault_tree_to_bayesian(fault_tree_root):
bayesian_network_nodes = {}

visited_nodes = set()

def dfs(node):

if node in visited_nodes:

return

visited_nodes.add(node)

//4. Create BN nodes

bayesian_node = BayesianNode(node.name)
bayesian_network_nodes[node.name] = bayesian_node

for parent in node.parents:

// 5.Convert the parent nodes of the fault tree nodes to the parent nodes of the BN
parent_bayesian_node = bayesian_network_nodes.get(parent.name)
if parent_bayesian_node is None:

parent_bayesian_node = Bayesian Node(parent.name)
bayesian_network_nodes[parent.name] = parent_bayesian_node
bayesian_node.parents.append(parent_bayesian_node)
parent_bayesian_node.children.append(bayesian_node)

// 6.Handle the parent node recursively

dfs(parent)

dfs(fault_tree_root)

return bayesian_network_nodes

end
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As shown in the algorithm in Algorithm 1, using mapping techniques from FTA to
BN, the conditional dependencies and uncertainties of important variables can be repre-
sented and analyzed using BN. The correspondence is established to maintain the logical
relationships and structural consistency of the fault tree model in the Bayesian network.
Step 2: Calculation of the prior probability of risk factors P(A). For a comprehensive
BN risk analysis, it is necessary to determine the prior probabilities of the root node and
the conditional probabilities of the leaf nodes. Equation (8) can be utilized along with the
frequency of risk factors to obtain the prior probabilities P(A) for the risk factors in the coal
mining haulage system [44].
PA) =2 ®

In Equation (8), P(A) represents the a priori probability of the risk factor, x represents
the frequency of the risk factor, and n represents the total number of accident occurrences.

Step 3: Calculate the posterior probability of coal mine transportation accidents. The
GeNle 2.1 is chosen to build the BN model of the CMTS in order to update the prior
probabilities of the root node and the logical relationships between nodes. This allows for
backward reasoning to obtain the posterior probabilities of the nodes. The BN model’s
backward reasoning can be used to predict the outcome factors based on the certain
occurrence of the causal factors or to infer the key factors leading to the occurrence of
the outcome based on the known outcome factors. In this study, the target node is set as
a leaf node and its probability is set to 100% in the software. By updating the posterior
probabilities, the risks of the coal mining haulage systems under accident conditions,
including the horizontal haulage, inclined haulage, and vertical shaft hoisting systems,
can be obtained. The posterior probability plays a crucial role in the Bayesian formula.
It updates our probability estimates of events by considering both the prior probability
and the observed data, providing more accurate and reliable risk assessment results. The
expression of the posterior probability can be seen in Equation (9).

P(B|A) = P<A1l](3f)f;(3)

©)

In Equation (9), P(A | B) represents the posterior probability of event A, P(B|A) repre-
sents the conditional probability, also known as the likelihood, P(B) represents the marginal
probability of event B, and P(A) represents the prior probability. From Equation (9), we can
derive the Bayesian theorem, which states that:

P(Bi‘A) — P(A|Bi)P<Bi) (10)
n
Y. P(AilB)P(Bi)
In Equation (10), B; ... B, are pairwise mutually exclusive events, I = 1 ... n,

which constitute a complete event. There exists an event A that occurs simultaneously with
events Bj...B,. P(B;) represents the prior probability and P(B; | A) represents the posterior
probability.

Step 4: Identify key risk factors. In order to improve the accuracy of determining key
factors, this study also involves determining the ranking of the importance of posterior
probabilities of BN nodes. The calculation formula for the node importance in BN is as
shown in Equation (11).

I, = P(B;|]A) — P(B)) (11)

In Equation (11), I, represents the difference between the posterior probability and the
prior probability of a BN node. The larger the value of I, the lower the ranking of node
importance, indicating a higher probability of triggering hazards. This is used to determine
the primary risk factors. P(B;) represents the prior probability and P(B;|A) represents the
posterior probability.
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Finally, based on the division of the coal mining transportation subsystem and a
comparative analysis using the importance ranking of fault tree structure and posterior
probability, the five key risk factors for each sub-transportation system are determined.

3.4. Risk Factor Analysis Based on PHA

To delve deeper into the main risk factors identified through the integrated analysis
of fault trees and Bayesian networks, the method of pre-hazard analysis is introduced.
PHA is a systematic and scientific method for identifying and analyzing key risk factors
associated with a particular activity or project. It aims to assess potential hazards, evaluate
their likelihood and severity, and propose appropriate control measures to mitigate risks.

This paper presents PHA as a theoretical framework and methodological approach
for risk factor analysis, and propose preventive measures. The specific steps of pre-hazard
analysis are as follows:

Step 1: Determining the Likelihood of Risk Occurrence (L). Referring to Table 1, the
likelihood of an adverse event occurring is evaluated based on four aspects: deviation
frequency, safety inspection, operating procedures, and employee competency. The highest
score among the four factors is taken as the final “L” value.

Table 1. Likelihood of risk occurrence.

Level Assigned Deviation Frequency Safety Inspection Operating Procedures Miner Competency.(Awareness, Skills,
Value Experience)
Standards are well Comprehensive and Highly competent (holds valid
established and checked strictly followed operating certification, received effective training,
Improbable 1 Never occurred . . . .
according to the standards procedures with possesses extensive experience, strong
during operations documented records skills and safety awareness)
Standards are well . P
0 established but Comprehensive operating Compe't ent (hOIdS. Vahd.cej’rtlflcatlon,
. ccurs every year or has - received effective training, has
Occasional 2 : occasionally not checked procedures but ; .
occurred in the past . : experience and good skills, but
according to the standards occasionally not followed ional
durine operations occasional errors may occur)
& Op!
Partial or infrequent Incomplete or infrequent InS}l f f1c1.ently competent (hqlds
. . . . certification, but has not received
Very Likely 3 Occurs every quarter checking of standards execution of operating . L
duri - effective training, lacks adequate
uring operations procedure . .
operating skills)
No standards or failure to N rating procedur
F Occurs every task or every check according to the O operating procecuires Incompetent (lacks certification, no
requent 4 . or complete disregard of F . .
month standards during . training, no operating skills)
. operating procedures
operations
Step 2: Determining the Severity Level of Risk Consequences (S). Referring to the China
Measures for Reporting and Investigating Mining Production Safety Accidents (https://
www.chinaminesafety.gov.cn/zfxxgk/fdzdgknr/tzgg /202301 /t20230118_440874.shtml, ac-
cessed on 16 March 2024) shown in Table 2, the severity of the consequences will be
evaluated based on four aspects: personnel fatalities, personnel serious injuries, property
damage, and workplace environment destruction. The highest score among the four items
will be taken as the final “S” value.
Table 2. Severity levels of risk consequences.
Assigned - . Lo . .
Level Value Personnel Fatalities Personnel Serious Injuries Property Damage Workplace Environment Destruction
Negligible 1 3 or fewer more than 3 but less than 10 Less than 10 million RMB Impact limited to the vicinity of
the accident
- Extends beyond the accident site,
. More than 3 but less Between 10 million and . ’
Marginal 2 than 10 More than 10 but less than 50 50 million RMB affecting nearby ecosystems
and communities
More than 10 but less Between 50 million and Disrupts ecological balance, leading to
Hazardous 3 than 30 More than 50 but less than 100 100 million RMB long-term environmental degradation
Catastrophic 4 More than 30 More than 100 More than 100 million RMB Causes devastating impact on the

ecological environment
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Step 3: Construction of Risk Matrix (RM). This research adopts the matrix analysis
method, with the likelihood of risk events as the rows and the severity of risk event
consequences as the columns, forming a matrix analysis table. The calculation formula for
the risk matrix is shown in Equation (12) as follows:

R=LxS (12)

In Equation (12), R represents the risk value, which is the combination of the likelihood
of an accident occurring and the severity of its consequences. L denotes the likelihood of
the accident occurring, while S represents the severity of the accident consequences. A
higher value of R indicates a greater level of risk, implying that the CMTS has a higher
level of danger or hazard.

Based on the risk value R, an RM can be constructed to assess and classify risk factors
according to the levels shown in Table 3.

Table 3. Risk matrix (RM).

Risk Matrix (RM)

Likelihood Levels of Hazard Occurrence (L)

1 2 3 4
X 8 1 1 2 3 4
> 2 2
Pl 2 2 4 6 8
g 23
T 3 3 6 9 12
(DE:
&S 4 4 8 12 16

Step 4: Risk Level Classification. According to the magnitude of the risk value R, the
risk levels can be divided into four categories, as shown in Table 4.

Table 4. Risk level classification.

Risk Value Range Risk Level Risk Status Possible Consequences
1~2 I Safe No accidents expected, no immediate action required.
o Accident likely to occur but without significant harm or losses at
3~4 I Critical .
present. Precautionary measures should be taken.
69 I Hazardous Accident occurrence c.ould. result in personnel injuries and system
damage. Immediate risk control measures are necessary.
Potential for catastrophic accidents causing major personnel
12~16 v Catastrophic injuries and severe damage to the system. Immediate elimination

of risks and focused prevention measures are essential.

Step 5: Develop relevant preventive measures. Finally, for the causes and consequences
of the accident, corresponding preventive measures are developed for each risk event.

4. Example
4.1. Example Illustration

To illustrate the effectiveness of the FTA-BN-PHA method in accident analysis, we
will provide an example of how to apply this method.

X coal mine was established in December 1992 and commenced production in De-
cember 1996. The mining field of the mine currently covers an area of approximately
7.27 square kilometers, occupying 442.89 acres. It has geological reserves of 174.62 million
tons and recoverable reserves of 10,026.76 million tons. The current production capacity is
1.5 million tons per year and the remaining service life of the mine is 50 years. The trans-
portation tasks at X coal mine include the main transportation tasks for the working face,
transportation roadway, and main transportation shaft, as well as auxiliary transportation
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tasks for personnel and materials. The specific transportation tasks and distribution of
transportation tools are shown in Figure 3.

—-I Shovel pallet trucks I

Endless rope continuous
tractor

—v| Monorail crane |

—'| People carriers I
Transportation of

personnel Multi- purpose unmanned rail
rubber-tyred vehicle

Other Transportation >

> Ancillary Transport|

X Coal Mine
Underground Shaft-
Transportation Buckets/tank cages
Main shaft
— ' _—
transportation Main inclined shaft belt
L

conveyor

Minecart rails I

Alleyway
transportation

Main transport

Belt conveyor I

Scraper conveyor I

—— Face transportation

4 b

Belt conveyor I

Figure 3. X distribution of coal mine transportation tasks.

Figure 4 illustrates the main transportation system at X coal mine, which consists of
production equipment such as belt conveyors, scraper conveyors, crushers, and loaders,
as well as tunnels and coal bunkers. The black arrows represent the flow of coal in the
CMTS, while the red arrows represent the flow of materials. According to the distribution
of transportation tasks and the knowledge related to coal mine transportation, the related
transportation systems of X coal mine are divided into the following categories (as shown
in Table 5).

Table 5. Components of X CMTS.

X CMTS Division The Components of the X CMTS

The common transportation system: 3 (DTL160 main roadway belt conveyor),
4 (DTL140 secondary roadway belt conveyor), 9 (DSJ100 belt conveyor),
10 (DS]J140 telescopic belt conveyor)
4,2115 comprehensive mining working face: 5 (DS]J140 telescopic belt
conveyor),6 (52721350 loader), 7 (PLM4500 crusher),
8 (SGZ1000 flexible scraper conveyor)

42,201 working face: 11 (SGB-40T scraper conveyor), 12 (DSJ80 belt conveyor)
42,202 working face: 13 (SGB630 scraper conveyor), 14 (DSJ00 belt conveyor)
42,203 working face: 15 (DS]J140 telescopic belt conveyor), 16 (5221350 loader),
17 (PLM4500 crusher), 18 (SGZ1000 flexible scraper conveyor)

Incline Transport System 2 (DTL160 main inclined shaft belt conveyor)
Vertical Shaft Hoisting System 1 (upper bunker conveyor)

Level Transport System
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17. PLM4500 crusher
16. SZZ1350 transfer
machine
. 42,203 working
| <«@—— face - ﬂmjﬁ
i T ]
7 1

< 42202 working face
R e — 14. DSJ100 belt conveyor

12. DSJ80 belt conveyor
11. SGB-40T scraper conveyor

* —— 42,201 working face
7,

N

10. DSJ140 retractable belt conveyor

9. DSJ100 belt —» | 8. SGZ1000 bendable ¢

scraper conveyor
conveyor ¢

42,115 fully mechanized
Lnﬁng fac% |

4. DTL140 alley two belt conveyor

7.PLM4500 crusher

3. A belt conveyor in 6 S771350 ¢ ] y
DTL140 alley w . ransfer machine

5. DTL160 main inclined sha ft 5. DSJ140 retractable belt conveyor

belt conveyor

1. Upper warehouse conveyor

0. Ground raw coal bunker

Figure 4. Components and layout of X CMTS.

According to Figure 4 and Table 5, coal is transported from four working faces through
sub-transportation systems to the public transportation system and then stored in 0 (ground
raw coal storage).

4.2. Constructing Fault Tree Model-CMTS

According to the aforementioned methodology, fault tree model-CMTS is constructed.

Step 1: Using the X coal mine transportation system accident as the top event, repre-
sented by “T,” the flat roadway transportation system, inclined roadway transportation
system, and lifting transportation system of the X coal mine are represented as intermediate
events in the first layer of the accident tree. Take the first-level intermediate events of
the CMTS accident as the top events of the accident sub-trees, denoted as “Ty, Ty, T3,”
respectively, to establish the accident sub-tree model of the X coal mine. The risk events
for each transportation system, categorized by attribute, are presented in Tables 6-8. Next,
we will construct FTA models for the CMTS based on the three different types of accidents.
Following the accident tree analysis process, a fault tree model of the CMTS is established,
as shown in Figure 5. With the help of the expert system and the field investigation in the X
coal mine, the risk factors of the coal mine transportation system were determined by the
method of Chinese excavation in Section 3.1, as shown in Tables 6-8, respectively.
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Table 6. Risk events of the coal mine level roadway transportation system.

Code Event Code Event
Ay Human factor X5 Improper equipment protection
Ay Machine factor Xe Not renovated in time
Az Environmental factor X7 Failure of sand spreading device
Ay Operator problem Xg Acoustooptic signal failure
As Supervision and dispatching personnel issues Xo The type of work does not match the post
Ag Belt conveyor failure Xi10 Illegal car jacking
Ay Locomotive failure X11 Illegal parking
Ag Safety device failure X12 Pay no attention to the warning signal
Ay Uncomfortable working environment X13 Did not observe the surrounding environment
Aqp Operation violation X1g Transporter deviation
Aqp Operator mistake Xi5 Belt conveyor belt breakage
A1 Brake failure Xi6 Abnormal speed
X1 Insufficient lighting in roadway X17 Controller failure
Xz Unreasonable deployment X8 Corrosion of parts
X3 Lack of supervision X19 Small space
Xy Inadequate information communication X290 Presence of obstacles
Table 7. Risk events of the coal mine inclined roadway transportation system.
Code Event Code Event
By Human factor Y Mine car derailment
By Machine factor Axle breakage
B3 Environmental factor Ys Hazardous gas
By Personnel violation Yg Dust pollution
Bs Skill errors Yo Pedestrians during operation
Bg Rope breakage Y11 Fail to avoid in time
By Mine car failure Y12 Unauthorized leaving the post
Bsg Connection device issues Y13 Overspeed or overloaded driving
Bg Poor ventilation Y1q Excessive acceleration
B Personnel in danger zone Y15 Sudden interruption of operation
B11 Violation of construction schedule Y16 Wear or corrosion
Bz Rope impact force Y17 Insufficient strength
Bis Quality issues Y1s Rope entanglement
Big Incorrect usage Y19 Failure to use safety rope
Bis Connecting device failure Yoo Unlatched or improperly inserted
Y1 Unsuitable temperature Y1 Failure to hang hooks or chains
Y, Severe noise pollution Yoo Chain link fracture
Y3 Failure to issue warning signals Yo3 Pin ejection or fracture
Yy Improper personnel deployment You Hook, chain or rope buckle failure
Y5 Poor emergency response
Table 8. Risk events of the coal mine vertical shaft lifting transportation system.
Code Event Code Event
Cq Human factor Zs Signal device failure
Cy Machine factor Z; Machine body not repaired
Cs Environmental factor Zg Container overwinding
Cy Operator error Zy Excessive inclination
Cs Other personnel errors Z1o Narrow passage
Ce Protection device failure Z11 Driver’s violation
Cy Hoist failure Z12 Fatigue driving
Cs Wire rope fault Z13 Overspeed and overweight
Cy Inappropriate transport space Ziy Failure to issue warning signals
Cio Violation of regulations in operation Zis5 Failure to handle emergencies according to regulations
Cn Poor emergency response capability Z1s Misalignment of brake disc
Cio Brake system failure Z17 Brake shoe wear
Ci3 Circuit problems Z1g Spring fatigue
Cia Quality issues Z19 Electrical leakage
Cis Connection failure Zoo Failure of electrical leakage protection
7y Inadequate lighting Zn Wear
Zy Mining depth discrepancy Zy Corrode
Z3 Illegal traffic Zp3 Pin fracture
Zy Illegal ride Zoy Chain link fracture
Zs Illegal operation Zys Connector failure
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Figure 5. Construction of fault tree model-CMTS. (a) represents the accident tree of the coal mine level roadway transportation system, (b) represents shows
the accident tree of an inclined roadway transportation system in the coal mine, (c) represents shows the accident tree of the coal mine vertical hoisting
transportation system.
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Figure 5a shows the accident tree of the coal mine level roadway transportation system,
in which Ty is the top event, namely the coal mine level transportation accident, and the
intermediate event A; and the basic event X; are shown in Table 6.

Figure 5b shows the accident tree of an inclined roadway transportation system in
the coal mine. The top event is T, namely the coal mine inclined roadway transportation
accident. The main construction process of the fault tree is consistent with the drift trans-
portation accident. The factors represented by the intermediate event B; and the basic event
Y; are shown in Table 7.

Figure 5c shows the accident tree of the coal mine vertical hoisting transportation
system, T3 shows the hoisting transportation accident of the top event, and the factors
represented by the intermediate event C; and the basic event Z; are shown in Table 8.

Step 2: In this step, it is necessary to find the structural function of the fault sub-trees of
a coal mine transportation accident first. According to Equations (3) and (4), the instantiated
Equations (12)-(14) can be expressed as follows, respectively.

The structure function of the fault tree for the level roadway transportation accidents
in coal mines is given by Equation (12):

CD(X) = (X1> X (X19 + Xzo) + (X2 + X3+ X4) + (X5 + X6) + (X7 + Xg)

(13)
+(Xo + Xq0 + X11) + (X12 + Xi3) + (X14 + Xi5 + Xi6) + (X17 + Xas)

The structure function of the fault tree for the inclined roadway transportation acci-
dents in coal mines is given by Equation (13):

D(Y) = (Y1) + (Y2) + (Y3) + (Ya+Y5) + (Y6 + Y7) + (Ys + Yo) + (Y10 + Y11)
+(Ys + Xo) + (X190 + Y11) + (Y2 + Yi3) + (Y1a + Yi5) % (Y16 + Y7 + Yig) (14)
+(Y19 + Yoo + Yo1) + (Yoo + Yoz + Yo4)

The structure function of the fault tree for the vertical shaft hoisting transportation
accidents in coal mines is given by Equation (14):

D(Z) = (Z1) + (Z2) + (Z3 + Zs + Z5) + (Z6) + (Z7) + (Zg) + (Zo + Z19)
H(Z11 + Zip + Z13) X (Z1a + Z15) + (Z16 + Z17 + Z1g) (15)
+(Z19 + Zoo) + (Zo1 + Z22) + (Zo3 + Zpa + Zs)

Next, by using the bottom-up method to simplify the equations mentioned above, the
first-order minimal cut sets and second-order minimal cut sets of the CMTS accident tree
are obtained as shown in Table 9.

Table 9. The first-order minimal cut sets and second-order minimal cut sets.

CMTS The First-Order Minimal Cut Sets The Second-Order Minimal Cut Sets
Coal mine level roadwa X}, (Xs}, (Xa}, (X5}, {Xe}, (X7},
. Y {Xs}, (Xo}, {X10}, (X1}, (X2}, X1, X9}, X1, X0}
transportation system
{X13}, {Xa}, {X15}, { X6}, {Xa7}, {X18}
Coal mine inclined roadway 8¢ }{3{? }{3{; }{iY4}}’{{>\({5}}' {{;{(6}'}{\{7}' {X14, X16}, {X14, Xa7}, {X14, X18},
t tati ¢ Byt A Lo A6 s VT X15,X16}, {X15, X17}, {X15, X
ransportation system s} (Yiob Ao}, Yar 1, (Yoo}, {(Yas}, {Yas} {Xi5, X6}, {X15, X7}, {X15, Xa8}
Coal mine vertical shaft lifting {21}, {22}, {28}, {2}, {Zs}, {26}, {27}, X1, X1}, {X11, X15}, {X12, X14},

transportation system

ZsY, 1720}, {Z10}, {216}, {Z17}, {213},
{219{}/ ?[}Zz({)}/g}izil f?%ziz]},6%2;}‘1/7%2;}1?%225} X2 Xas}, Xz Xaa}, X3, X1}
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Based on Table 9, it is evident that the coal mine level roadway transportation system
has a total of 19 minimal cut sets, comprising 17 first-order minimal cut sets and 2 s-order
minimal cut sets. Similarly, the coal mine inclined roadway transportation system exhibits
25 minimal cut sets, including 19 first-order minimal cut sets and 6 s-order minimal cut
sets. In the case of the coal mine vertical shaft hoisting transportation system, there are
26 minimal cut sets, with 20 first-order minimal cut sets and 6 s-order minimal cut sets.
These findings emphasize that even a single or dual occurrence of basic events can pose
significant risks of transportation accidents in coal mines.

Step 3: According to the obtained minimum cut set and the structural importance
formula in Section 2.1, the basic event structural importance of coal mine transportation
accidents is obtained and ranked. The resulting structural importance of the basic events is
presented and ranked in Tables 10-12.

Table 10. Importance of basic event structure of the coal mine level roadway transportation system.

Event Importance Event Importance Event Importance
X11 1.5 X5 1.5 X18 1
X12 1.5 Xe 1 Xz 1
Xy 15 X1 1 Xy 1
X15 1.5 X3 1 XlO 0.5
X17 1.5 Xo 1 Xi6 0.5
X19 1.5 Xg 1 X13 0.5

Table 11. Importance of basic event structure of the coal mine inclined roadway transportation

system.
Event Importance Event Importance Event Importance
Ye 15 Yo 1.5 Y7 1
Y10 15 Yis 1.5 Ys 1
Y3 1.5 Y19 1.5 Yo 1
Y12 15 Yo1 1.5 Y22 0.5
Y13 15 Yo4 1.5 Y11 0.5
Y16 1.5 Y 1 Y14 0.5
Y17 15 Yy 1 Y15 0.5
Yo3 15 Ys 1 Yoo 0.5

Table 12. Importance of basic event structure of the coal mine vertical shaft lifting transportation

system.

Event Importance Event Importance Event Importance
Z3 1.5 Zoy 1.5 Zyy 1
Zs 1.5 Zo 1.5 Zy 1
Z11 1.5 Zy 1.5 Zy 1
Z13 1.5 Zg 1.5 Zi5 1
Zs 1.5 Zy 1.5 Zy3 0.5
Zy 1.5 Z16 1 VAT 0.5
Zs 1.5 VAY) 1 VAT 0.5
Zy 1.5 VAT 1 Zy 0.5
Z14 1.5

As shown in Table 13, the structural importance of the fault tree is divided into three levels.
The higher the importance level, the greater the impact on coal mine transportation accidents.
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Table 13. The classification of structural importance levels for fault tree analysis.

CMTS First-Tier Ranking Second-Tier Ranking Third-Tier Ranking
(I;(i)=1.5) (I (i)=1.0) (I (i)=0.5)
Coal mine level roadway X}, X}, {Xa}, {Xais}, { Xz}, {Xe}, {Xa}, {Xs}, {Xo}, {Xs}, {X14},
transportation system " {Xi:}, {)ézo}, {)155} v ’ 1{X18}3, {Xz}q, {X7}8 " (Xw} {Xe}, (X}
Coal mine inclined roadway {Ye}, {Y10}, {Ys}, {Yio}, { Y13}, {Y1s}, {Yo}, {Yu1 },{Y1s},
transportation system {Yi7}, {Yas}, {Y2}, {Yas}, { Y10}, {Ya1 }, {You}, {Ya}, {Ya}, {¥s}, {¥7}, {¥s}, {¥o} {Y15},{Y20}
Coal mine vertical shaft hoistin {Zs}, {26}, {Zu}, {Z13}, {Za5}, {Za}, Zie}, {Z12}, {Z19},
transportation system & {zs}, {{2272}2}{2{12451} {{Zzzﬁr {Z20}, {Z{171}6/ }{ Z{1 }{ZEZE}/IE}ZH} {2}, {20}, {Zas), {221}
4.3. Mapping the FTA to BN
Stepl: the accident tree model obtained in Section 4.2 is transformed into a BN
structure using mapping techniques. The resulting mapped Bayesian network structure is
shown in Figure 6.
Step2: the risk probability frequency of each root node in the transportation systems is
calculated using the risk probability frequency formula. Subsequently, the prior probability
P(A) of each risk factor in the CMTS is determined using the prior probability calculation
formula. The calculated risk probability frequency and prior probabilities P(A) for the
CMTS are presented in Tables 14-16.
Table 14. Prior probabilities of risk factors in the coal mine level roadway transportation system.
Root node Frequency Prior Probability Root Node Frequency Prior Probability
X 12 0.201 X11 18 0.300
X 10 0.167 X12 10 0.167
X3 12 0.201 X13 12 0.201
X4 13 0.217 X14 9 0.150
X5 10 0.167 X15 13 0.217
Xs 9 0.150 X16 10 0.167
X7 10 0.167 X17 14 0.233
X3 11 0.183 X18 10 0.167
Xo 8 0.133 X19 12 0.201
X10 15 0.250 Xa0 9 0.150
Table 15. Prior probabilities of risk factors in the coal mine inclined roadway transportation system.
Root node Frequency Prior Probability Root node Frequency Prior Probability
Y2 10 0.161 Y14 10 0.126
Y3 10 0.161 Y15 11 0.177
Y4 9 0.145 Y16 13 0.210
Y5 12 0.194 Y17 10 0.161
Y6 18 0.290 Y18 9 0.145
Y7 14 0.226 Y19 11 0.177
Y8 8 0.129 Y20 13 0.210
Y9 7 0.113 Y21 8 0.129
Y10 14 0.226 Y22 10 0.161
Y11 15 0.242 Y23 9 0.145

Y12 10 0.161 Y24 6 0.106
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Figure 6. Bayesian network structure of CMTS. (a) represents the BN structure for the level roadway transportation system in coal mining, (b) represents the BN

structure for the inclined roadway transportation system in coal mining, (c) represents the BN structure for the vertical shaft lifting transportation system in coal

mining.
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Table 16. Prior probabilities of risk factors in the coal mine vertical shaft hoisting transportation

system.

Root Node Frequency Prior Probability Root Node Frequency Prior Probability
Z2 9 0.115 Z15 10 0.126
Z3 25 0.316 Z16 14 0.183
zZ4 12 0.152 z17 16 0.202
Z5 8 0.101 718 9 0.115
Z6 17 0.215 719 15 0.194
z7 14 0.183 Z20 13 0.162
Z8 15 0.194 721 9 0.115
79 11 0.141 722 10 0.126

Z10 10 0.126 Z23 12 0.146
711 18 0.225 724 14 0.183
712 12 0.146 725 15 0.194
713 16 0.202

Figure 6a shows the BN structure for the level roadway transportation system in coal
mining. The risk factor frequencies and prior probabilities can be found in Table 14.
Figure 6b shows the BN structure for the inclined roadway transportation system in
coal mining. The risk factor frequencies and prior probabilities can be found in Table 15.
Figure 6¢ shows the BN structure for the vertical shaft lifting transportation system in
coal mining. The risk factor frequencies and prior probabilities can be found in Table 16.
Step 3: Prior probabilities and node logical relationships are updated using GeNle 2.1
to establish the GeNle model for the CMTS as shown in Figure 7. In Figure 7, (a) represents
the GeNle model for the level roadway transportation system in coal mining, (b) represents
the GeNle model for the inclined roadway transportation system, and (c) represents the
GeNle model for the vertical shaft lifting transportation system.
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(a) Coal mine level roadway transportation system

Figure 7. Cont.
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(c) Coal mine vertical shaft hoisting transportation system
Figure 7. GeNle model of CMTS.

Then, using the probability update of the BN, the target node is set as the leaf nodes
and, in GeNle 2.1, its probability is set to 100% for backward reasoning (as shown in
Figure 8a). This allows for the determination of the posterior probabilities and importance
ranking of each network node under the accident conditions. The analysis results are
presented in Tables 17-19.
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Figure 8. Comparison of the risk analysis results of the coal mine level roadway transportation
system.

Table 17. Posterior probability of risk factors in the coal mine level roadway transportation system.

Posterior Importance Posterior Importance
Root Node Probability Ranking Root Node Probability Ranking
X1 0.203 1 X11 0.314 6
Xz 0.171 3 X12 0.172 4
X3 0.204 2 X13 0.201 0
Xy 0.226 5 X14 0.153 3
X5 0.172 4 Xi5 0.231 6
Xe 0.154 3 X16 0.169 1
X7 0.169 1 X17 0.242 5
Xg 0.186 2 X1 0.171 3
Xo 0.137 3 X19 0.206 4
X10 0.252 1 X20 0.156 4

Table 18. The posterior probability of risk factors in the coal mine inclined roadway transportation

system.
Posterior Importance Posterior Importance
Root Node Probability Rl;nking Root Node Probability RI;nking
Y1 0.133 3 Y3 0.279 4
Y, 0.166 4 Y14 0.129 2
Y3 0.233 5 Y15 0.181 3
Yy 0.149 3 Yig 0.217 5
Y5 0.196 1 Y17 0.166 4
Y 0.306 6 Y1g 0.149 3
Yy 0.229 2 Y19 0.180 2
Yg 0.131 1 Yoo 0.215 4
Yo 0.115 1 Yo1 0.133 3
Yo 0.241 6 Yoo 0.163 1
Y11 0.246 3 Yo3 0.154 5
Yo 0.167 4 Yoy 0.112 4
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Table 19. The posterior probability of risk factors in the coal mine vertical shaft hoisting transportation

system.
Posterior Importance Posterior Importance
Root Node Probability Rl;nking Root Node Probability Rgnking

Zq 0.258 3 Z14 0.132 4
Zy 0.121 4 Z15 0.130 4
Z3 0.331 6 VAT 0.187 2
Zy 0.157 3 Z17 0.205 2
Zs 0.107 4 VAT 0.121 4
Zg 0.227 6 Z19 0.198 2
Zy 0.189 4 Zoo 0.167 3
Zg 0.198 2 7y 0.121 4
Zgy 0.146 3 Zo» 0.131 3
Z1o 0.128 1 Zos 0.148 1
Z11 0.235 5 Zoy 0.185 1
Z1» 0.150 2 Zos 0.202 5
Z13 0.212 5

Analysis of Table 17 reveals that the posterior probabilities of each network node have
increased compared to the prior probabilities. Based on the magnitude of the increase, the
importance ranking of the posterior probabilities for the nodes is as follows: (X;; Violation
of Scraping Vehicle Regulations, X;5 Belt Conveyor Belt Breakage) > (X4 Inadequate Infor-
mation Communication, X;7 Controller Failure) > (X5 Improper Equipment Protection, X1,
Failure to Pay Attention to Warning Signals, X;9 Limited Space, Xy Presence of Obstacles) >
(X2 Inappropriate Deployment, X4 Delayed Maintenance, X9 Inappropriate Job Assignment,
Xig Rusting of Parts) > (X3 Inadequate Supervision, Xg Failure of Audio-Visual Signals, X4
Deviation of Transporter) > (X; Insufficient Tunnel Lighting, X7 Failure of Sand Spraying
Device, X Violation of Roof Support Regulations, X;s Abnormal Speed).

A lower ranking indicates a higher probability of causing risks. Therefore, nodes
X11 (Violation of Scraping Vehicle Regulations), X5 (Belt Conveyor Belt Breakage), X4
(Inadequate Information Communication), and X;7 (Controller Failure) have a higher
probability of causing accidents in the coal mining level roadway transportation system
compared to the other factors.

Analysis of Table 18 indicates that the importance ranking of posterior probabilities
for nodes in the BN model of the inclined roadway transportation system is as follows:

(Y¢ Mine Car Wheel Dislodgment, Y19 Pedestrians during Vehicle Operation) > (Y3
Failure to Issue Warning Signals, Y14 Wear or Corrosion, Yp3 Pin Ejection or Fracture) > (Y,
Severe Noise Pollution, Y1» Unauthorized Leave from Post, Y13 Overspeed or Overload
Driving, Y17 Insufficient Strength, Y,9 Uninserted or Partially Inserted Pins, Y,4 Hook,
Chain, or Rope Buckle Failure) > (Y; Uncomfortable Temperature, Y4 Inadequate Staffing,
Y11 Failure to Evade Timely, Y15 Sudden Interruption of Operation, Y;g Knotting, Y Failure
to Hang Hook, Chain) > (Y7 Axle Breakage, Y14 Excessive Acceleration, Y19 Failure to Use
Safety Rope) > (Y5 Poor Emergency Response, Yg Hazardous Gases, Yo Dust Pollution, Y
Chain Link Fracture).

This indicates that the risk factors of Y¢ (Mine Car Wheel Dislodgment), Y;y (Pedes-
trians during Vehicle Operation), Y3 (Failure to Issue Warning Signals), Y14 (Wear or
Corrosion), and Y33 (Pin Ejection or Fracture) have a significant impact on accidents in the
inclined roadway transportation system.

Analysis of Table 19 reveals that the importance ranking of posterior probabilities
for nodes in the BN model of the vertical shaft lifting transportation system is as follows:
(Z3 Violation of Passage Regulations, Z¢ Signal Device Failure) > (Z;; Driver Violation,
Z13 Overspeed, Overload, Z5 Connector Failure) > (Z, Inappropriate Mining Depth, Z5
Violation of Operations, Z; Equipment Deterioration, Z14 Failure to Provide Warning
Alerts, Z5 Failure to Handle Hazards as Required, Zg Spring Fatigue, Zy; Wear) > (Z;
Inadequate Lighting, Z4 Unauthorized Riding, Z9 Excessive Inclination, Z,y Failure of
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Leakage Protection, Zy, Corrosion) > (Zg Overwinding of Container, Z;, Driver Fatigue,
Z1¢ Brake Disc Misalignment, Z;7 Brake Shoe Wear, Z19 Leakage) > (Z1p Narrow Passage,
Z3 Pin Fracture, Z,4 Connector Failure).

This indicates that the risk factors of Z3 (Violation of Passage Regulations), Z¢ (Signal
Device Failure), Z1; (Driver Violation), Z;3 (Overspeed, Overload), and Zys (Connector Fail-
ure) have a significant impact on accidents in the vertical shaft lifting transportation system.

Step 4: in this step, to enhance the accuracy of key factor determination, this study
conducted a comparative analysis between the results of structural importance calculation
in the fault tree and posterior probability analysis in the Bayesian network. The aim was to
identify the top five risk factors with higher probability for subsequent detailed analysis.
The comparative analysis results are presented in Figures 8-10.
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Figure 9. Comparison of the risk analysis results of the coal mine inclined roadway transportation

system.
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Figure 10. Comparison of risk analysis results of the coal mine vertical shaft hoisting transportation
system.
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The analysis results in Figure 8 indicate that X4 (Delayed Communication), X;; (Unau-
thorized Riding), Xi5 (Belt Conveyor Belt Breakage), and X;7 (Controller Failure) are the
major risk factors of the coal mine level roadway transportation system.

The analysis results in Figure 9 indicate that Y¢ (Mine Car Wheel Dislodgment), Y1
(Pedestrians during Vehicle Operation), Y3 (Failure to Issue Warning Signals), Y14 (Wear or
Corrosion), and Y3 (Pin Ejection or Fracture) are the major risk factors of the coal mine
inclined roadway transportation system.

The analysis results in Figure 10 show that Z3 (illegal traffic), Z¢ (Signal Device Failure),
Z11 (driver violation), Z13 (overspeed and overweight), and Z,5 (connector failure) are the
main risk factors of the coal mine vertical shaft hoisting transportation system.

4.4. PHA and Pre-Control Measures

Finally, based on the comparative analysis results, a preliminary hazard analysis
and relevant countermeasures are proposed for the key risk factors in the coal mine level
roadway transportation system (refer to Table 20), inclined roadway transportation system
(refer to Table 21), and vertical shaft transportation system (refer to Table 22).
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Table 20. Pre-hazard analysis of the coal mine level roadway transportation system.

Factor

Causes

Consequences

Level

Countermeasures

Unauthorized riding
(R=8)

Belt transport machine belt breakage
(R=3)

Controller malfunction
R=6)

Delayed information communication
(R=6)

1. Loose labor discipline and habitual
violation of regulations.
2. Insufficient inspection personnel leading
to workers having a sense of luck.

1. Damage or fracture of belt joint, failure of
belt protection.
2. Belt deviation or being scraped by
foreign objects.

1. Breakage of collector, automatic switch,
or starting resistor.
2. Fragmentation of controller positioning
mechanism or loss of rollers.

1. Signal worker lacks professional skills,
and signal system is not perfect.
2. Signal devices have malfunctions and
repairs are not timely.

Workers disregard coal mine safety

regulations and supervision responsibilities,

posing a threat to personnel safety.

Belt damage, deviation, and failure of
protection device may cause accidents and
injuries.

Controller breakage, improper installation
of pressure roller fragments, and uneven
force may cause control failure, leading to
accidents and casualties.

Incorrect information transmission or
inability to transmit signals due to
malfunctions may prevent personnel from
taking preventive measures against
hazards.

I

II

I

I

1. Standardize training to ensure that new
mine employees receive no less than 72 h of
training, and job changers also need to
undergo retraining.

2. Strictly implement the job responsibility
system and follow-up system, supervising
employees to operate in accordance with
the Coal Mine Safety Regulations.

1. Strictly implement low-speed belt
verification system, strengthen dynamic
monitoring of running belt, and timely and
accurately determine the working status of
belt joints.

2. Strengthen maintenance and repair of
equipment such as iron removers and
crushers, ensure their normal operation,
and avoid damage to the conveyor belt
caused by large iron objects or gangue.

1. Regularly check the position of control
valve handle, foot pedal, and other
accessories and promptly replace damaged
parts.

2. Replace the pressure roller fragment

structure with a positioning lever structure,

and conduct heat treatment on the rollers
and positioning cam to enhance their
strength.
1. Install independent audio, visual signal
systems, and communication devices at

each working point underground to ensure

effective operation of the signal system.
2. Establish a safety management model,
strengthen hazard screening, accurately
grasp risk information, in order to timely

develop effective preventive measures.
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Table 21. Pre-hazard analysis of the coal mine inclined roadway transportation system.

No.

Factor

Causes

Consequences

Level

Countermeasures

Wheel derailment
R=6)

Pedestrians during operation
R=4)

Failure to issue warning signals
(R=8)

Bolt popping out or breaking
R=6)

Equipment damage or corrosion
(R=3)

1. Foreign objects blocking the bearing
pipeline, severe bearing wear.
2. Poor lubrication, sliding at bends causing
excessive wear on the wheels.

1. Lack of safety awareness, failure to enter
refuge chambers.

2. Failure to observe surroundings during
vehicle operation.

1. Lack of concentration by signal workers
or drivers, leading to operational errors.
2. Signal devices malfunctioning, lack of

backup equipment.

1. Careless operation by personnel,
incomplete connection of bolts.
2. Poor quality of bolts.

1. Poor equipment performance, incomplete
components.
2. Poor operating environment or
inadequate lubrication.

Increased friction between the wheels and
track due to bearing blockage and wear,
leading to wheel derailment.

Employees ignoring safety regulations,
pedestrians or drivers not paying attention
to their surroundings during operation,
resulting in accidents.

Poor concentration by operators or
malfunctioning signal devices, resulting in
delayed or absent warning signals, making

it difficult for pedestrians or vehicles to
detect hazards in a timely manner.

Incomplete connection or poor-quality bolts
popping out or suddenly breaking, causing
equipment failure and accidents.

Equipment damage or corrosion due to
poor equipment performance or operating
environment, resulting in accidents and
casualties.

i

1T

i

I

11

1. Adopt new sealing components to
maintain tight contact between bearings,
automatically compensate for clearances,

and prevent water and mud from entering.

2. Use lithium-based grease with good

mechanical stability and water resistance.

Widening the track gauge and raising the

outer rail at bends to reduce operational
resistance and wear.

1. Strictly enforce the “No pedestrians
during vehicle operation” rule, prohibiting
any personnel from working while vehicles

are in operation.

2. Ensure refuge chambers are available
every 40 m in dual-purpose roadways, and
personnel are prohibited from leaving
refuge chambers when vehicles are not fully
stopped.

1. Strictly require drivers to slow down and
observe surroundings when entering
construction areas and issue warnings in
advance.

2. Conduct pre-transportation checks to
ensure sensitivity and completeness of
signal systems and provide backup
equipment as planned.

1. Improve the skills of operators through
regular skill training and effective
assessments.

2. Each vehicle unit must conduct
inspections and maintenance of all
connecting devices according to regulations
every quarter, with no unauthorized
disassembly allowed.

1. Strengthen equipment performance
inspections and testing, ensuring that newly
acquired equipment has “Coal Safety Mark”
and prohibiting the use of unqualified
equipment.

2. Further implement regular inspections
and daily checks of transportation
equipment and facilities.
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Table 22. Pre-hazard analysis of the coal mine vertical shaft hoisting transportation system.

No.

Factor

Causes

Consequences

Level

Countermeasures

Violation of regulations by personnel
R=8)

Signal device failure
(R=4)

Violation of regulations by drivers
R=8)

Overloading and overspeeding
(R=6)

Failure of connecting components
R=4)

1. Inadequate safety education and training,
employees unable to identify workplace
hazards.

2. Weak enforcement of regulations.

1. Inadequate maintenance of audio and
visual signal devices, long repair periods.
2. Signal workers lacking professional skills
or making operational errors.

1. Poor mental state of employees, lack of
concentration.
2. Drivers leaving their posts without
authorization, inadequate skill training.

1. T Inaccurate calculation of the maximum
load capacity of the hoist, improper design.
2. Inappropriate track slope design.

1. Inappropriate use of connecting
components, presence of wear and
corrosion.

2. Poor on-site equipment management and
inadequate hazard identification.

Employees not following regulations
during operations or passage, resulting in
underground transportation accidents and

causing casualties and losses.

Signal devices malfunctioning or failing to
function properly due to maintenance
issues or operator errors, resulting in failure
to provide timely warnings to personnel.

Drivers violating regulations leading to
improper control of the main hoist or winch,
compromising the safety of the lifting
transportation system and causing
casualties and losses.

Overloading and overspeeding can cause
the mine car to lose control and result in
runaway accidents, causing casualties.

Wear or corrosion of connecting
components can affect the safe and reliable
operation of the lifting equipment,
potentially causing lifting transportation
accidents.

i

I

I

I

1T

1. Conduct weekly safety training and
assessments, and provide rewards or
punishments based on assessment results.

2. Strictly prohibit the mixing of personnel and
cargo, and vehicles must honk and slow down
when there are people ahead.

3. Establish refuge chambers and require
personnel to correctly wear and use protective
equipment.

1. Regularly inspect and maintain safety signal
devices, and have backup devices available.
2. Clearly define signal instruction systems,
ensuring that different instructions have distinct
characteristics, especially emergency signals
that must be effectively received by all
personnel.

1. Drivers must be certified and proficient in
emergency measures to handle unexpected
situations and undergo regular skill
assessments.

2. According to the requirements of the lifting
position, there must be a main and assistant
driver on each shift, with a minimum of two
personnel, one operating the vehicle and the
other supervising.

1. Check the loading conditions of the mine car
before operation, strictly adhere to loading
standards, and ensure the actual load is less
than or equal to the rated load.

2. Improve the working environment on site,
ensure that track design meets safety
requirements, and use safety protective devices.
1. Strictly follow safety rules for equipment use,
regularly clean the connecting components to
reduce the wear caused by oil and dirt, and
extend their service life.

2. Before maintenance, maintenance personnel
must enter the hoist room to dynamically
inspect and inquire about the operation of the
hoist from the driver, and take necessary safety
precautions during maintenance.
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5. Conclusions and Future Work

This paper presents a coal mine transportation system accident analysis method based
on FTA-BN-PHA, which utilizes FTA, BN, and PHA to identify major risk factors and
reduce the probability of transportation accidents. The main innovations and usability
regarding ensuring the safe operation of the CMTS are as follows:

(1) This paper introduces an integrated risk analysis model for CMTS by combining the
principles of FTA, BN, and PHA. Its execution logic can be summarized as follows: a
CMTS risk and safety assessment FTA model is transformed into a BN-based CMTS
accident network model by calculating the posterior probabilities of various risk
factors and determining the main risk factors. Then, a risk-matrix-based PHA method
is used to classify the levels of danger and provide effective pre-control measures for
CMTS.

(2) The usability of our study holds significant practical value in the field of coal mine
risk management. Through the analysis of real-world case studies, our study provides
valuable insights into effective strategies and practices for mitigating risks in SMTS,
which can be directly applied by coal mine operators to enhance safety measures
and reduce potential hazards. Furthermore, our research offers engineering guidance
by providing recommendations and guidelines for implementing risk management
techniques in CMTS, which can also assist engineers and decision makers in making
informed decisions to ensure the safety and efficiency of coal mining operations.

(3) Due to the complex and special working environment of the coal mine conveying
system, there are many types of factors that affect the safety of production, and there
are various differences between different coal mines, which have the characteristics of
unobserved heterogeneity [45] and ambiguity. Therefore, the risk analysis method
that does not take into account the above characteristics has certain limitations in
determining the degree of risk, and it is debatable whether this method can be applied
to most coal mine transportation systems. In the follow-up system research, the
polymorphism of risk nodes should be considered and the concepts of fuzzy state,
digital twin, and game model [46] should be introduced to make the calculation of
risk probability more accurate.
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