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The analysis of historical coal mine safety events and the accurate identification
of disaster factors are essential for effective mine safety management. Based on
the KeyBERT network model, conducts a coupling analysis of six typical coal
mine disaster cases in China between 2013 and 2023: gas explosions, water
disasters, fires, roof collapses, coal dust incidents, and rockbursts. It utilizes the
24Model (a theoretical model of accident causation) to systematically analyze
the mechanisms of each causative factor. The research reveals that causative
factors of coal mine accidents can be classified into three categories: geological
factors representing hazardous conditions of materials, serving as prerequisites
for disaster occurrences; behavioral and managerial factors reflecting unsafe
human behaviors, crucial as trigger conditions for disasters. Moreover, deeply
explored the disaster-causing characteristics and action mechanisms of key
geological factors such as faults, folds, goafs and overburden structures, and
divided behavioral factors into two levels: psychological and executive. It was
found that psychological factors play a leading role in accident induction. When
psychological factors are superimposed on problems at the executive level,
major safety hazards will be formed, seriously threatening coal mine safety
production. Based on these findings, we have developed a dual-prevention
mechanism integrating hidden danger investigation with safety risk classification
control, and proposed an innovative “3LA" coal mine disaster management
system, revealing that the inevitability of mine disasters stems from simultaneous
failures at three management levels.

coal mine disasters, accident investigation, risk analysis, process safety, safety
engineering
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1 Introduction

Coal is projected to remain Chinas primary energy source for
the foreseeable future (Li et al., 2024). As the scale, speed, and depth
of coal mining operations increase, the geological conditions and
engineering challenges encountered during mining are becoming
increasingly complex. According to recent data from the National
Mine Safety Administration (2024), 1,128 coal mines in China are
still facing geological disasters such as gas explosions, coal and gas
outbursts, hydrogeological issues, and rockbursts. These problems
pose significant safety risks in these mines.

Statistical analysis of coal mine accidents is essential for
summarizing incident characteristics, elucidating underlying
mechanisms, and promptly identifying factors that contribute to
disasters, all crucial for safety management in mining operations.
For example, data on coal mine safety accidents in China from 2010
to 2021 were compiled and analyzed by Zhao Yajun et al., who based
their analysis on accident type, severity and location, recommending
enhanced management of second and third-category hazard sources
(Zhao et al., 2023). Zhao etal. conducted a statistical analysis of
major coal accidents (involving three or more deaths) in mainland
China from 2017 to 2022, comprehensively studying regional,
temporal, and distribution characteristics of mining methods in
the accident database (Zhao et al, 2024). Wang etal. utilized
the Safety Entropy Model and Safety Degree Analysis to probe
various aspects of coal mine accidents, such as accident types
and regional distribution, offering recommended prevention and
control measures (Wang et al, 2023). Liu etal. extracted key
hazard terms from coal mine gas accident investigation reports
and employed association rule analysis to identify root causes of
these incidents, highlighting non-compliant operations by coal
mining companies as a primary contributing factor (Liu et al,
2023). Tan et al. employed text analysis techniques to identify high-
frequency terms related to coal mine accident hazards through
preprocessing textual information (Tan et al., 2017). Zhao and
Tian introduced a method for hazard identification in coal mines
based on the naive Bayes algorithm, addressing limitations of
traditional methods such as low recognition rates and extended
recognition times (Zhao and Tian, 2021). Cheng Lei and colleagues
applied mathematical statistics and systematic cluster tree analysis
to focus on casualty numbers, accident types, and timing of coal
mine accidents, categorizing accident risk levels (Cheng et al,
2023). Yuhong Qian utilized data mining techniques and the
Apriori and FP-growth algorithms to analyze intrinsic relationships
between methane, geological structures, and coal composition
(Qian, 2018). Based on their analysis of coal mine accidents, Li
Shuang et al. argued that inadequacies in management, education
and supervision represent the primary causes of coal mine accidents
compared to environmental and equipment risks (Li et al., 2022).
Rulin Liu etal. gathered statistical data on 362 major coal mine
accidents in China from 2000 to 2016, developing the Human
Factors Analysis and Classification System for Chinese Mines
(HFACS-CM) based on the results. Through the Analytic Hierarchy
Process (AHP) method, and the HFACS-CM model, they conducted
qualitative and quantitative evaluations of major coal mine accidents
(Liu et al, 2018). Yuxin Wang et al. utilized a modeled accident
prevention framework combined with coal mine gas explosion
accident case data to construct a targeted data mining network for
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obtaining accident cause networks and enhancing control measures
(Yuxinetal., 2024). Additionally, scholarslike Li et al. (2023), Fa etal.
(2021), and You et al. (2021) conducted text mining on accident
cases to extract main risk factors and associated factors in coal mine
safety accidents.

In conclusion, domestic and international scholars have
systematically analyzed the types, spatiotemporal distribution
characteristics, and disaster-causing mechanisms of coal mine
accidents using historical data. Through the application of
mathematical statistics, system safety evaluation, and data mining
methods, they have investigated the complex relationships among
various disaster-causing factors, thereby establishing a robust
theoretical foundation for understanding coal mine disaster
features. However, as coal mining operations intensify and
extend to greater depths, the causes of disasters are becoming
increasingly dynamic. Traditional analysis methods, which rely
heavily on personal experience, are often subjective and insufficient,
underscoring the need for more objective analytical approaches.
Although computer technology has made significant progress in
accident hazard text mining, it remains in its early stages, with
considerable potential for enhancing the accuracy and depth of
analysis. To address these challenges, this study employs computer
technology and the Python programming language to develop a
KeyBERT-based model. It conducts a coupling analysis of six typical
coal mine disasters in China—gas explosions, water disasters, fires,
roof collapses, coal dust incidents, and rockbursts—from 2013 to
2023. The study aims to objectively identify disaster-causing factors
across different events, elucidate their geological foundations,
and analyze the interrelationships among these factors using the
24Model of accident causation. This research provides a theoretical
framework and practical insights for preventing and controlling
disaster sources and implementing classification management in
coal mine safety.

2 Data and methods
2.1 Technical route

In the study, pre-processed data, statistical methodologies,
accident causation analysis models, and advanced deep learning
techniques are utilized to classify and elucidate the contributory
factors of diverse coal mine accidents. The technical methodology
is depicted in Figure 1.

2.2 Data set source and preprocessing

Accident reports
hazard identification and accident prevention (Liu et al, 2018;

investigation play a crucial role in
Tian et al., 2024). These reports offer a more truthful, accurate,
and comprehensive depiction of incidents compared to other
document types. In this study, a total of 332 typical coal
mine accident investigation reports from the period 2013 to
2023 have been collected from reputable sources such as the
Emergency Management Department, the National Mine Safety
Administration, and the Coal Safety Network (https://www.mkaq.
org/), as outlined in Table 1.
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FIGURE 1
Coal mine disaster analysis technology route.

TABLE 1 The dataset on coal mine disaster.

Disaster type

Original dataset (count)

Valid dataset (count)

Direct causes Indirect causes

Gas 83 70 67
Flood 62 57 56
Fire 45 42 40
Dust 31 26 25
Roof 79 69 66
Rockburst 32 28 27

To prepare the accident text corpus for model input,

preprocessing of the accident text dataset is conducted:

(@)

(b)

(d)
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Remove invalid data. In the original data set, remove the
data with unknown accident time, location and cause as
invalid data.

Accident document consolidation. Trigger accidents within
compound disasters, such as floods caused by rockburst, are
integrated into the rock burst accident dataset.

(c) Data format conversion. After removing invalid entries, the
valid data is summarized and organized into TXT format files
categorized by accident type to streamline computer processing.
Dataset segmentation. Text within reports is divided into
datasets of direct and indirect causes based on coal mine
accident types and investigative report segments. Some reports
may lack indirect cause data due to diverse data sources, as
outlined in Table 1.

(e)

(f)

(g

03

Text tokenization. The “Jieba” tokenizer in exact mode is
utilized to process the text within each dataset, ensuring data
efficiency.

Text de-noising and punctuation removal. A stopword
list for coal mine accident analysis, comprising 2,011
stopwords/phrases from the Harbin Institute of Technology
supplemented with specialized vocabulary from safety and
mining engineering, is constructed. This list is employed to
eliminate stopwords and special punctuation from the text
datasets, thereby reducing vector dimensions and enhancing
model performance.

Report text consolidation. Coal mine accident reports often
vary in their descriptions of accident causes, leading to
different yet synonymous terms like “burial depth” and
“depth’, or “safety supervision and management” and “safety
regulation” To address this, a synonym consolidation
lexicon is developed to unify expressions of the same cause,
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preventing oversight of similar accident causes due to diverse
terminology.

3 Results
3.1 Disaster-causing keyword extraction

The TF-IDF (Term Frequency-Inverse Document Frequency)
algorithm (Zhang et al., 2011) is utilized as a statistical weighting
measure in information retrieval and text mining fields. Its
purpose is to determine the importance of words in documents,
particularly effective in situations where text length is consistent,
and term complexity is low. A higher TF-IDF score generally
signifies increased textual significance. Equations 1-3 detail the
computation of TF-IDE.

TF - IDF = TF x IDF (1)
n;
TF,; = — @)
T Xy
N
IDF, =1

In the formula: TF represents the frequency of the keywords
within the accident dataset texts; IDF represents the inverse
document frequency; ni,j denotes how many times the keywords
appear in the document; N corresponds to the overall document
count in the corpus; dfi signifies the quantity of documents
containing the keywords.

The TF-IDF algorithm was employed to analyze the importance
of each word in the datasets for direct and indirect causes. The results
were visualized using the WordCloud package in Python, as shown
in Figure 2. In Figure 2, the size of the words is proportional to their
frequency.

As depicted in Figure 2, the disaster-causing factors of coal mine
accidents are categorized as geological, behavioral, and managerial
factors. The direct cause dataset predominantly extracts disaster-
causing geological and behavioral factors, while the indirect cause
dataset focuses on disaster-causing managerial factors. However,
TF-IDF, a statistical weighting algorithm, measures the significance
of words based solely on frequency, overlooking word semantics,
and presents the following shortcomings:

(1) Due to variations in the number of documents across different
coal mine accident reports and the differing lengths of each
report, it is possible that some relatively important words that
do not appear frequently may be overlooked.

(2) After text segmentation and the removal of stopwords, the

documents extracted by the TF-IDF algorithm consist only

of individual nouns or verbs, which may not fully reflect
the causes of accidents, such as coal thickness, ventilation,
accumulation, personnel, etc.

3.2 Disaster factor identification

BERT  (Bidirectional Encoder Representations from

Transformers) is a deep learning-based pre-trained language model
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that utilizes the Transformer Encoder architecture (Devlin et al.,
2019). During its pre-training phase, multi-layer bidirectional
Transformer encoders are employed to capture bidirectional
relationships within a large-scale corpus, significantly enhancing the
model’s ability to recognize semantic similarities. The application
of BERT in text extraction is primarily dependent on fine-tuning,
which involves making subtle adjustments to the pre-trained model
for specific tasks. The significance of BERT in short text classification
is underscored by its bidirectional encoding capabilities and
contextual understanding (Qin and Zhang, 2024), addressing the
limitations of the TF-IDF algorithm, such as insufficient accuracy,
incapacity to reflect word position, and incapacity to represent
sequence information.

KeyBERT is a keyword/phrase extraction model based on the
BERT architecture, which utilizes text embeddings and word-
document matrices to identify document-relevant keywords while
minimizing semantic similarity between them. In this section,
disaster-related keywords extracted using TF-IDF are further
refined using the KeyBERT model by adjusting parameters such as
“keyphrase_length” and “n_gram_range” Cosine similarity is used
to identify the most relevant keywords/phrases, and the Maximal
Marginal Relevance (MMR) algorithm is employed to address
issues arising from similar word groups, extracting key geological,
behavioral, and managerial factors contributing to various types of
coal mine disasters as seen in Tables 2, 3. KeyBERT’s architecture
is illustrated in Figure 3. Note: Since the dataset originates from a
Chinese website, except for some specific terminology in English,
all others are in Chinese. Thus, the BERT module used in this study
refers to the Bert-base-chinese version.

From Table 4, it is evident that the factors that lead to coal
mine disasters are complex and multifaceted. According to accident
investigations and statistical analyses (Fu et al., 2020), it is understood
that coal mine disastersare the result of interactions between hazardous
physical conditions and unsafe human behaviors. Geological factors
represent these hazardous conditions and are prerequisites for the
occurrence of disasters, while behavioral and managerial factors are
triggers due to unsafe human actions.

From the perspective of hazardous physical conditions,
geological factors such as deep coal seams, susceptibility to impacts,
complex geological structures, unclear mined-out areas, and poor
stability of coal layers are considered the prerequisites for coal
mine disasters. These geological factors that cause disasters are
primarily characterized by their geogenic nature and concealment.
In terms of disaster factor analysis, mined-out areas and coal layer
stability emerge as common factors contributing to all types of
coal mine accidents. Effective detection technologies should be
utilized in practical mining engineering to accurately pinpoint
the location, size and water content of mined-out areas. Efforts
should also be directed towards assessing and monitoring the
thickness, occurrence and structure of coal layers to ensure mining
safety. Analysis of disaster types reveals that water disasters, roof
collapses, and rockbursts are associated with a higher number of
contributing factors, whereas fires, dust explosions, and gas disasters
involve fewer. Empirical evidence suggests that water disasters,
roof collapses, and rockbursts pose significantly greater challenges
in terms of control during mining operations, thereby indirectly
corroborating the accuracy of these research findings (Cao et al.,
2022; He et al., 2018; Miao et al., 2024).
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Notes: The larger the text in the
figure, the higher the frequency
of its appearance in the data set.
The following are the texts with
higher frequency of appearance.
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Notes: The larger the text in the
figure, the higher the frequency
of its appearance in the data set.
The following are the texts with
higher frequency of appearance.
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FIGURE 2

Visualization of disaster-causing keywords. (a) Direct cause dataset. (b) Indirect cause dataset.

Compared to hazardous physical conditions, human unsafe
behaviorsare more complex, and effectively controlling these behaviors
is crucial for improving the severe situation of coal mine safety
production (Anetal.,2020). Inadequate dust management, incomplete
“ventilation and three prevention” systems, unauthorized use of open
flames, violation in using welding machines, and “naked-eye” blasting
are unsafe behaviors that trigger coal mine disasters. In individual
behavior analysis,
lack of safety knowledge, low safety awareness, and presence of

workers” unfamiliarity with safety regulations,

wishful thinking are factors that trigger disasters. In management
system analysis, flaws in the safety management organizations,
loopholes in safety regulations, lack of safety training and routine
emergency drills, failure in administrative approvals, lax inspection
at resumption of work, ineffective supervision, and oversight of
significant hazards trigger disasters.

3.3 Analysis of causes of coal mine
disasters

The “2-4” Accident Causation Model (24Model) has been
proposed by Fu Gui and others, drawing on foundations such
as the Domino and Swiss Cheese models (Fu et al.,, 2022). This
model classifies the causes of accidents into two primary factors:
organizational and individual. Organizational factors are further
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subdivided into safety culture (root causes) and safety management
systems (fundamental causes), whereas individual factors are
segmented into human safety capabilities (indirect causes) and
the safety actions of individuals and objects (direct causes). The
sixth edition of the 24Model is depicted in Figure 4. The building-
like structure of the “2-4” model is widely utilized across diverse
industries to assist enterprises in identifying risks and preventing
accidents (Fu et al., 2020; Fu et al., 2013; Sun et al., 2023).

Deriving from the identified disaster causation factors, a
24Model is utilized in this section for the coupling analysis of
coal mine accident causation factors. The detailed results of this
analysis are depicted in Figure 5. As demonstrated in Figure 5, the
causation pathways of coal mine disasters encompass organizational
and individual levels. Organizational pathways consist of root causes
and fundamental causes, while individual pathways entail indirect
and direct causes. Often, the occurrence of coal mine disasters
is rooted in simultaneous deficiencies at both organizational and
individual levels.

Coal mining enterprises should establish a dual prevention
mechanism involving safety risk classification control and hidden
danger investigation and management. The risk situation of
various hidden danger factors should be analyzed, evaluated, and
tracked to ensure the effective implementation of various control
measures and proper risk management. Hidden dangers resulting
from inadequate control measures should be addressed through
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TABLE 2 Identification of factors causing coal mine accidents (Direct causes).

Disaster type Direct causes

Geological factors Behavioral factors

Gas Goaf, coal seam stability, roof Tllegal blasting leading to coal falls, “Naked-eye” blasting, insufficient air supply,
gallery-type coal mining, illegal blasting operations, arbitrary installation of local
ventilators, incorrect sensor installation locations, etc.

Flood Fault, collapse column, goaf, coal seam stability, roof Direct tunneling through abandoned roadways, reduction of verification drilling,
absence of drilling verification in low-resistance anomaly areas, overlapping
mining-induced stress, load testing during production, exposure of
water-conducting faults connected to water bodies, etc.

Fire Goaf, coal seam stability Failure to report and self-organize firefighting efforts, inaccurate assessment of fire

spread and development rates, explosions of power cables, illegal use of oxygen or

liquefied petroleum gas for cutting, accumulation of coal gangue, illegal hot work
operations, etc.

Rockburst Depth, burst potential, fault, fold, goaf, coal seam stability, roof Parallel operations in excavation roadways, multiple head expansions and repairs
in single-entry roadways, stress mutations caused by excavation and pressure relief
construction, interference between mining and excavation activities, overlapping
mining-induced stress, etc.

Dust Goaf, coal seam stability Friction between the drum cutter and support materials, clogging of the spray

system within the coal cutter, absence of water injection into the coal seam, water

spray lines not extended to all operational areas, illegal use of welding machines,
increased dust generation due to anchor cable rotation, etc.

Roof Depth, fault, fold, goaf, coal seam stability, roof Inadequate contact between the support and the roof, roof pressure released
through the coal wall, unreliable support methods, Improper placement of
construction equipment, absence of temporary support installation, premature
removal of pillars in the controlled roof area, etc.

TABLE 3 Identification of factors causing coal mine accidents (indirect causes).

Type Indirect causes (management factors)

Poor organization and management Weak safety development concepts, inadequate safety training and education, non-implementation of water exploration and
drainage measures, poor safety management culture, incomplete safety management organization, insufficient allocation of
professional technical personnel for water prevention and control, as well as water exploration and drainage workers, lack of an
established safety culture within the enterprise, inadequate management system for “one communication and three preventions”,
illegal organization of production activities, incomplete regulations and systems, inadequate risk control, insufficient construction
management, Absence of a responsibility system for prevention and control personnel, unreasonable layout of development plans,
serious irresponsibility of intermediary organizations, failure to eliminate the risk of coal bursts, non-implementation of the
“knock, ask, and check the roof” system, etc.

Unrealistic supervision and inspection Unreasonable design of the work face, failure to carry personnel location identification cards and self-rescue devices, fire

prevention and extinguishing efforts are merely formal, incorrect wearing of safety clothing, unclear information regarding goaf

areas, inadequate hazard mitigation measures, unreasonable support measures, insufficient scrutiny and review processes, lack of

certification qualifications for the organization, inadequate flame-retardant properties, insufficient support strength, inadequate
enforcement by relevant departments, etc.

Incomplete emergency measures Absence of established evacuation routes, lack of emergency response plans, insufficient preparation of rescue materials,
inadequate allocation of rescue personnel, long intervals between emergency drills, etc.

Note: Analysis of the accident data set shows that disaster management factors have a broad meaning, and different accident types have high similarity in management factors, so disaster
management factors are listed as the same unit.

hidden danger investigation and management to eradicate potential 3.4 Connotation of coal mine

accident hazards and ensure safety at the root. This two-tier ~ disaster-causing factors

control approach not only offers a structured method for risk

mitigation but also integrates the organization’s safety procedures Coal mine disasters exhibit a predisposition to calamity, sudden
with individual responsibilities, creating a comprehensive safety  onset, and manageability. A comprehensive grasp of the implications
network that spans all levels of the mine. of factors that lead to disasters in coal mines is pivotal in effectively
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FIGURE 5

Analysis of factors causing coal mine accidents based on the 24Model.

mitigating such occurrences. Building upon the identification
outcomes of disaster-inducing factors, this section delves into
the implications of each catalyst of disaster. Delving into the
core of each factor facilitates a profound understanding of their
respective contributions to the overall risk and the efficacy of specific
preventive measures. This process aids not only in pinpointing
critical areas that demand safety interventions but also in tailoring
responses to align with the intricacy and uniqueness of each factor.
The ultimate objective is to establish a resilient framework that
reduces disaster risk by addressing systemic vulnerabilities and
specific triggers within the mining environment.

3.4.1 Geological factors
3.4.1.1 Coal seam depth

The burial depth of a coal seam denotes its vertical distance from
the surface and is categorized as either shallow or deep. Shallowly
buried coal mines are situated at depths of less than 300 m, while
deeply buried coal mines extend beyond 300 m. The depth of burial
influences the geostress conditions of the coal seam and serves as a
concealed factor that triggers disasters, representing a critical hidden
geological element in the occurrence of rockbursts and roof falls in
coal mines.

Research indicates a positive correlation between the level of
geostress and the depth of coal burial. With increasing depth, the
vertical stress on deep coal seams escalates significantly, heightening
the likelihood of rockbursts and roof falls. According to the
theory of elasticity, in the triaxial stress state unaffected by mining
activities, the calculation for the vertical stress on the coal body is
defined by Equation 4:

(4)
In the formula: o, is the vertical stress of the coal body; y

is the gravity density of the rock layer; H is the burial depth of
the coal seam.
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3.4.1.2 Coal seam stability
Coal seam stability is defined by the variations in thickness,

occurrence, structure and coal quality within a working area. The
key factors determining coal seam stability are the fluctuations
in thickness and occurrence. By considering the characteristics of
occurrence, thickness, structure and variation coefficients, coal seam
stability can be classified into four types: stable, relatively stable,
unstable, and unstable. The stability of coal seams impacts not just
the arrangement of mining tunnels and workface recovery but also
has the potential to trigger coal and gas outbursts, water disasters,
roof falls, and rockbursts.

(a) Coal seam stability is considered a crucial factor in gas
accumulation. Compared to surrounding rock, coal seams
demonstrate lower permeability and enhanced gas retention
capacity, increasing susceptibility to coal and gas outburst
accidents, particularly in regions with stress concentration.
Research by Yang etal. indicates that both the frequency
and severity of outbursts notably rise with coal seam
thickness (Yang et al., 2024). For instance, a coal and gas
outburst incident transpired in 2020 at a mine operated by
Ziliang Qiao Coal Industry Co., Ltd. in Tongchuan, Shaanxi
Province, China, coinciding with a sudden thickening of the
coal seam. Failure to implement timely drainage measures
resulted in eight fatalities and 13 injuries.

Fluctuations in coal seam thickness can establish connections
with water-bearing pathways. The existence of coal washout
zones and burned coal regions may foster links between the
coal seam and the underlying aquifers, triggering roof water
inrush incidents and posing potential hazards to workface
recovery. Thorough geological and hydrological analyses are
imperative to mitigate risks during mining operations.
Anomalous geostress is observed in areas where coal thickness
varies. Regions experiencing fluctuations in coal seam
thickness exhibit heightened gradients in elastic energy
alterations. The more pronounced the variations in coal seam
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Effect of coal thickness change on regional ground stress.

thickness, the greater the mining-induced pressure, escalating
the likelihood of dynamic disasters like roof collapses and
rockbursts (Zhu et al., 2016), as depicted in Figure 6.

3.4.1.3 Overburden structure

The rock layers above and below coal seams are known as the
overlying and underlying strata, respectively. The overlying rock, or
“roof;” and the underlying rock, or “floor;” are crucial for structural
integrity in mining operations (Zhu et al., 2024). The overlying strata
typically consist of bedrock, which can be divided into hard and
soft rock layers. The hard roof above coal seams plays a crucial role
in influencing dynamic pressure impacts, roof stability, and water
disaster accidents.

(a) Roofaccidents occur when the immediate roof fails to collapse
adequately to fill the mined-out void, leading the remaining
hanging roof to shift its weight and that of the overlying rock
layers onto the coal surrounding the mining face, potentially
causing roof accidents.

(b) In high static load environments, intense mining operations

can induce differential settlement between layers within the

overlying strata, resulting in the creation of separation spaces

(Chen et al.,, 2023). If these voids become filled with water

from an aquifer, they can transform into water bodies. Should

fracture conducive to water flow intersect with these water
bodies, a significant inrush incident may transpire (Qiao et al.,

2021), as demonstrated in Figure 7.

(c) As the mining face progresses backward, the fracturing and

initial collapse of the thick old roof, along with cyclic rotational

instabilities, exert a significant influence on the mining
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pressure encountered at the work front. This influence serves as
a catalyst for the emergence of impact ground pressures, which
present a substantial hazard. If a full-layer fracture occurs, it
could pose a considerable shock hazard to the mining face,
escalating the complexities and risks involved in overseeing
mine safety under these dynamic circumstances.

34.14 Goaf

Mining voids, or goafs, are empty spaces left underground after
the extraction of coal or gangue, including abandoned tunnels and
old workings. These voids can be categorized into three types based
on the continuity of the physical parameters of the surrounding
rock post-mining: intact, damaged, and small coal pit voids. Due to
the vast number and widespread distribution of these voids, along
with severely inadequate or missing historical mining records, their
exact locations and internal conditions are often unclear, posing
significant threats to nearby coal seam mining (Xu et al., 2025).
Mining voids are critical factors in causing water hazards, fires, gas
outbursts, and rock burst accidents.

(a) Coal seam extraction results in the destruction, collapse, and
surface fissures of overlying rock layers, potentially establishing
connections with overlying aquifers or surface water bodies,
leading to water pooling within the goaf. As underground
mining activities approach the water-filled goaf, influenced
by hydrostatic pressure, water can suddenly flood into the
underground mine workings, posing risks of inundation or
flooding accidents.

(b) Goafs that remain uncollapsed or incompletely collapsed may

suddenly collapse over time due to mining disturbances and
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other influencing factors. Such collapses can cause damage
to surface personnel and critical structures. Furthermore,
the ensuing high-speed air blasts and shockwaves can
result in injuries and equipment damage for personnel
working in neighboring underground areas near the aged
goafs.
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(c)

In coal seams with short natural ignition periods, spontaneous
combustion of residual coal within goafs can occur easily (Qin
and Ma, 2024), especially under conditions of ample oxygen
supply. If left unchecked, fires may spread to lower coal seams,
necessitating production halts in adjacent mine workfaces and
endangering the safety of mining personnel.
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(d) Old goafs tend to accumulate methane gas, posing threats
to safe mining operations as gas may infiltrate lower
mining areas through mining-induced fissures during
the extraction process, jeopardizing the safety of mine
workfaces.

(e) After coal extraction, the fracturing and displacement of

overlying rock layers lead to the creation of complex three-

dimensional rock structures above the mine workings.

The evolution of these structures, driven by roof fractures,

subsidence, and rotational movements, triggers the migration

of high-stress fields within the mining area, consequently
elevating the risk of rockbursts at the workface (Liu

et al., 2024).

3.4.1.5 Fault

Faults refer to brittle deformations of rocks that occur when
the forces applied surpass the rocks' strength limits, resulting
in distinct displacement and misalignment that compromise the
continuity and integrity of the rocks (Ma et al, 2025). Faults
are classified by the relative direction of movement between
their walls into normal faults, reverse faults, and strike-slip faults
(Due to the predominantly horizontal sliding nature of strike-slip
faults, their vertical displacement is minimal, resulting in a lesser
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direct impact on the stability of coal seams. Moreover, strike-
slip faults typically belong to major fault systems associated with
seismic activity, whereas coal mining disasters are more closely
linked to variations in local geological conditions during the
extraction process. Consequently, this section primarily focuses on
the causative implications of normal and reverse faults.). These
geological features alter the depositional conditions of coal-bearing
rock layers and are crucial, concealed geological factors triggering
coal mine water inrushes, coal and gas outbursts, impact ground
pressures, and roof accidents.

(a) Faults directly connect coal rock layers with strong aquifers
or establish a conductive connection between fault zones
and strong aquifers, forming the most prevalent type of
water inrush channel in mines, as illustrated in Figure 8.
Additionally, faults also act as aquifer sources due to the
disruption of strata continuity and stability, with fractures
commonly developing, making it easy to accumulate and store
water. Under the influence of mining activities, this can lead to
sudden water inrush accidents (Qiao et al., 2024).

(b) Faults cause fragmentation of the coal seam roof and its

adjacent rock layers. As the mining face advances near the

fault due to mining dynamics and mining pressure, the coal
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FIGURE 10
Danger distribution law in fold area.
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seam roof slides along the sides of the fault plane, enhancing
rock fragmentation near the fault and increasing the risk of
roof falls (Chen et al., 2018).

(c) Elevated stresses near faults induce the compression and
fracturing of coal layers, creating numerous pores and free
spaces that enhance the coal’s adsorption surface area and
expand its storage capacity for free gas (Shen et al., 2008). As
the mining face crosses a fault, the permeability of the coal rock

mass on either side or in the vicinity changes instantaneously,
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leading to substantial variations in gas pressure. Additionally,
disturbances in the mining stress field result in stress
concentration and the release of structural stress, thereby
triggering rockbursts.

Faults compromise the continuity and integrity of coal
rock layers, transforming the uniformly distributed stress
environment. Furthermore, stress accumulation near
faults, in conjunction with pre-existing residual structural

stresses, generates highly concentrated local stresses in

frontiersin.org


https://doi.org/10.3389/feart.2025.1586785
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Ouyang et al.

the coal rock mass surrounding the faults, as depicted
in Figure 9. Mining activities exacerbate the disturbance
of this non-uniform stress field near the fault, inducing
destabilization. This destabilization may result in fault
slippage,
misalignment), potentially initiating fault-induced rockbursts.

activation, or instability (including sudden
For example, during mining operations at the Lucky Friday
mine in the United States of America, Williams and
Whyatt, utilizing seismic analysis and direct observations,
recorded significant fault misalignments that

tunnel damage (Whyatt et al., 2002).

caused

3.4.1.6 Folds

Folds in rock layers, or their combinations, develop through
slow deformation induced by horizontal compressive forces acting
along bedding planes. Empirical studies have shown that rockburst-
related hazards predominantly occur on the anti-dip side of synclinal
axes, especially in regions of structural change, near faults, within
zones of coal seam inclination variation, at coal seam folds, and
within structural stress zones (Pan et al., 2024). As tunnels approach
the vicinity of a fold axis, local stresses escalate significantly,
markedly increasing both the likelihood and intensity of rockbursts
and roof falls. The spatial distribution of hazards in fold areas is
depicted in Figure 10, emphasizing high-risk zones and delineating
targeted areas for monitoring and intervention to effectively mitigate
these risks.

3.4.1.7 Collapse column
A collapse column is a geological feature formed when voids

resulting from the dissolution of soluble rock layers beneath
coal seams are filled and consolidated by overlying coal-bearing
strata. Collapse columns are classified into non-conductive, weakly
conductive, conductive, and strongly conductive categories based on
their hydraulic conductivity.

The presence of collapse columns disrupts the continuity of coal
seams and surrounding rock, rendering specific coal seam sections
unmineable. This disruption often necessitates redesigning mine
shafts and tunnels or may lead to their complete abandonment. The
functionality and efficiency of mechanized coal mining equipment
are significantly compromised, severely disrupting standard mining
operations. Collapse columns frequently create direct hydraulic
connections between multiple water-bearing strata, serving as
primary conduits for karst groundwater flow and covert pathways
for catastrophic water inrush events. These phenomena are marked
by sudden, high-volume water inflows, unpredictability, substantial
economic losses, and elevated management costs, representing
significant hazards to mine safety.

3.4.2 Management factors
3.4.2.1 Coal mine "3LA" management system

The management system of coal mines is characterized by
its high systematic nature and extensive content (Yang and He,
2022). Analysis of accident investigation reports allows for the
classification of coal mine management into a “3LA” framework, as
depicted in Table 3. “3LA” encompasses three levels—government,
enterprises, and mines—as well as three aspects: people, materials,
and the environment.
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Distinct roles and focuses

management tier within the coal mining sector. The government,

are characterized by each

situated at the first tier, assumes responsibilities for top-level
design and macroeconomic regulation. Enterprises constitute the
second tier, serving as intermediaries between the government
and the mines, applying governmental designs by integrating
corporate interests and operational data to guide normative mine
management. The mines, representing the third tier, directly
implement the strategic designs and balance corporate and mining
interests.

3.4.2.2 Connotation analysis of management factors
Based on the “3LA” management system of coal mines and
combined with the results of coal mine disaster-causing factors
identification, it can be seen that the occurrence of a certain coal
mine disaster is inevitable and is the result of simultaneous mistakes
at three management levels. From the environmental management
standpoint, detrimental influences on disaster occurrence include
a deficient societal safety culture, fragile safety development
ideologies, gaps in safety production regulations, and an adverse
safety culture within enterprises and mines. In terms of material
management, secondary factors leading to disasters include
inadequate material provisions, irrational material logistics, obsolete
production equipment, non-compliant flammability specifications,
insufficient structural support, and subpar performance of personal
safety devices. Regarding personnel management, primary factors
entail multiple failures in administrative oversight, inadequate
scrutiny by inspectors, fraudulent activities by institutional
appraisers, and negligence towards significant risks by workers.

3.4.3 Behavioral factors

The analysis in Section 3 concludes that behavioral factors
encompass both psychological and operational dimensions. In
coal mining disasters, predominant psychological elements—such
as low safety awareness, poor safety attitudes, wishful thinking,
complacency, and risk-taking tendencies—often lead workers to
engage in unsafe actions, such as unauthorized extensions of mine
shafts or the improper use of oxygen or liquefied petroleum gas
for cutting. If corrective measures are not promptly implemented
at both psychological and operational levels, significant hazards
can arise, posing severe threats to the safety of coal mining
operations. The disaster-inducing nature of behavioral factors is
illustrated in Figure 11.

4 Conclusion and limitations

1) Drawing on 332 typical coal mine accident investigation
reports occurring between 2013 and 2023 as the data
foundation, the causative factors in coal mine accidents are
accurately identified utilizing the TF-IDF algorithm and the
KeyBERT model. The results indicate that the factors leading
to coal mine accidents can be broadly categorized as geological,
behavioral, and managerial factors.

2) Based on the statistical analysis of accident investigations,

coal mine disasters result from a combination of hazardous

conditions and unsafe behaviors of individuals. In this regard,
geological factors, serving as hazardous conditions, constitute
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the foundational prerequisites for disaster occurrences,
while behavioral and managerial factors, representing unsafe
behaviors, act as triggering conditions for disasters. Leveraging
the insights from the “2-4” accident causation model, a dual
preventive mechanism is proposed.
3) An analysis is conducted on the pathways through which
common geological factors in coal mines, such as geological
structures, goafs, coal seam depth, stability, and overlying
strata, lead to disasters. The disaster-causing implications
of behavioral factors in coal mine accidents are examined
from the perspectives of psychology and implementation.
Furthermore, a coal mine “three-vertical and three-horizontal”
management system is proposed, encompassing analyses of
the connotations of disaster management factors in coal mines
from the aspects of environmental management, material
management, and personnel management.

This paper uses computer technology to identify the causative
factors of the six major disasters in coal mines, analyzes the meaning
and characteristics of each causative factor, provides a reference for
the source prevention and classification management of coal mine
disasters, and can guide the development of coal mine disaster factor
detection technology, and provide valuable reference for solving
on-site engineering problems. However, this paper only discusses
the causative factors of a single disaster, and does not conduct an
in-depth discussion on the identification or analysis of compound
causative factors. In addition, since this paper was written in 2024,
to ensure the timeliness of the data, this study only selected data
from 2013 to 2023 as the analysis object. In fact, with the increase
in mining depth and the complexity of coal seam conditions, coal
mine disasters are changing from single disasters to compound
disasters, such as gas-dust compound explosion, rock burst-gas
outburst compound disaster, coal spontaneous combustion-gas
explosion compound disaster, etc. According to the list of national
disaster-prone coal mines released by the China National Mine
Safety Supervision Bureau in April 2024, 145 mines were affected
by two or more types of coal mine disasters. In the past, most
coal mines have established corresponding prevention and control
systems for various single disasters. However, due to differences in
construction time, construction units and data standards, there are
data islands, inconsistent standards, and difficulty in integration,
which leads to the independent operation of various disaster
prevention and control systems. The comprehensive prevention and
control capabilities for multiple disasters are weak, and there is
no linkage with emergency broadcasting and disaster prevention
facilities and equipment. Therefore, in view of the above-mentioned
shortcomings, we will further explore the compound disasters that
have occurred in recent years in subsequent work.
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