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Abstract

During coal mining, the development of joint fractures in overlying rock strata is one of the
key factors that degrade the mechanical properties of rock masses, form water-conducting
fracture zones, and induce safety hazards. To investigate the fracture evolution charac-
teristics of overlying strata during coal extraction under thick and hard roof conditions,
this study established a mining physical model based on similarity simulation technology,
tracked the fracture evolution process, and performed quantitative analysis using fractal
theory. The results show that fracture development is significantly correlated with the
mining advance distance: the fractal dimension of fractures is small in the initial mining
stage and gradually increases as the working face advances. When the mining width
exceeds the ultimate span of the roof, local fractures expand rapidly with a sharp rise in
the fractal dimension to 1.436; further increasing the mining width triggers large-scale
sudden fracture expansion, resulting in severe degradation of rock mass integrity, with
the maximum fractal dimension reaching 1.445. The research findings provide theoretical
references for safety management and disaster prevention in coal mining under thick and
hard roof conditions.

Keywords: coal mining; thick and hard roof; similarity simulation; fractal theory; hazard
prevention and control

1. Introduction
The exploitation and utilization of coal resources have provided crucial energy support

for socio-economic development [1]. However, problems such as rock stratum movement
and deformation, fracture development, and surface subsidence induced by mining distur-
bances not only exacerbate the destruction of the ecological environment in mining areas
but also pose a serious threat to the life safety of underground workers [2]. Coal mining
activities are constrained by factors such as mine geological environment conditions, coal
seam occurrence characteristics, and mining technology methods. The coupling effect
of these multiple factors endows the disaster risks and potential safety hazards induced
by coal mining with significant complexity and concealment [3]. Mining disturbances
induced by coal extraction trigger the movement of overlying strata, leading to rock mass
fracture, as well as the development and propagation of joints and fractures. This further
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forms a connected fracture system, which induces the inrush of overlying aquifers and
surface water into the underground mine, easily triggering mine water inrush accidents
and causing the loss of surface water resources [4]. Accurate assessment of the influence
scope of coal seam mining disturbance, and clear understanding of the movement laws of
overlying strata and the development characteristics of joints and fractures can provide
a scientific basis for mines to formulate targeted prevention and control measures, effec-
tively mitigate mining-induced impacts, and is crucial for ensuring safe mine production
and ecological protection in mining areas [5]. In response to the core issues of overlying
strata movement and fracture, and the scope of joint and fracture development induced by
mining, researchers in the mining field have conducted systematic scientific investigations
and engineering validations, resulting in a wealth of theoretical achievements and practical
engineering experience [6,7].

Currently, research methods for addressing issues such as rock stratum movement and
fracture development in coal mines mainly include those based on numerical analysis, phys-
ical experiments, theoretical calculations, and empirical formulas. Numerical simulation
offers the technical advantages of high efficiency and quantifiability. However, the con-
struction of numerical models and the reliability of simulation results are related to factors
such as the researchers’ professional background, as well as their modeling capabilities and
skills [8]. Similar simulation technology establishes mining models using similar materials,
which suffers from low construction efficiency, long cycle, and high cost. However, this
technology can intuitively demonstrate the movement process of overlying strata during
mining and thus is still widely applied in the field of mining engineering [9,10]. Meanwhile,
based on extensive scientific research and engineering practices, researchers in the mining
industry have developed a series of theoretical and computational models, such as those for
rock mass movement prediction and fracture development height calculation, providing
crucial technical support for the safe operation of mines [11]. The activity of overlying
strata during coal mining is an extremely complex dynamic process, and the development
of mining-induced fracture networks exhibits significant complexity and randomness. The
fracture network generated by the mining-induced deterioration of the overlying rock mass
exhibits a typical scaling effect and remarkable fractal geometric characteristics [12]. Some
researchers in the mining field have introduced fractal methods to investigate the develop-
ment of fractures in mining-disturbed rock masses and quantitatively characterized the
development characteristics and evolution laws of fractures inside the rock mass by means
of fractal dimensions [13,14]. By characterizing the evolution features of the overlying rock
fracture network system using fractal dimensions and revealing the influence mechanism
of mining disturbance on the evolution laws of overlying rock fractures, theoretical support
can be provided for mining scheme optimization and mining damage prevention and con-
trol [15]. Coal mining is significantly influenced by the geological conditions of the mining
area. In particular, when the overlying strata are characterized by large thickness and high
uniaxial compressive strength (UCS), such strata exhibit strong disturbance intensity and
a wide mining-induced influence range after fracture. When the thickness is greater than
8 m and the UCS is greater than 60 MPa, the rock strata can be classified as thick and hard
rock strata [16].

During mining under the occurrence conditions of thick and hard roof strata, the
characteristics of rock stratum movement and fracture development are more complex,
which are likely to induce safety accidents such as rock stratum instability and fracture,
intense ground pressure behavior, and roof collapse, posing severe challenges to the safe
mining of coal mines [17]. Focusing on the special occurrence conditions of thick and
hard roof strata in coal mines, a physical similarity model was constructed via similar
simulation, and the development and evolution characteristics of overlying rock fractures
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during mining were analyzed by integrating image processing technology and fractal
geometry methods. This study reveals the fracture development characteristics and stratum
breaking laws of the overlying rock mass under thick and hard roof conditions, providing
theoretical support for mine pressure control, disaster prevention and mitigation, and
mining scheme optimization.

2. Materials and Methods
2.1. The Similarity Model of Thick and Hard Roofs

During the underground coal seam mining process, with the continuous advancement
of the working face, the underground goaf expands gradually, leading to the gradual
fracture and caving of the coal seam roof [18]. Consequently, the original rock stress balance
of the overlying strata is disrupted, triggering complex phenomena such as movement,
deformation, and fracture of the overlying strata [19]. Under the influence of mining dis-
turbance, joints and fractures in the rock mass develop, expand, and connect rapidly [20].
This not only degrades the mechanical properties of the overlying strata but also induces
through-fracture development, which is prone to causing water inrush and loss, thereby
seriously endangering the safety of underground operations [21]. The processes of coal
seam mining and the movement and failure of the overlying strata are illustrated in (1) of
Figure 1. To investigate the movement law of the overlying strata and the development
characteristics of rock joints and fractures under the mining condition of thick and hard
roofs, this study constructs a similar model for thick and hard roof mining based on simi-
larity theory and using similar materials, as illustrated in (2) of Figure 1 [22]. The material
mix ratio parameters of the similar model are mainly based on the specific mechanical
parameters of the rock. Rock samples were obtained via on-site drilling and coring, and
rock mechanics tests were conducted to determine the basic mechanical parameters of
the rock samples such as uniaxial compressive strength and uniaxial tensile strength. The
mix ratio of similar materials was finally determined through empirical conversion and
optimization [23]. The measured results of the rock samples’ mechanical parameters are
shown in Table 1.

Figure 1. Schematic of overburden failure and similar model construction in mining.
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Table 1. Measured rock mechanical parameters of key rock samples.

ID Lithology Average Uniaxial Compressive Strength (MPa) Average Uniaxial Tensile Strength (MPa)

1 coal 16.41 1.75
2 mudstone 30.52 3.59
3 sandstone 97.83 12.52

By combining the basic parameters, such as the similar model design scheme and
material mix ratio, a similar model for coal seam mining was constructed with gypsum
as the cementing material and fine sand as the aggregate (with a geometric similar-
ity ratio of 1:150, a bulk density similarity ratio of 1:1.68, and model dimensions of
180 cm × 16 cm × 140 cm). The parameters of each rock stratum in the similar model,
such as material mix ratio, thickness, numbering, and position, are shown in Table 2.

Table 2. Similar simulation experiment material ratios.

Serial No. Lithology Thickness
/cm

Number
of Layers

Layer Thick-
ness/cm Ratio Sand

/kg
Lime
/kg Gypsum/kg Water

/kg

1 5# Coal (Simulated
Coal Seam) 4.3 2 2.15 955 9.48 0.53 0.53 1.05

2 Sandy Mudstone 1.7 1 1.7 846 7.6 0.38 0.57 0.85
3 Coal Seam 1 1 1 955 4.3 0.24 0.24 0.48
4 Sandy Mudstone 2.5 1 2.5 846 10.95 0.55 0.82 1.23
5 Fine Sandstone

(Main Roof) 3.4 2 1.7 782 12.21 1.4 0.35 1.4
6 Sandy Mudstone 5.2 2 2.6 846 11.35 0.57 0.85 1.28
7 Mudstone 2.2 1 2.2 855 9.58 0.6 0.6 1.08
8 Fine Sandstone 2 1 2 782 8.66 0.99 0.25 0.99
9 Mudstone 5.5 2 2.75 855 12.2 0.76 0.76 1.37

10 8# Coal 1.8 1 1.8 955 7.84 0.44 0.44 0.87
11 Mudstone 2 1 2 855 8.6 0.54 0.54 0.97
12 9# Coal 0.7 1 0.7 955 3.11 0.17 0.17 0.35
13 Sandy Mudstone 6 3 2 846 8.5 0.42 0.64 0.96
14 Mudstone 2.3 1 2.3 855 9.78 0.61 0.61 1.1

15 Sandy Mudstone
(Key Strata) 30 15 2 846 8.52 0.43 0.64 0.96

16 Fine Sandstone 4 2 2 782 8.54 0.98 0.24 0.98

2.2. Dataset

The overburden movement induced by coal seam mining is an extremely complex
dynamic process, and the development and evolution of joints and fractures in the overly-
ing rock mass exhibit high randomness and complexity [24]. To explore the development
characteristics and expansion laws of rock fractures under mining disturbance, this study
used similarity simulation technology to conduct coal seam mining simulation research.
Firstly, based on the similarity simulation theory and design scheme, a similarity model
suitable for the mining conditions of coal seams with thick and hard roofs was established.
The stress environment of rock strata was simulated by external counterweight loading, and
the coal seam mining process was simulated through model excavation tests to investigate
the laws of roof movement and fracture development induced by coal seam mining [25].
Secondly, a high-speed photography system was adopted for continuous image acquisition
throughout the entire model mining process, with synchronous implementation of data
storage, format standardization, and preprocessing. This provided a standardized dataset
for the subsequent quantitative analysis of mining-induced fracture evolution laws and
surrounding rock failure patterns using fractal theory. The technical principle of model
mining and data acquisition is illustrated in Figure 2. In the similarity simulation experi-
ment of this study, the simulated mining length was set to 140 cm. Throughout the entire
model mining process, a total of 10 images of the model’s mining state were uniformly
collected at preset mining intervals [26].
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Figure 2. Similarity simulation experiment and image acquisition process.

2.3. Fractal Dimension Analysis

The fractal theory enables the quantitative characterization of the development char-
acteristics and evolution laws of rock stratum fractures and can depict the irregularity,
complexity, and randomness of overlying stratum fracture development during coal seam
mining [27,28]. The fractal analysis process for fracture in rock stratum images mainly
involves several key steps of image processing [29]. First, preprocess the image data to
remove damaged regions and redundant features from the image; second, perform filtering
denoising and contrast enhancement operations to improve the distinguishability of frac-
ture regions, laying a foundation for subsequent segmentation; finally, utilize binarization
processing and skeleton extraction techniques to achieve efficient and accurate extraction
of the geometric features of joint fractures, which provides basic data for the calculation of
fractal dimensions as shown in Figure 3. After processing the observation images of the
similar model mining process, the visual characteristics of the development and evolution
of joint fractures in the overlying rock strata induced by coal seam mining under different
mining step distances were obtained, as shown in Figure 4.
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Figure 3. Main links of rock stratum fracture image processing.
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Figure 4. Image processing process for similar model experiments.

The box-counting method is one of the main approaches widely used in image fractal
analysis and fractal dimension calculation in fields such as coastlines and geology. Its
basic principle is as follows: place the target figure in a regular grid of a specific size,
repeatedly partition the grid by scaling the grid size proportionally, then statistically
analyze the variation law of the number of grids containing the figure under different
scales. Finally, the fractal dimension (i.e., box-counting dimension) is derived by fitting
the logarithmic relationship between the grid scales and the corresponding number of
occupied grids [30]. The fractal dimension of a planar image is theoretically constrained
to the interval [0, 2]. In this study, the box-counting dimension method is employed to
calculate the fractal dimension of rock stratum fracture images, and its core calculation
formula is as follows [31–33]:

D f = lim
log(N(r))
log(1/r)

(1)

where Df is the fractal dimension, N(r) is the number of grids occupied by the image, and r
means the size of the grids.
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3. Results and Discussion
This study combines fractal theory and similar simulation technology to investigate the

development and evolution laws of joints and fractures in the overlying strata induced by
coal seam mining disturbance under the condition of thick and hard roofs. For the images
of the fracture evolution process in mining-disturbed rock strata shown in Figure 4, the
box-counting method is adopted to conduct fractal research and quantitatively characterize
their fractal laws. Meanwhile, by setting grids of different sizes, the geometric and spatial
distribution characteristics of joint fractures are extracted. The fractal analysis process of
rock stratum fractures is illustrated in Figure 5. In the initial stage of coal seam mining,
the influence range of mining-induced disturbance is limited, and the overlying strata
maintain a stable state as a whole. With the continuous advancement of the coal mining
face, the immediate roof collapses and fractures, and the rock mass fractures gradually
propagate upward into the upper overlying strata; when the mining distance reaches
125 cm, the overall structure of the overlying strata experiences sudden instability, and the
mining-induced fractures subsequently develop and propagate rapidly. Their development
height, influence range, and quantity all show a significant growth trend. This phenomenon
indicates that there is an obvious mutation effect during the evolution of mining-induced
fractures. To determine the development regularity of overlying strata fractures during
mining disturbance with the advancement of the working face, this study further calculates
the fractal dimensions of joint fractures under various mining step lengths via fitting based
on fractal principles, quantifying their complex properties, irregular morphologies, and
spatial distributions as illustrated in Figure 6.

As shown in the fractal dimension fitting results in Figure 6, there are statistically
significant differences in the fractal dimension of the model under different mining step
distances: the fractal dimension is the smallest at 1.0972 when the mining step distance is
30 cm, increases to 1.4361 at a mining step distance of 90 cm, and reaches the maximum
value of 1.4452 at a mining step distance of 140 cm. In the initial stage of mining (with
a mining distance of approximately 30 cm), the fractal dimension of fractures is relatively
small (close to 1), indicating a low degree of development and low complexity of fractures,
and the fractal characteristics of mining-induced fractures are not yet significant. As
shown in Table 3, the standard errors of the fractal dimension fitting results are generally
at a low level, and the coefficient of determination R2 for all groups is close to 1. This
indicates that the fitting model of the fractal dimension has a high goodness of fit with
the experimental data and the reliability of the fitting parameters and the accuracy of the
results are satisfactory.

Table 3. Fitting calculation results of fractal dimension.

Mining Distance Fractal Dimension Standard Error R2

30 1.0972 0.02 0.998
45 1.2718 0.04 0.996
60 1.2548 0.05 0.995
75 1.3159 0.04 0.992
90 1.4361 0.05 0.992

110 1.3612 0.05 0.995
120 1.3791 0 0.995
125 1.3767 0.07 0.991
135 1.3992 0.07 0.991
140 1.4452 0.07 0.991
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Figure 5. Fractal analysis of fracture images from mining similar models of thick and hard roofs.
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Figure 6. The fractal dimensions of the similar model with different mining distances.
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As can be seen from the results presented in Figure 7, there is a significant correlation
between the fractal dimension of the rock stratum and the mining distance. With the
advancement of coal seam mining, cracks near the working face begin to initiate and
propagate, and the fractal dimension shows an overall increasing trend. After reaching
a specific threshold, Df remains within a relatively high range, indicating that the crack
development has approached the limit state. Under the supporting effect of thick and hard
rock strata, the overlying rock can maintain a certain degree of stability as a whole, so the
fractal dimension does not increase significantly. With the continuous advancement of the
working face, the overlying rock breaks and loses stability after reaching the limit span,
forming relatively simple through cracks.

 
Figure 7. Variation law of rock stratum fractal dimension with mining process.

In the field of mining engineering, the fractal dimension can quantitatively characterize
the characteristics of rock stratum fractures from dimensions such as spatial distribution,
development degree, and evolution trend [34]. It evaluates key indicators including the
complexity, connectivity, and expansion range of fractures, reveals the evolution mechanism
of rock stratum fractures under mining disturbance, and provides quantitative support
for the prediction and early warning of rock stratum stability [35]. As shown in Figure 7,
when the mining distance is less than 50 cm, the fractal dimension is close to 1.0. This
indicates that during the initial mining stage, the mining disturbance only induces slight
expansion of primary joints and no effective connected network has been formed yet, so
the rock stratum still maintains high integrity. When the mining distance increases from
50 cm to 100 cm, the fractal dimension jumps from an approximately linear distribution
to a highly complex distribution. Meanwhile, combined with the fracture development
height in Figure 5, it can be seen that fractures near the working face and goaf rapidly
develop, expand, and connect. Due to the strong bearing characteristics of the thick and
hard roof and overlying key hard rock strata, the overlying structure still has strong bearing
capacity, thus showing significant local instability. As the mining distance continues to
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increase, the overhang span of the overlying thick and hard roof reaches its own limit,
leading to secondary instability. The rock stratum is rapidly damaged, showing significant
overall abruptness. To further clarify the process of mining-induced effects, the first-order
derivative k of the fractal dimension was calculated, and the corresponding growth rate
curve was obtained, as shown in Figure 8. From the growth rate curve in Figure 8, it can be
seen that in the initial mining stage (20~60 cm), the value of k shows a downward trend
but remains positive, indicating that the fractal dimension is in a state of slow growth. This
is because, in the initial stage of mining-induced disturbance, only local stress perturbation
occurs in the overlying rock; fractures are mainly initiated and slowly expanded near
the working face, without large-scale expansion or connection, so the fracture evolution
process is relatively stable. As the working face advances to 60~100 cm, the stress balance
of the overlying rock is gradually disrupted. The fractal dimension increases continuously
under the cumulative effect of k; when the working face approaches 100 cm, the value
of k approaches 0, indicating that the fracture propagation near the working face reaches
a critical limit. Subsequently, k becomes negative, and the fractal dimension decreases
accordingly, which implies a reduction in the interleaving degree. With the continuous
advancement of the working face, overall fracture instability of the rock formation occurs
at 125 cm. The cumulative effect of k characterizes the complex evolution and concentrated
incubation of the fracture network near the working face, while its decrease and transition
to negative values characterize the local connection and structural simplification of the
fracture network. The growth rate k fully depicts the transformation process of the mining-
induced fracture network from local complexity to macroscopic simple fracture. The local
peak of the fractal dimension Df, together with the positive–negative conversion and trend
change in its growth rate k, can serve as effective information for working-face stability
evaluation and provide a comprehensive precursor criterion for predicting overlying rock
instability. When these phenomena occur, safety management should be strengthened to
prevent damage caused by overlying rock instability.

 
Figure 8. Fractal dimension rate evolution curve.
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Therefore, when mining under such thick and hard roof conditions, more attention
should be paid to underground roof support in the early mining stage to prevent problems
such as local instability, collapse, and mine pressure manifestation [36]. After mining
to a certain distance, attention should be shifted to the movement and damage of the
overall rock stratum to prevent disasters such as roof hazards, water hazards, and surface
subsidence caused by overall abrupt instability [37]. In addition, since the rock stratum
movement and damage process under thick and hard roof mining shows abruptness, the
concentrated release of energy can easily cause violent activities of the overlying rock
stratum [38]. In engineering practice, reasonable support and safety management measures
should be designed to balance the overall and local prevention strategies, so as to ensure
the safe mining of the mine.

4. Conclusions
In this study, similar simulation technology combined with fractal theory was em-

ployed to characterize the complexity of joint fracture development in overlying strata
induced by coal seam mining under the condition of thick and hard roofs. Based on the cor-
relation between mining advance distance and fracture fractal dimension, the development
law and evolution process of fractures in overlying strata were systematically analyzed.

Based on the characterization results of fractal dimensions, the evolution of over-
lying strata fractures during coal seam mining can be divided into three stages: low-
dimensional stability, abrupt surge (with the fractal dimension increasing to 1.436), and
high-dimensional stability (with the maximum fractal dimension reaching 1.445). In the
early stage of mining, fractures mainly initiate and propagate in the vicinity of the working
face, and the fractal dimension remains at a low level; as the working face advances con-
tinuously, the fractures expand and connect continuously and the fractal dimension rises
sharply, eventually triggering large-scale fracture of the overlying strata and exhibiting
significant abrupt characteristics overall.

Similar simulation and fractal theory can realize the quantitative characterization of
joint and fracture development in mining-induced overlying strata. For future research,
numerical simulation methods can be considered for integration to analyze and reveal
the evolution law of overlying strata fracture networks under different mining conditions,
thereby providing theoretical support for the safe production management of mines.
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