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Triaxial mechanical tests were conducted on coal at various confining
pressures and loading rates using the GCTS rock mechanics testing system
to investigate the influence of these parameters on the mechanical behavior
and energy evolution of the coal. The results indicate that the strength of the
coal initially increases and then decreases with increasing loading rate. A
higher pressure enhances the coal's capacity for elastic energy accumulation,
leading to a decrease in the critical loading rate. When the loading rate
approaches this critical value, coal samples exhibit premature and dense
crack propagation, a reduced efficiency in the conversion of external work
into elastic strain energy, and a failure mode that manifests as ductile-like.
Conversely, at loading rates significantly different from the critical loading
rate, fewer cracks develop within the samples, the conversion of external
work to elastic strain energy is more efficient, and the failure mode is brittle.
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Introduction

China is the world's largest consumer of coal. From 2021 to 2023, the average annual
growth rate of raw coal production was 6.53%, leading to the gradual depletion of shallow coal
resources [1]. To ensure national energy security, coal mining is advancing to deeper layers at a rate of
8-12 m per year. However, as mining depth increases, deep coal extraction is increasingly affected by
high temperature, high stress, and mining-induced disturbances, resulting in a growing frequency of
dynamic disasters [2-4]. Among these, mining-induced disturbance is a primary factor triggering
disasters in deep mines. Different mining methods lead to varying loading rate (LR), which in turn
induce different types of deep-seated hazards [5-7]. To date, research on the response characteristics
of coal under different LR has mainly focused on fracture evolution, mechanical behavior, and energy
dissipation [8-11]. For instance, Ziyang Xiong et al. investigated the mechanical and fracture
characteristics of coal samples under uniaxial compression at LR ranging from 0.0005 to 0.01 mm/s
[12]. Ke Yang et al. conducted uniaxial compression tests on dry and saturated coal samples at various
LR, revealing the microscopic mechanism of LR effects on damage and failure in saturated coal [13].
Although these studies highlight the significant influence of LR on the properties of coal, no
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consensus has been reached. Moreover, most existing studies are based on uniaxial compression tests
of shallow coal samples, which differ significantly from the in-situ conditions of deep coal [14-15]. To
address this limitation, a few recent studies have employed deep coal for triaxial tests under varying
LR. For example, Jing Xie et al. conducted triaxial compression tests on coal samples from a depth of
550 m under a confining pressure of 13.75 MPa [16]. However, the confining pressures applied in
these studies are far below the actual in-situ stresses in China’s deep coal mines, limiting the
applicability of their conclusions.

In summary, elucidating the influence mechanism of different LR on the failure behavior of
deep coal is of great significance. Based on the deep fresh coal from Libi Coal Mine, a series of
triaxial compression tests were carried out. Combined with acoustic emission monitoring, the LR
effect on the failure behavior of deep coal was discussed, in order to provide reference for the
prevention and control of deep coal mine disasters.

Sampling and experimental scheme introduction
Sampling and Specimen Preparation

Test specimens were recovered from the Libi coal mine at a vertical depth of 568.2 m. which
belongs to anthracite of Shanxi Formation of Lower Permian. In-situ gas-pressure measurements
yielded 2.5-2.75 MPa, corresponding to gas contents of 20.62—-27.49 m3/t. After obtaining a large coal
sample on site, it is preliminarily sealed with bubble film and adhesive tape, and the sample is
prepared in the laboratory according to the provisions of the " Methods for Determination of Physical
and Mechanical Properties of Coal and Rock™ [17]. The manufactured sample is a cylinder with a
diameter of 50mm, and the height-diameter ratio is controlled within 2.0 + 0.2.

Experimental scheme design

The triaxial tests of coal were conducted using the RTRX-140-65 GCTS rock mechanics
testing system from the Sichuan University. This equipment is also equipped with the Micro-1I
acoustic emission system, manufactured by the American Physical Acoustics Corporation, which can
monitor the evolution of cracks and energy within the sample in real-time (Figure 1). To simulate
extreme deep conditions, the threshold for acoustic emission signals was set to 40 dB, with confining
pressures of 55 MPa and 70 MPa, and a LR of 5 MPa min™. After the confining pressure was applied,
it was maintained for 30 minutes to allow sufficient deformation of the coal sample, followed by axial
loading at a strain rate of 0.05% min™ until failure of the sample occurred.
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Fig. 1 Experimental scheme and equipment
Result discussion
Response of mechanical characteristics of coal under different LR
The stress-strain curves of the triaxial test samples under different LR and confining
pressures are shown in Figure 2. The figure demonstrates that there is no distinct compaction stage of
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cracks in the curve, and the elastic stage occupies a large proportion. This is likely due to the confining
pressure's effect on the compaction of the cracks. When the confining pressure is 55 MPa, the
post-peak mechanical behavior of coal samples is quite different at different LR. At LR of 0.03-0.05%,
the specimens exhibited pronounced post-peak deformation and failed in a ductile-like mode. However,
when the LR exceeds 0.1%, the opposite occurs: there is a sharp drop in post-peak strength, and failure
is accompanied by loud sounds, displaying brittle failure characteristics. When the confining pressure
is 77 MPa, all the samples exhibit post-peak strength degradation and brittle failure. Furthermore,
comparing the peak strength under different conditions, it is observed that when the confining pressure
is 55 MPa, the strength of the coal first increases and then decreases as the LR increases (Figure 2c).
The inflection point where the trend changes is defined as the critical loading rate (CR). The CR for
the 55 MPa condition is 0.05%, and the minimum strength occurs at 0.2%, which is only 70% of the
value at a LR of 0.05%. The reason for this trend is mainly due to the controlling effect of the LR on
the development of cracks in the sample. At low LR, cracks in the sample develop sufficiently, leading
to a reduction in strength. As the LR increases, the rate of crack development slows down, and the
strength increases. However, when the LR exceeds the CR, cracks are unable to develop in time during
the loading process, and stress concentration occurs at the coal's natural defect points, making the coal
sample more prone to overall failure, thus reducing strength. When the confining pressure increases to
77 MPa, the strength parameters show a monotonous decline, indicating that the CR for the 77 MPa
condition is less than 0.03%. This is because the greater the confining pressure, the slower the crack
development and the easier it is to reach the CR value.
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Fig. 2 Mechanical test results of coal samples
Crack development characteristics of coal samples under different LR
Acoustic-emission (AE) monitoring during loading under different test conditions is
summarised in Figure 3. At a confining pressure of 55 MPa and loading rates close to the CR,
(0.03-0.05 % min'), AE events initiate early, exhibit high spatial density and wide distribution, and
the cumulative AE curve steepens abruptly as the peak stress is approached. This indicates that



intensive crack nucleation begins at an early stage, but the main burst of activity is concentrated in the
plastic-deformation and post-peak regimes. As the LR increases beyond CR, the total AE count drops
markedly; for example, the event number at 55 MPa-0.1 % is only 7.7 % of that recorded at 0.05 %.
Furthermore, at LR>0.1 % min™ AE activity becomes highly localised: few events are detected prior
to the peak, and the cumulative curve rises almost vertically in the vicinity of the peak. This trend is
even more pronounced at 77 MPa, where the cumulative curve approaches a 90° slope at failure,
implying cracks are basically undeveloped in the pre-peak stage. Using the AF/RA=300 as a
discriminator, we find that tensile microcracks dominate once the LR exceeds CR. Together, the AE
signatures confirm that LR above CR promote an abrupt, brittle failure mode.
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Fig. 3 AE test results

Energy-release characteristics of coal under varying loading rates

Taking the 55 MPa condition as an example, the dissipated energy released during the
development of coal sample fractures under different loading rates was measured, as shown in Figure
4 The results indicate that when the LR approaches the CR, the distribution range of dissipated energy
in the time domain increases, and the cumulative energy curve exhibits a slow upward trend at peak
stages. This suggests that the microcrack development phase of the coal sample is prolonged during
loading, resulting in a decrease in the efficiency of converting external work into elastic strain energy.
As a result, the microstructure of the coal sample is able to undergo better readjustment, thereby
possessing greater strength. Moreover, the projections of the fractures in the XZ and YZ planes exhibit
an inclined band-like distribution, indicating that the coal sample experiences typical plastic shear
failure. This observation is consistent with the mechanical characteristics under the corresponding
conditions mentioned earlier. When the loading rate deviates from CR, the energy released by the
fractures begins to concentrate near the peak stage, while the dissipated energy occurring before the
peak is relatively low. This results in the external work in the pre-peak stage being mainly converted
into elastic strain energy. When the elastic strain reaches the critical value for the coal sample's failure,
sudden failure occurs. As shown in Figure 4, this sudden failure causes a sharp increase in energy at
the peak value, with a sparse distribution of events. The projection on the plane lacks distinct patterns,
exhibiting typical brittle failure characteristics.
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Fig. 4 Energy release characteristics of coal samples under different LR

Conclusion
As the loading rate increases, the strength of the coal sample first increases and then
decreases. The point of inflection in the strength change is defined as the CR. With the increase of
confining pressure, the CR value gradually decreases. When the loading rate approaches the CR, the
coal sample fractures develop earlier, with a higher density, exhibiting plastic failure characteristics.
When the loading rate deviates significantly from the CR, the number of fractures in the coal sample
decreases considerably. The proportion of tensile cracks increases, and the sample exhibits brittle
failure. When the loading rate approaches the CR, the range of dissipated energy distribution is large,
and the efficiency of converting external work into elastic strain energy decreases. In contrast, when
the loading rate deviates from the CR, dissipated energy mainly concentrates near the peak, and the
efficiency of converting external work into elastic strain energy increases.
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