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Abstract: Coal-bearing rocks are inevitably exposed to high temperatures and impacts (rapid dy-
namic load action) during deep-earth resource extraction, necessitating the study of their me-
chanical properties under such conditions. This paper reports on dynamic compression tests
conducted on coal-bearing mudstone specimens at real-time temperatures (the temperature of
the rock remains constant throughout the impact process) ranging from 25 ◦C to 400 ◦C using
a temperature Hopkinson (T-SHPB) test apparatus developed in-house. The objective is to ana-
lyze the relationship between mechanical properties and the fractal dimension of fractured frag-
ments and to explore the mechanical response of coal-bearing mudstone specimens to the com-
bined effects of temperature and impact using macroscopic fracture characteristics. The study
found that the peak stress and dynamic elastic modulus initially increased and then decreased with
increasing temperature, increasing in the 25–150 ◦C range and monotonically decreasing in the
150–400 ◦C range. Based on the distribution coefficients and fractal dimensions of the fractured
fragments, it was found that the degree of damage of coal-bearing mudstone shows a trend of
an initial decrease and then an increase with increasing temperature. In the temperature range of
25–150 ◦C, the expansion of clay minerals within the mudstone filled the voids between the skeletal
particles, resulting in densification and decreased damage. In the temperature range of 150–400 ◦C,
thermal stresses increased the internal fractures and reduced the overall strength of the mudstone,
resulting in increased damage. Negative correlations between fractal dimensions, the modulus of
elasticity, and peak stress could be used to predict rock properties in engineering.

Keywords: deep mining; real-time temperature; coal-bearing mudstone; dynamic mechanics;
fractal dimensions

1. Introduction

The global emphasis on efficient and clean energy systems has drastically altered
traditional fossil fuel extraction methods. Some special technologies have emerged, such
as underground gasification of coal seams, in situ thermal injection mining of oil shale,
and low-rank coal [1,2]. During the mining process, the rock near the coal seam becomes
exposed to high temperatures and disturbances. The surrounding rock in this state is easily
fractured, which can lead to significant engineering disasters [3–6]. The disturbance during
mining can be seen as the impact on the rock, which means that a large dynamic load is
applied in a short period of time. Coal-bearing mudstone is a typical overburdened rock
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vulnerable to damage due to significant changes in internal components and physical and
mechanical properties at high temperatures and impacts [7–9]. There is an urgent need to
study the dynamic mechanical response of coal-bearing sandstones under the combined
effects of temperature and impact.

Research on the mechanical properties of heated rock primarily involves post-
temperature and real-time temperature action [10–12]. The real-time temperature condition
means that the temperature of the rock remains constant throughout the impact process,
which is more in line with the actual rock environment than the more difficult method of
conducting impact tests after temperature loading. Xianfeng Liu et al. [13] investigated the
effects of temperature on the tensile strength of two types of Australian mudstone. Jie Chen
et al. [14] analyzed the effects of thermal damage on the evolution of thermally damaged
cracks on rock salt, gypsum, and mudstone surfaces. Furong Tang et al. [15] studied the
variation of specific heat capacity and thermal conductivity with temperatures ranging
from 100 ◦C to 1000 ◦C for six coal-bearing stratigraphic rock samples, including mudstone.
In contrast, Lianying Zhang, Ji’an Luo, et al. [16–22] conducted uniaxial compression tests
on mudstone at different temperatures using the MTS 810 electro-hydraulic servo system
and the MTS 652.02 high-temperature testing machine to analyze the thermal damage
characteristics and microscopic damage structure of mudstone at high temperatures, find-
ing the brittle–ductile transition properties of mudstone under high-temperature action.
Furthermore, Yang Xiao [23] et al. utilized high-resolution X-ray-computed tomography
(CT) to investigate the fracture extension of anthracite and mudstone samples extracted
from the Qinshui coalfield in Shanxi Province, Northern China, under high-temperature
action. The amount of post-temperature research is much higher than that of real-time
temperatures. When rocks are cooled from high temperatures to room temperature, they
are susceptible to thermal shock damage and exhibit different mechanical properties than
real-time temperatures. To compare the differences between post-temperature action and
real-time temperature action, Luo Shengyin et al. [24] conducted physical property tests and
uniaxial compression tests on rock samples after natural cooling at high temperatures and
at real-time temperature, analyzing and comparing the changes in physical and mechanical
properties of the specimens in different states. The difference between the two effects is
noted based on the degree of deterioration of each mechanical property, and a temperature
inflection point is proposed. Specifically, when the temperature is below 400 ◦C, the decline
in natural cooling is lower than that of real-time temperature. In comparison, when the
temperature is above 400 ◦C, the deterioration caused by natural cooling is more severe than
at real-time temperatures. In geological engineering, mudstone in high-temperature rock
formations is exposed to real-time high-temperature conditions for an extended period. The
mechanical properties of mudstone at real-time temperature differ from post-temperature,
and there are fewer research results. It is necessary to research the mechanical properties of
mudstone under real-time temperature conditions.

During excavation and mining in engineering production, certain disturbances have
been generated that transfer to the rock body near the coal seam in the form of energy
waves, making it more susceptible to damage. These disturbances can be considered a high
strain rate effect, which scholars have extensively investigated using experimental studies,
numerical simulations, and theoretical models [25–32]. For instance, Liangjie Guo et al. [33]
conducted dynamic compression tests on mudstone in the Huainan mine using a 50 mm
diameter split-Hopkinson compression bar to investigate the dynamic mechanism, fracture
characteristics, and energy dissipation of saturated mudstone. Similarly, Siming Kao
et al. [34] tested pre-cracked and grouted sandy mudstone specimens using the SHPB test
apparatus and recorded the dynamic damage process with a high-speed camera. Lingdong
Meng et al. [35] examined the dynamic mechanical properties and intrinsic relationships
of weakly consolidated rock masses under dynamic loading by Hopkinson compression
bar tests, using specimens with different water contents. There are few existing kinetic
studies involving coal-bearing mudstone. The dynamic mechanical properties of coal-
bearing mudstone during the combined action of high temperature and disturbance in
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real time have not been adequately researched. The mechanical properties of coal-bearing
mudstone as a composite-medium sedimentary rock during and after the action of high
temperature in real time exhibit some differences. Coal-bearing mudstone is exposed to
high temperatures and a robust perturbation of the geological environment for an extended
period in actual underground coal-bed gasification projects [9].

This study conducts dynamic compression tests on coal-bearing mudstone specimens
at room temperature (25 ◦C) and real-time temperatures of 50 ◦C, 100 ◦C, 150 ◦C, 200 ◦C,
250 ◦C, 300 ◦C, 350 ◦C, and 400 ◦C using the self-developed temperature Hopkinson (T-
SHPB) test device. The loading pressure ranges from 0.2 MPa to 0.7 MPa, allowing the
analysis of the mechanical response of coal-bearing mudstone at high temperature and
high strain rates by adjusting the air pressure of the storage bin and changing the impact
speed of the impact bar.

2. Characterization and Test Methods for Coal-Bearing Mudstone

The coal-bearing mudstone sample used in this study was obtained from a coal
mine in Xuzhou. The stress–strain behavior and damage mechanism of the standard rock
sample (φ50 × 100 mm) were evaluated using a universal testing machine, as depicted in
Figure 1. The specimen exhibits a peak strength of 18.51 MPa and a modulus of elasticity
of 898.08 MPa. The strain at the peak volume is about 55% of the peak stress, which is
relatively low compared to hard rocks and suggests that the material belongs to the soft
rock category. The damage pattern of the rock sample comprises both tensile and shear
damage; vertical cracks are observed in the upper section due to tensile damage, whereas
diagonal cracks appear in the middle and lower areas due to shear damage, with some
transverse cracks from interlayer damage. Compared to hard rocks, coal-bearing mudstone
represents a more complex damage pattern.
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2.1. Real-Time Temperature SHPB Testing Method and Process

Per the International Commission on Rock Dynamics test standard [33,34], a cylindrical
specimen (φ50 × 50 mm) was utilized for the kinetic test (see Figure 2). The conventional
SHPB test device includes a power drive, load transfer, velocity measurement, and data
acquisition and processing systems. To attain the high-temperature status of the mudstone
rock sample in real time during the test, it is imperative to incorporate a temperature
environment furnace and temperature controller between the incident and transmission
bars, as illustrated in Figure 3. Nitrogen gas is injected into the pressurized gas chamber,
and the chamber pressure is adjusted to regulate the bullet impact on the incidence bar. The
stress wave is transmitted along the incidence bar to the high-temperature environment
furnace, where the coal-bearing mudstone specimens at high temperature are damaged.
The remaining impact energy is then transferred to the energy absorbing bar and the
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damping absorber through the transmission bar to be entirely immersed. The stress–strain
curve of the coal-bearing mudstone is indirectly calculated via the strain information
attached to the incidence and transmission bars. A schematic diagram of the test set-up
is presented in Figure 3a, and the specific physical arrangement is shown in Figure 3b.
In the installation process of the device, there are strict requirements on the level. Before
the test starts, we need to ensure that the bars are located at the same level with the help
of the leveling device on the bar system. The overall error of the height of the central
axis of this paper’s incidence and transmission bars is in the range of ±1%. It can ensure
that the incident and transmitted rods can realize complete alignment of the end faces at
different contact positions. A rubber shaping sheet must be attached to the leading edge of
the incident bar to adjust the rectangular wave to a half-sine wave. This ensures that the
difference between the incident wave and the transmitted wave is within 5% in the nulled
condition, thereby ensuring that the rock sample undergoes a long rising stress period to
achieve a uniform internal stress state based on the assumption of a one-dimensional stress
wave [36].
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It can be observed that the incident and transmitted waves are almost identical in the
airborne condition, demonstrating the stability of the real-time high-temperature SHPB
test rig.

Using only a high-temperature ambient furnace necessitates a long heating time. The
continuous high-temperature thermal exposure can cause thermal damage to the incident
and transmissive bars, reducing their lifespan. To ensure safe and efficient testing, the
rock sample is heated separately using an external furnace, as shown in Figure 3c. The
furnace was heated at a predetermined temperature of 10 ◦C/min and kept at a constant
temperature for four hours to ensure uniformity in specimen heating. The maximum tem-
perature for the real-time temperature was set to 400 ◦C because, during the initial testing
phases, it was discovered that some of the coal-based mudstone samples disintegrated
after exceeding 400 ◦C. Eight real-time high-temperature conditions ranging from 50 ◦C to
400 ◦C were chosen for dynamic compression testing on coal-bearing mudstone samples.
The velocity of the impact bar was altered by adjusting the air pressure in the gas chamber
during the tests to simulate various shock waves resulting from strong perturbations in
engineering. Loading air pressure ranges from 0.2 MPa to 0.7 MPa were used in six dif-
ferent cases, and three tests were conducted for each temperature and air pressure case.
To compare the data results of the three specimens, the two specimens with similar data
results were first selected; then, the specimen closer to the average of the three data was
selected as the typical data result of the group to be analyzed. The specific test procedure is
outlined below:

1. The tests are conducted using a high-to-low temperature gradient approach, with
each rock sample pressure gradient tested at a particular temperature gradient before
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moving to the next one. The mudstone obtained from coal-bearing strata is placed in
an external heating oven and subjected to a predetermined temperature for 10 min in
a high-temperature ambient oven. The sample is then placed between the incoming
and transmitting bars using a fire clamp to ensure that the temperature difference
between the displayed real-time temperature and the preset temperature is within
±1 ◦C.

2. The air pressure score should be adjusted before swiftly holding the mudstone rock
sample in place with the incidence and transmission bars for impact testing. During
this process, it is essential to record the impact bullet velocity and strain signals in the
incidence and transmission bars.

3. After the test, the incident and transmission bars are promptly extracted from the
high-temperature ambient furnace. The rock samples are then retrieved using an
iron spoon and transferred into an iron container. The container is subsequently
placed inside an externally heated furnace with an appropriate temperature gradient
to ensure that the samples remain intact and undamaged during the high-temperature
ambient cooling process.

4. Once the impact tests for all rock samples at a particular temperature gradient are com-
plete, the fragments are gradually cooled to room temperature within an externally
heated furnace with a temperature reduction gradient. The samples are then ready
for the next round of impact tests at a different temperature gradient. For instance, if
the preset temperature is 400 ◦C, the initial holding time is 30 min at 400 ◦C, followed
by a temperature reduction of 50 ◦C at a rate of 10 ◦C/min, along with an additional
60-min holding time at the gradient. Finally, the temperature is further reduced until
it reaches room temperature (25 ◦C), as demonstrated in Figure 3c.

5. Upon completion of impact testing across all temperature gradients, the macroscopic
damage characteristics and microscopic fracture patterns of the fractured rock samples
are analyzed and quantified.
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2.2. Test Principle and Accuracy Verification

This paper utilizes the three-wave formula to calculate the stress σ(t), strain ε(t), and
strain rate

.
ε(t) of a coal-bearing mudstone sample [37]. The formula is as follows:

.
ε(t) = C0

LS
[εI(t)− εR(t)− εT(t)]

ε(t) = C0
LS

∫ t
0 [εI(t)− εR(t)− εT(t)]dt

σ(t) = A0
2AS

E0[εI(t) + εR(t) + εT(t)],
(1)

where E0 is the modulus of elasticity of the bar material, A0 is the area of the compressional
bar, C0 is the wave velocity, LS is the original length of the specimen, and AS is the cross-
sectional area. To ensure the accuracy of our experiment, we compare the error of the
incident and reflected waves with the transmitted waves, as illustrated in Figure 4. The
small, transmitted wave signal of the coal-bearing mudstone confirms the assumption of
one-dimensional stress wave propagation. In contrast, the overlapping incident, reflected,
and transmitted waves introduce the equilibrium index R(t) for quantitative analysis [38].
We use R(t) < 5% as the criterion for judgment and calculate it as follows:

R(t) = 2
∣∣∣∣ ε I + εR − εT
ε I + εR + εT

∣∣∣∣ ≤ 5%, (2)Fractal Fract. 2023, 7, x FOR PEER REVIEW 7 of 21 
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Figure 5 illustrates the calculated equilibrium index R(t). We observe that the interval
from the start of the rising edge to the end of the subsequent falling section satisfies
the R(t) < 5% criterion, which characterizes the equilibrium time. Furthermore, the total
equilibrium time exceeds four times the time required for the stress wave to pass through
the specimen, demonstrating the feasibility of the test set-up.
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3. Dynamic Compressive Mechanical Properties of Coal-Bearing Mudstone
3.1. Variation of Strain Rate with Air Pressure

Air pressure serves only as an external action condition, and its influence is dependent
on several factors, such as the weight of the bullet and the size of the air cavity. This study
employs a dimensionless average strain rate as the independent variable to evaluate the
effect on coal-bearing mudstone. The strain rate, as a function of time, can be determined
using the three-wave method. The evaluation index is the average strain rate over the entire
test duration, hereafter referred to as the strain rate. The strain rate varies with temperature
and pressure, as shown in Table 1. Figure 6 displays the variation curve.

Table 1. Variation of strain rate with temperature and pressure.

Pressure/
Temperature

Strain Rate
.
ε (s−1)

25 ◦C 50 ◦C 100 ◦C 150 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

0.2 MPa 46.021 42.468 40.455 22.484 27.065 27.255 35.896 37.051 38.498
0.3 MPa 60.650 58.035 57.765 39.164 45.895 50.053 51.651 53.849 55.819
0.4 MPa 70.325 63.654 60.745 42.065 54.210 53.516 57.051 61.251 67.416
0.5 MPa 82.551 75.721 70.545 54.898 62.516 61.048 65.055 70.027 77.874
0.6 MPa 95.874 87.451 83.151 65.564 73.846 70.511 75.842 83.415 86.135
0.7 MPa 110.052 100.165 97.105 70.712 76.154 76.447 84.515 90.754 93.464

As depicted in Table 1 and Figure 6, the strain rate increased progressively with
increasing pressure at a constant temperature. The effect of temperature on strain rate
exhibited an increasing-then-decreasing trend, with the maximum increase observed at
150 ◦C. Specifically, the strain rate rose from 22.484 s−1 to 70.712 s−1, an increase of 214.50%.
At a given pressure, the strain rate first decreased and then increased with increasing
temperature. However, the strain rate at high temperatures was lower than at room
temperature. The difference between the maximum and minimum strain rates at different
air pressure was more pronounced at high pressure than at low pressure, indicating a more
significant fluctuation in the strain rate with the temperature at high pressure.
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3.2. The Variation Law of the Stress–Strain Curve

This paper compared the stress–strain curves obtained at the same pressure but dif-
ferent temperatures from 25 to 400 ◦C, as presented in Figure 7. The curves exhibit an
insignificant compression-density phase, a significant elastic phase, a plastic deformation
phase, and a damage phase. Compared with the static stress–strain curve, the plastic
deformation stage of the stress–strain curve under impact is significantly increased. More-
over, the peak stresses increase with increasing strain rate at all temperatures, and the
slope of the elastic phase gradually increases. However, the peak strains do not exhibit a
significant pattern of change. Notably, the stress–strain curves at different temperatures
show variations, with the maximum peak stress at high temperatures (300–400 ◦C) being
smaller than that at room temperature (25–100 ◦C). To further understand this observation,
a detailed statistical data analysis is necessary.

3.3. The Change in Dynamic Compression Mechanical Properties

The dynamic stress is calculated based on the three-wave method (Formula (1)) and is
accurate to three decimal places. The modulus of elasticity is calculated based on the stress
and strain during the elastic phase, and the accuracy of the data is also retained to three
decimal places. Tables 2–4 present the dynamic mechanical properties, peak stress, elastic
modulus, and peak strain at different temperatures and pressures. Figure 8 illustrates the
variations of the dynamic mechanical properties, peak stress, elastic modulus, and peak
strain with temperature and pressure.
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Table 2. Variation of peak stress with temperature and pressure.

Pressure/
Temperature

Peak Stress σm (MPa)

25 ◦C 50 ◦C 100 ◦C 150 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

0.2 MPa 45.779 38.323 49.621 43.021 42.275 43.330 26.227 25.756 28.223
0.3 MPa 57.709 60.610 63.945 64.342 63.279 50.406 34.617 38.652 35.731
0.4 MPa 71.488 86.077 77.874 73.899 74.356 70.675 47.080 47.114 41.711
0.5 MPa 89.401 93.601 89.108 83.001 84.442 78.231 54.728 53.970 43.584
0.6 MPa 94.921 99.370 97.283 95.828 98.811 73.108 59.209 60.064 46.229
0.7 MPa 103.437 106.089 100.876 98.566 100.469 82.773 66.970 67.281 51.809
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Table 3. Variation of elastic modulus with temperature and pressure.

Pressure/
Temperature

Elastic Modulus Ed (GPa)

25 ◦C 50 ◦C 100 ◦C 150 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

0.2 MPa 5.525 6.403 5.809 5.024 4.621 4.505 3.226 3.288 3.376
0.3 MPa 7.343 6.996 6.776 6.733 6.192 5.935 4.041 4.519 4.418
0.4 MPa 9.809 9.352 8.783 7.438 7.609 7.271 5.408 5.158 4.629
0.5 MPa 10.625 9.671 10.218 9.570 9.362 8.845 7.856 7.764 6.375
0.6 MPa 12.110 11.132 12.681 10.093 10.855 9.172 9.131 8.450 6.714
0.7 MPa 15.185 13.025 15.623 13.703 13.240 12.542 11.178 11.586 8.679

Table 4. Variation of peak strain with temperature and pressure.

Pressure/
Temperature

Peak Strain εd (×10−3)

25 ◦C 50 ◦C 100 ◦C 150 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

0.2 MPa 10.682 10.123 11.525 11.435 9.698 10.741 10.277 9.976 10.760
0.3 MPa 10.053 11.386 9.831 12.791 12.054 10.632 10.627 9.962 10.624
0.4 MPa 9.009 10.043 10.179 11.181 11.305 10.630 10.364 10.641 9.807
0.5 MPa 7.779 11.010 11.407 10.781 9.808 10.880 10.594 9.892 9.588
0.6 MPa 9.464 9.735 10.489 11.076 10.360 10.353 10.173 10.942 10.755
0.7 MPa 9.152 11.736 10.829 10.181 9.979 11.271 9.232 11.550 8.426
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Based on Table 2 and Figure 8a, it can be observed that the peak stress tends first to
increase and then decrease as the temperature rises, with the highest value appearing in
the temperature range of 50–150 ◦C. Additionally, the increase gradually reduces as the
pressure increases. At the same temperature, the peak stress increases monotonically with
increasing pressure, with the highest increment occurring at 50 ◦C. The peak stress rises
from 38.323 MPa to 106.089 MPa, indicating an increase of 176.83%. As shown in Table 3
and Figure 8b, at the same pressure, the elastic modulus tends to increase and then decrease
as the temperature increases, with the maximum value also occurring in the temperature
range of 50–150 ◦C, with the increment decreasing as the pressure increases. At the same
temperature, the elastic modulus increases monotonically with increasing pressure, with
the highest increment occurring at 350 ◦C. The elastic modulus increases from 3.288 GPa to
11.586 GPa, indicating an increase of 252.37%. As presented in Table 4 and Figure 8c, the
peak strain shows small fluctuations in temperature and pressure. The changes in peak
stress and elastic modulus indicate that increasing temperature has a specific enhancement
effect on the coal-derived mudstone, with the temperature enhancement interval being
50–150 ◦C. However, the strength at high temperatures decreases significantly relative to
room temperature.
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3.4. Variation of Dynamic Mechanical Properties with Temperature

The dynamic mechanical properties of coal-bearing mudstone are significantly affected
by the coupling effect of temperature and strain rate. To analyze this effect, we selected
strain rate approximation data at different temperatures to eliminate the effect of strain rate
differences. Our analysis showed that the peak stresses initially exhibit increasing and then
decreasing trends as temperature increases for different strain rate intervals. By fitting the
curve, between 25 ◦C and 150 ◦C, peak stress increases with increasing temperature, with
the rate of increase gradually slowing down as the strain rate increases. Between 150 ◦C
and 400 ◦C, peak stress decreases monotonically with increasing temperature, and the rate
of decrease becomes more significant with the increase in strain rate, as shown in Figure 9a.
The elastic modulus, similar to peak stress, initially increases and then decreases with
increasing temperature. It increases between 25 ◦C and 150 ◦C and decreases monotonically
between 150 ◦C and 400 ◦C. By fitting the curve, the rate of increase and decrease in
elastic modulus gradually increases with the increase in strain rate, as shown in Figure 9b.
However, the peak strain does not show significant changes with increasing temperature.
All data points mostly fluctuate within a small range, and the confidence level for peak
strain between 0.009588 and 0.011407 is 95%, as shown in Figure 9c. This indicates that the
peak strains of the coal-derived mudstone are not significantly affected by temperature.
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4. Fractal Failure Characteristics of Coal-Bearing Mudstone
4.1. Macroscopic Damage Characteristics

Considering that the dispersion of peak stress and elastic modulus in coal-bearing
mudstone increases with strain rate, the study examined the stability of the variation pattern
with temperature at low strain rates (40–60 s−1). Broken fragments of the coal-bearing
mudstone were analyzed to determine the variation pattern of the degree of damage with
temperature in this strain rate range, as illustrated in Figure 10. The results showed that
the surface fragmentation degree of the large residual fragments after composite crushing
initially increased and then decreased with the temperature rise. Moreover, the degree
of crushed rock samples at high temperatures was greater than at room temperature. In
the temperature range of 25–150 ◦C, the size of the large fragments of the coal-bearing
mudstone increased, while the sharpness of the fragmented contour decreased, indicating
a strengthening effect on the rock samples due to the expansion of the clay minerals within
the coal-bearing mudstone to fill the fissures (Figure 10a–d). Conversely, in the temperature
range of 200–400 ◦C, the average size of the fragments gradually decreased, with large
fragments disappearing and the sharpness of the edges of the fragments slightly increasing.
These results indicate a weakening effect on the rock samples due to the expansion of
fractures caused by the over-expansion of clay minerals within the coal-bearing sandstone
through temperature, which can intensify the destruction of the rock samples (Figure 10e–i).
To quantify the variation of damage with temperature and strain rate, it was necessary to
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sieve the particle size of the fractured fragments and determine the average particle size of
the damaged fragments and the fractal dimension of the fragments.
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4.2. Blockiness Distribution Coefficient

In this study, the degree of fragmentation of the specimen was quantitatively described
using a grading sieve to classify the rock pieces into eight-grain sizes: 0–5.0 mm, 5.0–7.0 mm,
7.0–9.0 mm, 9.0–11.0 mm, 11.0–14.0 mm, 14.0–17.0 mm, 17.0–20.0 mm, and >20.0 mm, as
depicted in Figure 11. The mass fraction at each particle size range was weighed, and
the group of each particle size was computed as a percentage of the overall assembly. To
characterize the equivalent average particle size of the broken pieces of the specimen, the
blockiness distribution coefficient was defined, where a smaller value indicated a higher
degree of damage. The calculation of r is as follows:

r =
8

∑
n=1

Wsndvn (3)
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Figure 11. Crushed rock masses of different grain sizes.

The average particle size dvn of the n-th group is determined by calculating the average
of the largest and smallest particle sizes in the particle size range. In the case of the >20.0 mm
group, the average particle size is selected as 20.0 mm since the maximum size is unknown.
Wsn represents the mass fraction of the n-th group. Table 5 shows the variations of Wsn
and the blockiness distribution coefficient r with temperature T. By utilizing the data in the
table, a variation curve of r with T is plotted, as illustrated in Figure 12.

Table 5. Variation of the mass fraction and blockiness distribution coefficient with temperature.

T/◦C
Wsn

r/m
<5 mm 5–7 mm 7–9 mm 9–11 mm 11–14 mm 14–17 mm 17–20 mm >20 mm

25 0.09916 0.10564 0.08423 0.08433 0.12270 0.11352 0.18766 0.20276 0.01322
50 0.09446 0.09393 0.08813 0.07757 0.10871 0.12454 0.18786 0.22480 0.01354
100 0.09583 0.08422 0.07333 0.07533 0.11506 0.13898 0.18526 0.23199 0.01374
150 0.08722 0.08565 0.08183 0.08275 0.12290 0.11753 0.18538 0.23674 0.01374
200 0.09576 0.08742 0.07908 0.10259 0.14755 0.12211 0.16103 0.20446 0.01323
250 0.09970 0.09489 0.10631 0.09970 0.13514 0.11652 0.15255 0.19519 0.01289
300 0.10293 0.11915 0.12227 0.09482 0.11978 0.11291 0.14410 0.18404 0.01249
350 0.11280 0.12928 0.12167 0.09379 0.11153 0.11217 0.13245 0.18631 0.01228
400 0.11427 0.14074 0.12137 0.10781 0.09813 0.10910 0.12395 0.18463 0.01208
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The blockiness distribution coefficient exhibited an increasing-then-decreasing trend
with increasing temperature, as suggested previously. Specifically, as the temperature
increased from 25 ◦C to 100 ◦C, r increased from 0.01329 m to 0.01361 m, a 2.41% rise, and
when the temperature further increased from 100 ◦C to 400 ◦C, r decreased from 0.01361 m
to 0.01208 m, an 11.24% decrease. Notably, the value of r remained relatively constant in
the range of 50–150 ◦C. Moreover, the blockiness distribution coefficient of the crushed rock
samples at 400 ◦C was smaller than that at 25 ◦C, indicating more severe rock fragmentation
at high temperatures. The gradual increase in r was primarily attributed to the rise in mass
fraction of each particle size, while the rapid decrease in r was mainly due to the increase
in the fraction of 0–5.0 mm particle size.

4.3. Fractal Dimension of Fragments

A fractal is a geometric form consisting of parts that mimic the whole across dif-
ferent spatial or temporal scales. Studies have revealed that rock fragments that result
from cutting, blasting, and weathering exhibit self-similarity or scale-invariance and pos-
sess fractal properties. The fractal dimension can reflect the damage characteristics of
rocks to a certain extent [39]. To determine the fractal dimension of the fragments, re-
searchers typically utilize the mass-equivalent dimension parameter, which adheres to the
subsequent relationship.

MR/Mmax = 1− exp
[
−(R/Rmax)

α], (4)

At small R/Rmax, this can be approximated as

MR/Mmax = (R/Rmax)
α, (5)

The left and right sides of Equation (5) are logarithmized and deformed to

lg(MR/Mmax) = αlg(R/Rmax), (6)

Meanwhile, after deriving Equation (4), the equation is obtained as

dMR ∝ Rα−1dR, (7)

Concerning the definition of a fractal, there are the following relations:

N ∝ R−D → dN ∝ R−D−1dR, (8)

Considering that the increase in block size is closely related to the rise in mass, the
following relationship exists:

dN ∝ R−3dMR, (9)

The Formulas (8) and (9) can be combined to obtain

D = 3− α, (10)

The fractal dimension D is determined by analyzing the relationship between
lg(MR/Mmax) and lg(R/Rmax), and obtaining the value of α through linear regression.
Rmax is set to be the original radius of the rock specimen to maintain consistency during
the calculation. Table 6 presents the variation of lg(MR/Mmax) and D with lg(R/Rmax) at
different temperatures.
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Table 6. The variation of lg(MR/Mmax) and D with lg(R/Rmax) at different temperatures.

T/◦C

lg(MR/M)

Dlg(R/Rmax)
=−1.00000

lg(R/Rmax)
=−0.85387

lg(R/Rmax)
=−0.74473

lg(R/Rmax)
=−0.65758

lg(R/Rmax)
=−0.55284

lg(R/Rmax)
=−0.46852

lg(R/Rmax)
=−0.39794

25 −1.00366 −0.68867 −0.53906 −0.42787 −0.30447 −0.21497 −0.09841 1.5769
50 −1.02475 −0.72494 −0.55827 −0.45089 −0.33461 −0.23111 −0.11059 1.5588

100 −1.01850 −0.74461 −0.59623 −0.48319 −0.35284 −0.23452 −0.11463 1.5578
150 −1.05938 −0.76228 −0.59397 −0.47179 −0.33691 −0.23816 −0.11733 1.4957
200 −1.01882 −0.73712 −0.58127 −0.43789 −0.29039 −0.19756 −0.09934 1.4973
250 −1.00130 −0.71088 −0.52158 −0.39729 −0.27105 −0.18558 −0.09431 1.5295
300 −0.98746 −0.65349 −0.46300 −0.35737 −0.25263 −0.17272 −0.08833 1.5766
350 −0.94769 −0.61604 −0.43920 −0.33957 −0.24483 −0.16670 −0.08954 1.6491
400 −0.94207 −0.59344 −0.42437 −0.31498 −0.23484 −0.16026 −0.08865 1.6645

A linear regression analysis of the relationship between lg(MR/Mmax) and lg(R/Rmax)
reveals the temperature-dependent characteristics of the fractal dimension, as illustrated in
Figure 13. With the temperature increases, the fractal dimension exhibits a decreasing-then-
increasing trend. In the temperature range of 25 to 150 ◦C, the fractal dimension decreases
from 1.5769 to 1.4957, a decrease of 5.15%. In the temperature range of 150 to 400 ◦C, the
fractal dimension increases from 1.4957 to 1.6645. The variation of the fractal dimension
in the temperature range of 25 to 100 ◦C is negligible, with only a tiny decrease observed.
However, a significant decrease occurs when the temperature reaches 150 ◦C, and the fractal
dimension at 150 ◦C and 200 ◦C is essentially the same. When the temperature exceeds
200 ◦C, the fractal dimension gradually increases with the increase in temperature, but the
increase rate gradually slows with the temperature increase. At 400 ◦C, the fractal dimen-
sion is higher than that at 25 ◦C. Since the fractal dimension is positively correlated with the
damage of the specimen, it can be inferred that the deterioration of coal-bearing mudstone
initially decreases and then increases with the real-time temperature increase at the same
strain rate level. Furthermore, the damage of coal-bearing mudstone at 400 ◦C is more
severe than that at room temperature, consistent with the average blockiness distribution
coefficient change.
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and fractal dimension. The first stage is the strengthening stage (25–150 ◦C), when the
temperature increase strengthens the mudstone. In the second stage, the deterioration stage
(150–400 ◦C), the expansion effect of skeletal particles and clay minerals is more substantial,
leading to mutual extrusion due to internal space constraint and thermal stress caused by
temperature influence. This effect increases the internal fracture of coal-bearing mudstone,
resulting in a decrease in the overall strength of the rock sample.

When the temperature is relatively small, the increase in temperature causes the
closure of microfractures in the mudstone, a phenomenon that can strengthen the mudstone.
With further increases in temperature, the mutual extrusion generated by the complete
closure of the cracks will produce tensile stresses inside the mudstone, resulting in the
deterioration of the mudstone. In conjunction with SEM (scanning electron microscopy), a
comparative description of the micro-morphology at low and high temperatures is added
to the paper. The thermal expansion coefficient of clay minerals was found to be larger
compared to skeletal particles during the analysis of the internal mineral composition,
so we believe that the strengthening effect of the small increase in temperature is due
to the expansion of clay minerals to fill the initial pores. As shown in Figure 14a,b, the
small increase in temperature caused the initial microfracture closure. However, as the
temperature continues to increase, the continued expansion of the clay minerals causes
new cracks to sprout within the mudstone, resulting in a decrease in the strength of the
mudstone. As shown in Figure 14c,d, the sustained increase in temperature causes rapid
expansion of the cleavage between clay minerals and skeleton cleavage and a decrease in the
average particle size of the skeleton particles due to the mutual extrusion effect between the
skeleton particles.
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According to a previous study [40], the damage to mudstone is more dramatic at high
temperatures than mudstone impact damage structures at room temperature. Comparing
the mechanical properties of coal-bearing mudstone at different temperatures, an increase
in the strain rate can lead to an increase in rock strength, but the intensity of fragmentation
also increases accordingly. The mechanical properties of coal-bearing mudstone vary
greatly under different temperatures due to changes in strain rate, and an increase in
temperature will reduce the sensitivity of coal-bearing mudstone to strain rate. As the
strain rate increases, the sensitivity of the mechanical properties of coal-bearing mudstone
to temperature gradually increases, which is similar to marble. However, based on the
larger internal porosity and significant expansion interval of coal-bearing mudstone, an
increase in temperature within the low-temperature range will enhance the mechanical
properties of coal-bearing mudstone [41]. Unlike the temperature action after the impact
rock test, the swelling effect of temperature stress in coal-bearing mudstone at 20–150 ◦C
makes the internal components denser. They do not suffer the consequences of damage due
to the contraction of internal components after the temperature is reduced. A comparison
of the rock impact test after high temperature found that there is a phase of rock strength
and damage reduction under the action of real-time temperature, which is due to the high-
temperature environment in which the clay minerals continue to show a state of expansion,
which can make the specimen in the loading of the densification increase; high temperature
after the cooling process will make the original expansion of clay minerals contract, and
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with the increase in temperature basically show the deterioration of the impact [42]. A
comparison of uniaxial compression tests revealed a higher sensitivity of rock strength
to temperature under impact, due to the shortening of the compaction phase of the rock
under impact [16,17].

5.2. Correlation of Fractal Dimensions and Applications

To examine the relationship between the fractal dimension and mechanical properties
of coal-bearing mudstone at varying real-time temperatures, we calculated correlation
coefficients [43] using the following formula:

Correl(x, y) = ∑ (x− x)(y− y)√
∑ (x− x)2∑(y− y)2

, (11)

The correlation coefficients between the fractal dimension and peak stress, elastic mod-
ulus, and peak strain were −0.944, −0.916, and −0.460, respectively, indicating a negative
correlation between the fractal dimension and mechanical properties. The peak stress and
elastic modulus showed stronger correlations than the peak strain. Transporting actual
rocks to the laboratory after experiencing real-time high-temperature damage makes it
difficult to use the gradient cooling method to reach room temperature. The resulting micro-
scopic morphological characteristics include thermal shock effects. In contrast, the particle
size distribution of the fragments remains relatively unchanged with cooling, making the
prediction method based on the fractal dimension of the elements more advantageous for
practical applications.

To quantify the relationship between fractal dimension and mechanical parameters of
coal-bearing mudstone, scatter plots of peak stress and elastic modulus were plotted with
fractal dimensions as the horizontal coordinates and linearly fitted based on removing the
maximum and minimum deviation values, as shown in Figure 15. In the figure, P represents
peak stress, and E represents elastic modulus. With the increase in fractal dimension,
both peak stress and elastic modulus show a linearly decreasing trend. Combined with
linear fitting variance analysis, it is found that the fitting effect of peak stress with fractal
dimension is better. It is confirmed that the fractal dimension can be used to predict
rock strength in engineering. The calculation of fractal dimension is based on the size
distribution characteristics of rock fragments, which can be used to predict the strength
of surrounding rock in practical engineering. Considering the changes in the storage
environment and internal pore characteristics after the rock samples are removed from
the actual project, the method of calculating the fractal dimension based on the fractured
fragments in the field is able to predict the strength range of the estimated rock, which can
guide the design of the support of the actual underground project.
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6. Conclusions

This study performed dynamic compression tests on coal-bearing mudstone speci-
mens using a temperature Hopkinson (T-SHPB) test apparatus developed in-house at room
temperature (25 ◦C) and real-time temperatures ranging from 50 ◦C to 400 ◦C. This research
investigated the changes in peak stress, elastic modulus, and peak strain with temperature
within the approximate strain rate range. The blockiness distribution coefficient, fractal
dimension, and fracture morphology were also analyzed to determine the damage frac-
ture characteristics from a macroscopic view. The following are the main conclusions of
this study:

1. Peak stress and elastic modulus exhibit an initially increasing and then decreasing
trend with rising temperature. They demonstrate a slight increase between 25 and
150 ◦C, followed by a monotonous decreasing trend between 150 and 400 ◦C. The
blockiness distribution coefficient exhibits an initially increasing and then decreasing
trend, while the fractal dimension shows an initially decreasing and then increasing
trend as the temperature rises. Combined with macroscopic damage morphology, it
indicates an initial decrease and subsequent increase in the extent of damage to the
coal-bearing mudstone with increasing temperature.

2. The influence of real-time temperature on coal-bearing mudstone can be classified
into two stages. The correlation coefficients between the fractal dimension of the
fragments and the peak stress, elastic modulus, and peak strain are −0.944, −0.916,
and −0.460, respectively. Peak stress and elastic modulus decrease linearly with the
increase in the fractal dimension.
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