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Abstract

Understanding the dynamic tensile deformation characteristics of deep coal rock is essential for improving the
safety and efficiency of underground mining operations. This study investigates the behavior of deep coal rock
under dynamic tensile loading conditions using advanced testing techniques and numerical simulations. Samples of
deep coal rock were subjected to high strain rate tensile tests to observe their deformation and failure patterns. The
results reveal significant insights into the tensile strength, strain rate sensitivity, and fracture mechanisms of deep
coal rock. Numerical models were developed to simulate the experimental conditions, and the outcomes were
validated against the experimental data. The findings demonstrate that dynamic tensile loading significantly affects
the mechanical properties of deep coal rock, leading to a better understanding of its response under real-world
mining conditions. This research contributes to the development of more accurate predictive models for assessing
the stability and safety of deep underground coal mines.

Keywords Deep coal rock, Dynamic tensile deformation, High strain rate, Tensile strength, Fracture mechanisms,
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INTRODUCTION

The mechanical behavior of deep coal rock under
dynamic loading conditions is a critical area of
study for the mining industry. As mining
operations extend deeper underground, the
understanding of how coal rock responds to
dynamic forces becomes increasingly important
for ensuring the stability and safety of mines.
Dynamic tensile deformation, in particular, plays a
pivotal role in the fracture and failure of coal rock,
impacting the overall structural integrity of
underground excavations.

Previous studies have predominantly focused on
the static mechanical properties of coal rock,
providing valuable insights into its strength and
deformation characteristics under slow loading
rates. However, the conditions in deep
underground environments often involve dynamic

loading due to blasting, seismic activity, and
sudden rock bursts. These dynamic events subject
coal rock to high strain rates, leading to complex
deformation and failure mechanisms that are not
fully captured by static testing methods.

This study aims to fill this knowledge gap by
investigating the dynamic tensile deformation
characteristics of deep coal rock. Through a
combination of advanced high strain rate tensile
testing and numerical simulations, we seek to
elucidate the behavior of coal rock under
conditions that closely mimic those encountered in
deep mining scenarios. The objectives of this
research are to quantify the tensile strength and
strain rate sensitivity of deep coal rock, understand
the fracture mechanisms under dynamic loading,
and develop reliable numerical models to predict
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its response to dynamic tensile forces.

The outcomes of this study are expected to
contribute to a more comprehensive
understanding of the mechanical properties of
deep coal rock, ultimately aiding in the
development of improved predictive models for
assessing mine stability. By addressing the
challenges associated with dynamic tensile loading,
this research will enhance the safety and efficiency
of deep underground mining operations, providing
valuable insights for engineers and decision-
makers in the mining industry.

METHOD

Deep coal rock samples were obtained from a well-
characterized mining site. The samples were

(a) Original coal from the Pingmei No. 10
Mine

During testing, the striker bar was accelerated
towards the incident bar using a gas gun,
generating a stress wave that traveled through the
incident bar and into the specimen. The stress
wave then continued into the transmission bar,
allowing for the measurement of the dynamic
tensile stress and strain in the specimen. High-
speed cameras and Digital Image Correlation (DIC)
techniques were employed to capture the
deformation and fracture processes in real-time.

The dynamic tensile stress and strain data were
recorded using strain gauges mounted on the

CHG

carefully selected to ensure homogeneity and
representativeness of the in-situ conditions. The
samples were then shaped into standardized
cylindrical specimens with dimensions of 50 mm in
diameter and 100 mm in length using a diamond
saw. The end faces of the specimens were polished
to ensure parallelism and smoothness, minimizing
any potential stress concentrations during testing.
To investigate the dynamic tensile deformation
characteristics, high strain rate tensile tests were
conducted using a Split-Hopkinson Tension Bar
(SHTB) apparatus. The SHTB setup consisted of a
striker bar, incident bar, and transmission bar
made of high-strength maraging steel to ensure
accurate stress wave propagation. The coal rock
specimens were glued to the bars using a high-
strength adhesive to ensure proper load transfer.
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(b) Partial coal samples prepared by processing

incident and transmission bars. The signals were
amplified and captured using a high-speed data
acquisition system. The stress-strain curves were
then constructed to determine the tensile strength,
strain rate sensitivity, and deformation
characteristics of the coal rock specimens. To
analyze the fracture mechanisms, the post-test
specimens were examined using Scanning Electron
Microscopy (SEM) and X-ray Computed
Tomography (CT) to identify the fracture surfaces
and internal damage features. The DIC data were
used to visualize the strain distribution and
evolution during the dynamic loading process.
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. Lithological Average . e
Lithology column thickness/m Lithology description
Sandy mudstone = 112 Grey black rock, medium thick ]ayeredj flat fracture surface, containing
plant fossils.
Siltstone 71 Grayish black, containing a large amount of muscovite fragments and
abundant plant fossils.
Sandy mudstone 59 Gray, medium thick layered,.horiz.ontfil!y textured, containing plant
fossils, with joints.
Medium grained sandstone 63 The lithological characteristics are llght gray, with mud streaks in the
upper part and vertical fractures.
_i;ﬁ_'_‘v'; Black coal, mainly composed of bright coal, interbedded with specular
Coal seam 4.0 . . .
coal strips, glassy luster, and interbedded with carbonaceous mudstone.
Mudstone, sandy mudstone, dark gray to grayish black, locally
Sandy mudstone : 6.1 interbedded with thin coal seams, and sometimes transformed into
\ siltstone in the lower part, containing plant fossils.
Mudstone 6.0 Black, semi hard, horlzontallyf tlextured, w1th.rclatxvely intact rocks and
containing plant fossils.
. . . behavior under dynamic loading conditions
Numerical simulations were performed to y 8 ’

replicate the experimental conditions and validate
the observed deformation characteristics. A finite
element model of the SHTB setup, including the
coal rock specimen, was developed using the
commercial software ABAQUS. The model
incorporated the Johnson-Cook material model to
capture the strain rate-dependent behavior of coal
rock. The boundary conditions and loading
parameters were set to match the experimental
setup. The simulations were run to predict the
stress wave propagation, tensile stress-strain
response, and fracture patterns in the coal rock
specimens. The numerical results were compared
with the experimental data to assess the accuracy
of the model and refine the material parameters.

Statistical analysis was conducted to ensure the
reliability and reproducibility of the experimental
results. Multiple specimens were tested under
identical conditions, and the data were subjected to
statistical tests, including analysis of variance
(ANOVA) and regression analysis, to evaluate the
significance of the observed trends and
relationships. The methodology described above
provides a comprehensive approach to
investigating the dynamic tensile deformation
characteristics of deep coal rock. By combining
experimental testing with advanced imaging
techniques and numerical simulations, this study
aims to enhance the understanding of coal rock

contributing to safer and more efficient mining
practices.

RESULTS

The high strain rate tensile tests on deep coal rock
samples revealed significant insights into their
dynamic tensile strength and strain rate sensitivity.
The stress-strain curves obtained from the Split-
Hopkinson Tension Bar (SHTB) tests showed that
the tensile strength of the coal rock increased with
increasing strain rate. This strain rate dependency
indicates that deep coal rock exhibits strain rate
sensitivity, which must be considered in dynamic
loading scenarios typical of underground mining
operations. High-speed camera footage and Digital
Image Correlation (DIC) analysis provided detailed
observations of the fracture mechanisms and
deformation patterns in the coal rock specimens.
The results indicated that at high strain rates, the
specimens exhibited more brittle behavior with
rapid crack initiation and propagation.

The DIC analysis revealed localized high-strain
zones that corresponded to the initiation sites of
micro-cracks. The fracture surfaces, examined
using Scanning Electron Microscopy (SEM),
showed characteristic features of brittle failure,
including cleavage and intergranular fractures. X-
ray Computed Tomography (CT) scans of the post-
test specimens allowed for a non-destructive
evaluation of the internal damage and
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microstructural changes. The CT images showed
extensive internal cracking and fragmentation,
particularly along pre-existing weaknesses and
heterogeneities within the coal rock. The extent
and pattern of internal damage correlated well
with the observed external fracture surfaces and
the strain distribution captured by DIC.

Numerical simulations using the finite element
model in ABAQUS closely matched the
experimental results. The simulated stress wave
propagation and tensile stress-strain response
accurately reflected the experimental
observations, validating the numerical model's
effectiveness in predicting dynamic tensile
behavior. The Johnson-Cook material model
parameters were fine-tuned based on the
experimental data, enhancing the model's
accuracy. The simulations also provided additional
insights into the stress distribution and fracture
evolution within the specimens, which were
challenging to capture experimentally. The
predicted fracture patterns and strain localization
regions were consistent with the experimental
findings, further confirming the model's reliability.

Statistical analysis of the experimental data
showed a consistent increase in tensile strength
with increasing strain rate across multiple
specimens. Analysis of variance (ANOVA)
confirmed the statistical significance of the strain
rate effect on tensile strength (p < 0.05).
Regression analysis provided a quantitative
relationship between strain rate and tensile
strength, enabling predictive modeling for
different dynamic loading conditions.

DISCUSSION

The investigation into the dynamic tensile
deformation characteristics of deep coal rock has
yielded several important insights. The observed
increase in tensile strength with higher strain rates
suggests that deep coal rock exhibits pronounced
strain rate sensitivity. This behavior is consistent
with other brittle materials, where increased
loading rates tend to enhance apparent strength
due to the limited time available for microcrack

propagation and coalescence. The fracture
mechanisms identified through high-speed
imaging and SEM analysis indicate a

predominantly brittle failure mode under dynamic
loading conditions. The rapid crack initiation and
propagation, coupled with the observed cleavage
and intergranular fractures, underscore the
inherent brittleness of coal rock at high strain
rates. These findings are critical for understanding
the failure processes in deep mining operations,
where dynamic events such as rock bursts and
blasting are common.

The increased tensile strength at higher strain
rates implies that deep coal rock may exhibit
greater resistance to dynamic tensile forces, which
is beneficial for the structural integrity of
underground excavations. However, the brittle
nature of failure also suggests a higher likelihood of
sudden and catastrophic failure events under
dynamic loading. These insights highlight the need
for careful consideration of dynamic loading
conditions in the design and reinforcement of
underground structures. The internal damage
patterns revealed by X-ray CT scans provide
further evidence of the complex fracture processes
in coal rock. The extensive internal cracking and
fragmentation along pre-existing weaknesses
suggest that coal rock's heterogeneous nature
significantly influences its dynamic tensile
behavior. This finding emphasizes the importance
of characterizing the internal structure and pre-
existing flaws in coal rock to predict its response to
dynamic loading accurately.

The numerical simulations conducted using
ABAQUS have proven effective in replicating the
experimental conditions and capturing the
dynamic tensile behavior of coal rock. The close
agreement between simulated and experimental
results validates the use of the Johnson-Cook
material model for this purpose. The ability of the
numerical model to predict stress distribution and
fracture evolution provides valuable insights that
complement the experimental observations.
Advanced imaging techniques, such as 3D X-ray
tomography and electron backscatter diffraction
(EBSD), could be employed to gain deeper insights
into the microstructural changes and damage
mechanisms. These techniques would enhance the
characterization of internal flaws and their role in
dynamic tensile failure.
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Finally, integrating experimental and numerical
approaches with machine learning algorithms
could improve the predictive capabilities for coal
rock behavior under dynamic loading. Machine
learning models trained on experimental data
could provide real-time predictions for mine
stability, aiding in the development of more robust
and adaptive mining strategies. The combination of
experimental testing, advanced imaging, and
numerical simulations offers a comprehensive
understanding of the material's behavior under
dynamic loading conditions.

CONCLUSION

This investigation into the dynamic tensile
deformation characteristics of deep coal rock has
provided valuable insights into its behavior under
high strain rate conditions. The study has
demonstrated that deep coal rock exhibits
significant strain rate sensitivity, with tensile
strength increasing substantially at higher strain
rates. This behavior underscores the necessity of
considering dynamic loading conditions in the
design and safety assessments of underground
mining operations. The experimental results,
supported by high-speed imaging and SEM
analysis, reveal that deep coal rock predominantly
undergoes brittle failure under dynamic tensile
loading.

The rapid crack initiation and propagation, along
with the characteristic brittle fracture features,
highlight the material's vulnerability to sudden and
catastrophic failure in response to dynamic events.
The internal damage patterns, identified through
X-ray CT scans, further emphasize the influence of
pre-existing flaws and heterogeneities on the
fracture behavior of coal rock. The numerical
simulations using ABAQUS have successfully
replicated the experimental conditions and
provided additional insights into the stress
distribution and fracture evolution in the coal rock
specimens. The close agreement between the
simulated and experimental results validates the
numerical model and the material parameters
used, offering a reliable tool for predicting coal rock
behavior under dynamic tensile loading.

The enhanced understanding of dynamic tensile
behavior can inform the design of more robust

mine structures and the development of predictive
models for assessing mine stability under dynamic
loading conditions. Additionally, the identification
of brittle failure mechanisms and internal damage
patterns underscores the need for continuous
monitoring and assessment of coal rock integrity in
deep mining environments.

Future research should aim to explore the dynamic
tensile behavior of different coal rock types and
conditions, including varying loading rates,
temperatures, and moisture contents. Advanced
imaging techniques and machine learning
algorithms  could further  enhance the
characterization and prediction of coal rock
behavior under dynamic loading. Integrating these
approaches will contribute to the development of
more accurate and adaptive strategies for ensuring
the safety and stability of underground mining
operations. In conclusion, this study has provided a
comprehensive analysis of the dynamic tensile
deformation characteristics of deep coal rock,
offering valuable insights that contribute to the
advancement of mining engineering and the
development of safer underground mining
practices.
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