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Abstract: The deformation control of surrounding rock in the combustion air zone is crucial
for the safety and efficiency of underground coal gasification (UCG) projects. Coal-bearing
sandstone, a common surrounding rock in UCG chambers, features a brittle structure
composed mainly of quartz, feldspar, and clay minerals. Its mechanical behavior under
high-temperature and dynamic loading is complex and significantly affects rock stability.
To investigate the deformation and failure mechanisms under thermal–dynamic coupling,
this study conducted uniaxial impact compression tests using a high-temperature split
Hopkinson pressure bar (HT-SHPB) system. The focus was on analyzing mechanical re-
sponse, energy dissipation, and fragmentation characteristics under varying temperature
and strain rate conditions. The results show that the dynamic elastic modulus, compressive
strength, fractal dimension of fragments, energy dissipation density, and energy consump-
tion rate all increase initially with temperature and then decrease, with inflection points
observed at 400 ◦C. Conversely, dynamic peak strain first decreases and then increases
with rising temperature, also showing a turning point at 400 ◦C. This indicates a shift in the
deformation and failure mode of the material. The findings provide critical insights into the
thermo-mechanical behavior of coal-bearing sandstone under extreme conditions and offer
a theoretical basis for designing effective deformation control strategies in underground
coal gasification projects.

Keywords: coal sandstone; real-time high temperature; dynamic mechanical characterization;
fractal dimension; energy dissipation rate

1. Introduction
The coal underground gasification technology possesses the advantages of being envi-

ronmentally friendly, safe, and efficient, as it converts coal in situ into gaseous fuel, thereby
enabling low-carbon utilization of coal resources and promoting environmental sustain-
ability [1–3]. However, the high temperatures induced by the underground gasification
process, coupled with the high strain rate loads caused by blasting or mining operations,
significantly affect the stability of the overburden structure, thus constraining the safe and
efficient application of underground gasification technology [4,5]. The rock mass above
the combustion zone is subjected to prolonged exposure to high temperatures, combined
with mining disturbances, rapid thermal expansion during the gasification process, and
high strain rate dynamic impacts, which together lead to complex and variable damage
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and fracture evolution in coal-bearing sandstones, characterized by significant dynamic
mechanical features and scale effects [6–8], as shown in Figure 1. These dynamic features
are reflected in various aspects, including fracture modes, crack propagation rates, and
particle size distribution, which ultimately influence the stability of the surrounding rock
mass and the structural integrity of the gasification space. Therefore, elucidating the dy-
namic mechanical properties and fracture size effects of coal-bearing sandstones under the
coupling of high temperatures and high strain rate loads is crucial for providing scientific
insights and technical support for the control of surrounding rock in the combustion zone
and the optimization of engineering structures in coal underground gasification.

High temperature represents the most immediate environmental load encountered
by the coal-rock medium in the combustion zone [9–11]. The damage and degradation
induced by the high-temperature environment are the key factors driving the changes
in the macroscopic mechanical properties of rocks [12,13]. In order to comprehensively
understand the evolution mechanism of rock damage under high-temperature conditions,
scholars have conducted extensive investigations using various monitoring techniques
on samples exposed to high temperatures, revealing the multifaceted impacts of high
temperature on rock mechanical properties [14]. The research findings indicate that as tem-
perature increases, the longitudinal wave velocity in rocks decreases [15] while permeability
increases, primarily due to thermal stresses arising from the differences in the thermal
expansion of rock particles, independent of the internal pore pressure [16]. Furthermore,
the compressive strength, tensile strength, and elastic modulus of both sandstone and
granite exhibit a nonlinear reduction as temperature increases [17]. Therefore, elucidating
the thermodynamic response mechanism of the overburden in the combustion zone of coal
underground gasification is crucial for ensuring the safe, environmentally friendly, and
efficient production of coal underground gasification.

Dynamic loading is the most direct and prevalent type of disturbance load encountered
by the coal-rock medium in the combustion zone [18–20]. Dynamic loading disturbances
directly influence the stability of the surrounding coal-rock mass and determine the long-
term safety and overall controllability of the surrounding rock structure in the combustion
zone [21–23]. Due to its transient, high-speed, and complex nature, dynamic loading can
quickly initiate the rapid propagation of latent microcracks or defects within the coal-
rock medium, leading to dynamic failure of the rock structure and potentially triggering
large-scale collapse or instability. Researchers worldwide have conducted extensive in-
vestigations into the dynamic response and damage/fracture mechanisms of coal-rock
media under dynamic loading, employing dynamic loading experimental setups. The
experimental results reveal that under impact loading, the stress–strain curve lacks a mi-
crocrack closure phase, with the slope of the elastic deformation phase being steeper than
under static loading [24]. The peak stress increases while the peak strain decreases due to
dynamic loading effects [25]. At high loading rates, the energy release rate during loading
is significantly lower than that at the moment of failure [26]. Moreover, the dissipation
energy index K for water-saturated coal in uniaxial impact tests is strongly correlated
with its dynamic strength, with higher strength leading to larger K values and greater
energy dissipation during failure [27]. Therefore, elucidating the effects of dynamic loading
disturbances on the damage, fracture morphology, and energy dissipation of the coal-rock
medium has become a key issue that requires urgent resolution.

In conclusion, the mechanical response of rock samples under impact loading at el-
evated temperatures exhibits clear strain rate sensitivity and temperature dependence.
Essentially, this phenomenon is attributed to high temperatures inducing internal microc-
rack propagation, mineral component degradation, and thermally driven pore evolution,
coupled with the synergistic effect of high strain rate loading that causes instantaneous
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stress concentration and rapid crack propagation. Therefore, a thorough investigation and
analysis of the mechanical response and fracture morphology of rocks under the coupling
of high temperature and high strain rate loading is crucial to understanding the instability
mechanisms of coal-bearing rock structures and the failure modes of overburden in coal
underground gasification. This study utilizes a high-temperature split Hopkinson pressure
bar (HT-SHPB) testing system to conduct real-time high-temperature impact loading tests
on coal-bearing sandstone, exploring the dynamic mechanical properties and fracture
size effects under the combined influence of high temperature and high strain rate. The
findings of this study provide theoretical insights for the control of surrounding rock in
coal underground gasification projects.

Figure 1. Schematic diagram of the disruption of underground gasification project triggered by
high-temperature dynamic load coupling.

2. Specimen Preparation and Test Methods
2.1. Standard Specimen Preparation of Coal Sandstone

The sandstone used in this experiment was sourced from the roof of the mined-out
zone near the coal underground gasification face. It is gray-black in color, and its primary
components include quartz (SiO2), kaolinite (Al4[Si4O10](OH)8), and strontianite (SrCO3).
In accordance with the “Standard for Engineering Rock Mass Testing Methods (GBT 50266-
2013)” [28], coal-bearing sandstone samples were extracted using a rock coring machine,
cutting machine, and grinding stone mechanism at the National Key Laboratory of Deep
Geomechanics and Underground Engineering, China University of Mining and Technology.
The collected sandstone was then processed into cylindrical specimens with dimensions of
50 mm × 50 mm (diameter × height), as illustrated in Figure 2.

The initially prepared samples were subjected to wave velocity testing using a longitu-
dinal wave velocity instrument, and those with significant dispersion were excluded from
further testing. Basic mechanical tests, including uniaxial compression and static splitting
tensile tests, were conducted, and the results are presented in Figure 3.
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Figure 2. Sample preparation methodology (a) Map of China; (b) Location of specimen sam-
pling; (c) Coal mine sampling; (d) Standard specimen preparation; (e) Completed standard
specimen preparation.

  
(a) Uniaxial compression test (b) Brazilian split test 

Figure 3. Static test curves.

2.2. Real-Time High-Temperature Loading Equipment and Test Methods

(1) Real-time high-temperature loading test equipment

The split Hopkinson pressure bar (SHPB) system is the most commonly applied
experimental technique for investigating the dynamic mechanical properties of rock ma-
terials [29–31]. To achieve dynamic mechanical testing of rock materials under high-
temperature conditions, this study employs a direct heating method to carry out dynamic
impact compression tests on coal-bearing sandstone at elevated temperatures [32–34]. The
high-temperature split Hopkinson pressure bar (HT-SHPB) testing system used in this
experiment is illustrated in the figure. The modified high-temperature split Hopkinson
pressure bar (HT-SHPB) testing system is composed of four primary components: the
loading system (including high-pressure gas chamber, launching chamber, and impact bar),
the main structure (comprising the incident bar, transmission bar, impact bar, absorption
bar, buffer, and supports), the information acquisition system (including strain gauges,
ultra-dynamic strain gauges, computer, and infrared velocimeter), and the control system
(featuring the control console and temperature controller), as illustrated in Figure 4.
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Figure 4. The SHPB system with real-time high temperature.

It is important to note that the direct heating method heats both the specimen and a
portion of the incident and transmission bars simultaneously to ensure uniform temperature
distribution within the specimen. Chen et al. [35] employed the direct heating method to
investigate the dynamic compressive mechanical properties of metallic materials under
high-temperature conditions. In the direct heating method, the portion of the bars in contact
with the specimen is heated together with the specimen, creating a significant temperature
gradient between the heated and unheated parts of the bars. This will have a significant
impact on the accuracy of the test results. This study improves the direct heating method
by incorporating a high-temperature furnace within the SHPB system to directly heat the
specimen. Upon completion of heating, the control system drives the cylinder to automate
the bars. This approach not only avoids the issue of unmanageable heat loss during the
heating-to-transfer process but also solves the problem of temperature gradients formed
when the bars are simultaneously heated.

(2) High-temperature- and high-strain rate-coupled loading test program

The high-temperature- and high-strain rate-coupled loading test procedure is primarily
divided into the following three steps [36–38]:

1⃝ The specimen is placed in the furnace chamber of the tubular heating furnace,
where the temperature controller is used to heat the specimen to the designed temperature
and maintain a constant temperature.

2⃝ Using the control console, the mechanical claws connected to the cylinder drive the
incident and transmission bars to translate, achieving automatic alignment and reset of
the bars.

3⃝ Impact loading is conducted through command control. The signals from the
incident and transmission bars are captured by strain gauges and collected by the data
acquisition system. Simultaneously, the loading velocity is recorded by the infrared ve-
locimeter and transmitted to the velocity tester for storage.
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It is important to note that during the entire experiment, the specimen is kept inside
the furnace chamber of the tubular heating furnace. At the same time, the incident and
transmission bars are not heated along with the specimen, preventing the formation of
temperature gradients within the bars and enabling impact loading tests on rock materials
under real-time high-temperature conditions. The test pressure is designed to range from
0.30 MPa to 0.80 MPa, with temperatures set at 25 ◦C (ambient), 100 ◦C, 200 ◦C, 300 ◦C,
400 ◦C, 500 ◦C, 600 ◦C, and 800 ◦C for each pressure condition.

3. Dynamic Mechanical Characteristics of Coal Sandstone Under
High-Temperature and High-Strain Rate Action
3.1. Characteristics of Loading Test Waveform and Stress–Strain Curve

(1) Characteristics of test curves

Considering the significant variation in the mechanical properties of coal-bearing
sandstone with temperature at different strain rate levels [39–41], To further explore the
temperature effects on the specimens under different temperature conditions, the loading
pressures were fixed at 0.30 MPa and 0.80 MPa, and the real-time loading temperatures (T)
were set at 25 ◦C (ambient), 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, and 800 ◦C under
each pressure condition, with each group undergoing multiple impact tests to ensure at
least three valid results. After the tests, the strain rates calculated at different temperatures
were averaged to represent the corresponding loading pressure. Figure 5 presents the
waveform of coal-bearing sandstone at temperatures of 25 ◦C, 100 ◦C, 200 ◦C, 300 ◦C,
400 ◦C, 500 ◦C, 600 ◦C, and 800 ◦C under a loading pressure of 0.80 MPa.

Figure 5. Experimental waveforms at various temperatures (T).

As shown in Figure 5, the incident, reflected, and transmitted waves were all approxi-
mately half-sine waveforms at different temperatures (T), with the peak amplitudes of the
reflected and transmitted waves being lower than that of the incident wave. Notably, the in-
cident wave exhibits a longer rise time, which is beneficial for achieving stress equilibrium
within the rock sample during dynamic loading. This extended loading duration allows
stress waves to more fully propagate and reflect within the specimen, reducing inertial
effects and localized stress concentrations. Consequently, it helps the specimen to reach a
near-uniform internal stress distribution before failure occurs, which is a key requirement
for the applicability of the one-dimensional wave propagation theory. Therefore, the longer
rise time of the incident wave is critical to ensuring the validity and accuracy of the test
results under dynamic conditions.



Fractal Fract. 2025, 9, 381 7 of 30

(2) Variation characteristics of strain rate (
.
ε) with loading temperature (T)

By analyzing the experimental waveforms in Figure 5, the variation of strain rate (
.
ε)

with time (t) at different loading temperatures (T) can be determined, and the arithmetic
mean of the strain rate over the entire duration is used as the loading strain rate for the
experiment. The average bullet velocity (V) and average strain rate (

.
ε) are calculated based

on three valid results from each group. Table 1 presents the variation of the average bullet
velocity (V) and average strain rate (

.
ε) with loading temperature (T) under 0.30 MPa and

0.80 MPa. From Table 1, it is evident that as the loading temperature (T) increases, with both
the average bullet velocity (V) and the average strain rate (

.
ε) exhibiting a clear increasing

trend under both 0.30 MPa and 0.80 MPa. At 0.30 MPa, the average strain rate (
.
ε) increases

from 50.45 s−1 to 69.90 s−1, showing an increase of 38.55%; at 0.80 MPa, the average
strain rate (

.
ε) increases from 210.87 s−1 to 213.20 s−1, with an increase of 1.10%, which is

significantly lower than the increase observed at 0.30 MPa. The arithmetic mean strain
rates are used to represent the conditions at 0.30 MPa and 0.80 MPa, where a strain rate
of 60.12 s−1 corresponds to the 0.30 MPa pressure condition, and 211.64 s−1 corresponds
to the 0.80 MPa pressure condition. This suggests that the sensitivity to temperature
decreases significantly at higher strain rates when compared with lower strain rates. For
the convenience of presenting the results, the strain rate (

.
ε) is referred to as the average

strain rate (
.
ε), as indicated in the previous section.

Table 1. The variation of bullet velocity and strain rate with temperature.

Number P/MPa T/◦C ¯
V/m·s−1 .̄

ε /s−1
Arithmetic

Mean

W-1-1

0.30

25 5.41 50.45

60.12

W-1-2 100 5.60 51.72
W-1-3 200 5.50 58.65
W-1-4 300 5.46 61.69
W-1-5 400 5.87 61.90
W-1-6 500 5.38 62.12
W-1-7 600 5.85 64.53
W-1-8 800 5.73 69.90

W-6-1

0.80

25 10.65 210.87

211.64

W-6-2 100 10.56 210.9
W-6-3 200 10.51 211.39
W-6-4 300 10.55 211.85
W-6-5 400 10.72 212.02
W-6-6 500 10.55 212.09
W-6-7 600 10.66 213.00
W-6-8 800 10.60 213.20

(3) Variation characteristics of dynamic stress–strain curves

By processing the waveforms, Figure 6 presents the dynamic stress–strain curves of
coal-bearing sandstone at strain rates of 60.12 s−1 and 211.64 s−1 at temperatures of 25 ◦C,
100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, and 800 ◦C.

As seen in Figure 6, the dynamic compressive stress–strain curves of coal-bearing
sandstone at various temperatures include the compaction phase, linear elastic phase,
inelastic phase, and failure phase. The dynamic peak strain increases with temperature,
while the change in dynamic peak compressive strength is not clearly pronounced. Given
the complexity of rock structure changes induced by temperature, coal-bearing sandstone
typically includes clay minerals and framework particles. When the temperature increase
is small, the expansion of particles and clay can effectively fill the rock’s original pores.
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When the temperature is significantly raised, these substances, due to differing thermal
expansion coefficients, will undergo uneven expansion, resulting in damage [42].

Figure 6. Dynamic stress–strain curves of coal-bearing sandstone at various temperatures (T).

3.2. Dynamic Mechanical Properties of Coal Sandstone Specimens

A detailed analysis is performed by extracting the dynamic elastic modulus (Ed),
dynamic compressive strength (σd), and dynamic peak strain (εd) of coal-bearing sandstone
from the dynamic stress–strain curves. Combined with the macroscopic fracture morphol-
ogy and fractal dimension (Ds), the macroscopic failure characteristics are analyzed to
quantitatively characterize the temperature effect on the mechanical characteristics and
failure characteristics of coal measure sandstone under real-time high temperature [43–45].

3.2.1. Characterization of Changes in Dynamic Modulus of Elasticity

To eliminate the dispersion of the results, the average of three valid outcomes is taken
for analysis. In this chapter, the dynamic elastic modulus (Ed), dynamic compressive
strength (σ d), dynamic peak strain (εd), fractal dimension (Ds), and energy dissipation
parameters are analyzed based on their average values, with “average” omitted in the
description. Figure 7 illustrates the curve showing the variation of dynamic elastic modulus
(Ed) with temperature (T). The standard deviations at different strain rates with increasing
temperature are 60.12 s−1 (0.12489996; 0.284780617; 0.125299641; 0.108166538; 0.043588989;
0.115325626; 0.130766968; 0.055075705); 211.64 s−1 (0.23515952; 0.206639783; 0.134288247;
0.17; 0.144222051; 0.075498344; 0.026457513; 0.075498344).

From Figure 7, it can be observed that the dynamic elastic modulus of coal-bearing
sandstone (Ed) decreases linearly with temperature (T) at strain rates of 60.12 s−1 and
211.64 s−1, with the fitting equations shown in equations (Ed = −0.0233T + 23.390) and
(Ed = −0.0291T + 31.301). At a strain rate (

.
ε) of 60.12 s−1, the dynamic elastic modulus

(Ed) decreases from 25.51 GPa to 6.52 GPa, showing a reduction of 74.44%; at a strain rate
(

.
ε) of 211.64 s−1, the dynamic elastic modulus (Ed) decreases from 33.38 GPa to 9.80 GPa,

a reduction of 70.64%, which is 3.80% smaller than at lower strain rates. This shows that
as temperature increases, the deformation resistance of coal-bearing sandstone gradually
decreases, and the temperature sensitivity of the dynamic elastic modulus at high strain
rates decreases.
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Figure 7. Curve showing the variation of dynamic elastic modulus (Ed) with temperature (T).

By comparing the variation of dynamic elastic modulus (Ed) of coal-bearing sandstone
at strain rates of 60.12 s−1 and 211.64 s−1, it can be observed that the dynamic elastic
modulus exhibits a clear strain rate sensitivity. Specifically, as the strain rate increases from
60.12 s−1 to 211.64 s−1, the Ed of coal-bearing sandstone increases significantly, ranging
from 3.28 GPa to 7.87 GPa, corresponding to an overall increase of approximately 30.85% to
50.31%. This trend indicates that under higher strain rate loading conditions, the material
exhibits enhanced stiffness and resistance to initial deformation.

This enhancement in Ed can be attributed to the strain rate strengthening effect,
which is commonly observed in brittle geomaterials under dynamic loading. At elevated
strain rates, the loading time is significantly reduced, leaving insufficient time for internal
microcracks to initiate and propagate, thus inhibiting early-stage damage accumulation.
As a result, the material behaves in a more elastic and less dissipative manner, leading to a
higher apparent modulus. Additionally, the dynamic compaction effect may also contribute
to this increase, as the closure of pre-existing pores and microcracks under rapid loading
enhances inter-particle contact and stiffness.

3.2.2. Characterization of Changes in Dynamic Compressive Strength

Figure 8 shows the variation curve of dynamic compressive strength (σd) with tem-
perature T. The standard deviations at different strain rates with increasing temper-
ature are 60.12 s−1 (0.334215499; 0.122882057; 0.244404037; 0.130766968; 0.233023604;
0.167032931; 0.075498344; 0.379868398); 211.64 s−1 (0.34394767; 0.117898261; 0.147986486;
0.13; 0.376430604; 0.37; 0.257099203; 0.355949435).

From Figure 8, we can see that: when the strain rate
.
ε = 60.12 s−1, 211.64 s−1, the

dynamic compressive strength of coal sandstone shows a trend of increasing and then
gradually decreasing with the temperature T; when

.
ε = 60.12 s−1, as the temperature T rises

from 25 ◦C to 500 ◦C, the dynamic compressive strength (σd) increases from 63.22 MPa
to 96.50 MPa, with an increase of 52.64%. And the dynamic compressive strength (σd)
decreases from 96.50 MPa to 60.31 MPa with a decrease of 37.50% as the temperature
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(T) increases from 500 ◦C to 800 ◦C; the dynamic compressive strength (σd) increases
from 92.39 MPa to 126.88 MPa with a 37.33% increase as the temperature (T) increases
from 25 ◦C to 500 ◦C at

.
ε = 211.64 s−1; the dynamic compressive strength (σd) increases

from 92.39 MPa to 126.88 MPa with a 37.33% increase as the temperature (T) increases
from 500 ◦C to 800 ◦C; the dynamic compressive strength B decreases from 126.88 MPa to
90.56 MPa with a decrease of 28.63%; and the increase and decrease are shown to decrease
relative to the low strain rate. This shows that the temperature has two effects on the
strength of coal sandstone: when the temperature is low, the elevated temperature will
promote the expansion of clay minerals inside the sandstone, which will block the initial
cracks to a certain extent, so that the overall porosity of the sandstone will be reduced,
making the dynamic compressive strength of sandstone increase; and when the temperature
is higher, the further expansion of clay minerals and skeleton part will cause the internal
structure of sandstone to be extruded and broken, and the overall porosity will increase,
which will lead to the decrease in the dynamic compressive strength of sandstone, and
the compressive strength will be reduced. The magnitude of the change indicates that
the temperature sensitivity of the dynamic compressive strength decreases at high strain
rates [46].

0 100 200 300 400 500 600 700 800 900

60

80

100

120

140
 60.12 s-1

 211.64 s-1

σ d
 (M

Pa
)

T(℃)/T

d
/M

Pa
σ

Figure 8. Variation curve of dynamic compressive strength σd with temperature T.

Comparing the dynamic compressive strength of coal sandstone under strain rate
.
ε = 60.12 s−1 and 211.64 s−1, it can be seen that the dynamic compressive strength (σd) of
coal sandstone under high strain rate increases relative to that under low strain rate; when
the strain rate rises from

.
ε = 60.12 s−1 to

.
ε = 211.64 s−1, the dynamic compressive strength

(σd) changes in the range of 29.17 MPa −33.40 GPa, with an increase of 31.48–50.16%.

3.2.3. Characterization of Changes in Dynamic Peak Strain

Figure 9 presents the curve showing the variation of dynamic peak strain (εd) with tem-
perature (T). The standard deviations at different strain rates with increasing temperature
are 60.12 s−1 (0.117153745; 0.073020545; 0.125904726; 0.130046146; 0.197476581; 0.17563314;



Fractal Fract. 2025, 9, 381 11 of 30

0.222737514; 0.237223523); 211.64 s−1 (0.053777319; 0.317490157; 0.120016666; 0.296501265;
0.26471683; 0.197858535; 0.297026935; 0.266810794).
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d =0.0132 7.947 0.9381T Rε + =

Figure 9. Curve showing the variation of dynamic peak strain (εd) with temperature (T).

From Figure 9, it can be seen that the dynamic peak strain (εd) of coal-bearing sand-
stone increases linearly with temperature (T) at strain rates of 60.12 s−1 and 211.64 s−1,
with the corresponding fitting equations shown in equations (εd = 0.0109T + 5.719) and
(εd = 0.0132T + 7.947). At a strain rate (

.
ε) of 60.12 s−1, as temperature (T) increases, the

dynamic peak strain increases from 0.00514 to 0.0149, a rise of 190.48%; at a strain rate (
.
ε) of

211.64 s−1, as temperature (T) increases, the dynamic peak strain (εd) rises from 0.00751 to
0.0195, an increase of 159.00%, which is 31.48% smaller than the increase observed at lower
strain rates. This indicates that as temperature increases, the maximum achievable defor-
mation of coal-bearing sandstone gradually increases, and the temperature sensitivity of
dynamic peak strain decreases at higher strain rates compared with lower strain rates [47].

By comparing the dynamic peak strain of coal-bearing sandstone at strain rates (
.
ε) of

60.12 s−1 and 211.64 s−1, it can be seen that: the dynamic peak strain (εd) of coal-bearing
sandstone increases at higher strain rates compared with lower strain rates; and when the
strain rate (

.
ε) increases from 60.12 s−1 to 211.64 s−1, the dynamic peak strain (εd) changes

from 0.002412 to 0.004511, showing an increase ranging from 20.59% to 48.78%.

4. Characteristics of Fracture Fractal and Energy Dissipation Mechanism
Under High-Temperature and High-Strain Rate Coupling Effect
4.1. Characteristics of Fracture Fractalization of Coal Sandstone Samples

(1) Characterization of the crushing degree of specimen damage

Figure 10 presents the failure characteristics of coal-bearing sandstone at different tem-
peratures in the split Hopkinson pressure bar (SHPB) test at a strain rate (

.
ε) of 211.64 s−1.
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25 °C 100 °C 
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400 °C 500 °C 
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Figure 10. Failure characteristics at different temperatures at a strain rate (
.
ε) of 211.64 s−1.

As can be seen in Figure 10, at a strain rate (
.
ε) of 211.64 s−1, the surface color of the

fragments from rock samples with temperatures between 100 ◦C and 800 ◦C, except for
the rock samples at ambient temperature (25 ◦C), becomes significantly darker due to
the temperature effect. Coal-bearing sandstone samples show significant brittle fracture
characteristics under different temperature conditions, and the fracture products are mainly
wedge-shaped fragments accompanied by a high proportion of powdery debris. However,
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the macroscopic observation shows that the temperature changes do not lead to obvious
differences in the degree of fracture, and the effect of temperature on the damage morphol-
ogy of the material needs to be systematically analyzed with the help of the quantitative
characterization method of fractal dimension.

(2) Subdimensional characterization of the degree of specimen fragmentation

Table 2 shows the variation of fractal dimension characteristic parameters of coal-
bearing sandstone after failure, based on strain rates (

.
ε) of 60.12 s−1 and 211.64 s−1, as a

function of temperature (T). Figure 11 presents the curve showing the variation of fractal
dimension (Ds) with temperature (T).

Table 2. Variation of fractal dimension (Ds) with temperature (T).

.
ε (s−1) T (◦C)

¯
MR/

¯
M ¯

d Ds
R = 6 R = 8.5 R = 11 R = 13 R = 15

60.12

25 0.13 0.16 0.18 0.20 0.28 0.60 2.40
100 0.41 0.51 0.60 0.69 0.73 0.64 2.36
200 0.26 0.37 0.43 0.48 0.54 0.77 2.23
300 0.12 0.17 0.19 0.21 0.29 0.84 2.16
400 0.21 0.28 0.33 0.44 0.52 0.96 2.04
500 0.23 0.27 0.36 0.41 0.48 0.84 2.16
600 0.24 0.28 0.35 0.38 0.43 0.66 2.34
800 0.33 0.40 0.51 0.52 0.65 0.56 2.44

211.64

25 0.61 0.66 0.71 0.77 0.79 0.30 2.70
100 0.54 0.59 0.65 0.71 0.74 0.35 2.65
200 0.27 0.30 0.35 0.40 0.44 0.40 2.60
300 0.54 0.59 0.65 0.76 0.79 0.45 2.55
400 0.51 0.56 0.62 0.68 0.71 0.48 2.52
500 0.53 0.58 0.68 0.74 0.77 0.44 2.56
600 0.73 0.79 0.89 0.90 0.94 0.29 2.71
800 0.84 0.94 0.94 0.96 0.96 0.14 2.86

0 100 200 300 400 500 600 700 800 900
2.0

2.2

2.4

2.6

2.8

3.0
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D

(s-1)
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/T

s
D

Figure 11. Curve showing the variation of fractal dimension (Ds) with temperature (T).
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From Table 2 and Figure 11, it can be seen that the fractal dimension (Ds) of coal-
bearing sandstone decreases and then increases with temperature (T) at strain rates (

.
ε) of

60.12 s−1 and 211.64 s−1; at a strain rate (
.
ε) of 60.12 s−1, as temperature (T) increases from

25 ◦C to 400 ◦C, the fractal dimension (Ds) decreases from 2.40 to 2.04, a reduction of 15.00%.
From 400 ◦C to 800 ◦C, the fractal dimension (Ds) increases from 2.04 to 2.44, an increase of
19.61%; at a strain rate (

.
ε) of 211.64 s−1, as temperature (T) increases from 25 ◦C to 400 ◦C,

the fractal dimension (Ds) decreases from 2.70 to 2.52, a decrease of 6.67%. From 400 ◦C to
800 ◦C, the fractal dimension (Ds) increases from 2.52 to 2.86, an increase of 13.49%, with
both the decrease and increase being smaller compared with the changes observed at lower
strain rates. This indicates that as temperature increases from 25 ◦C to 300 ◦C, the internal
cracks in coal-bearing sandstone close due to thermal expansion, which increases its overall
strength and reduces the final degree of failure. However, as the temperature continues to
increase, the enhanced expansion effect causes the porosity of coal-bearing sandstone to
gradually rise, leading to a further increase in the degree of failure. At higher strain rates,
the temperature sensitivity of failure in coal-bearing sandstone decreases, and the change
in the degree of failure becomes less pronounced as temperature increases [48].

Comparing the fractal dimension (Ds) of coal sandstone under the strain rate (
.
ε) of

60.12 s−1 and 211.64 s−1, it can be seen that: the value of the fractal dimension (Ds) of coal
sandstone under high strain rate increases relative to that at low strain rate; and when the
strain rate (

.
ε) increases from 60.12 s−1 to 211.64 s−1, the change of its fractal dimension (Ds)

is in the range of 0.30–0.48, with an increase of 12.29–23.53%.

4.2. Influence of Temperature on the Microscopic Fracture Morphology of Coal-Measure Sandstone

This section investigates the effect of temperature on the fracture morphology of coal-
measure sandstone by examining the fracture surfaces at three representative temperatures
(25 ◦C, 400 ◦C, and 800 ◦C) under a strain rate of 81.52 s−1.

(1) Microscopic fracture morphology at ambient temperature (25 ◦C)

Figure 12 presents the microscopic views of the fracture surface of coal-measure
sandstone at room temperature under four different magnifications. At 100× magnification,
distinct microstructural fracture features are not readily visible; however, both matrix-
embedded and exposed crystalline grains can be identified, along with the presence of
pores and voids across the surface. When magnified to 500×, pronounced step-like features
caused by crystal layer tearing become visible. These are accompanied by adjacent lamellar
tearing patterns, suggesting crack propagation from the upper right to the lower left of the
field of view.

At higher magnifications (500× and 2000×), intergranular and transgranular cracks
are clearly observed, indicating that cracks propagated through individual grains under
external loading. The presence of stepped patterns, layered tearing, and transgranular
fractures all point to a dominant brittle fracture mechanism. This observation confirms
that the fracture surface at 25 ◦C exhibits clear characteristics of brittle failure. As a typical
brittle rock, coal-measure sandstone demonstrates no evidence of plastic deformation under
high strain rate loading, further validating that the fracture mode at room temperature is
predominantly brittle.

(2) Microscopic fracture morphology of coal-measure sandstone at 400 ◦C

Figure 13 illustrates the fracture surface morphology of coal-measure sandstone at
400 ◦C under four levels of magnification. As shown in Figure 13a, the fracture surface
appears relatively smooth, with no prominent protruding crystals. The mineral grains
exhibit strong cohesion with the matrix, and the number of pores and voids is significantly
reduced compared with the fracture surfaces observed at ambient and 200 ◦C conditions.
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This densification is attributed to the thermal expansion of both mineral particles and
the matrix under elevated temperature, which macroscopically enhances the dynamic
mechanical strength of the rock.

At 500× magnification, transgranular cracks and single crystal fracture features be-
come evident. These crystal-specific patterns are primarily the result of multiple trans-
granular cracks intersecting individual grains, indicating brittle fracture at the microscale.
Further magnification to 2000× reveals river-like patterns formed by interlayer tearing
within crystal grains.

Under real-time high-temperature conditions at 400 ◦C, thermal expansion of mineral
constituents leads to a denser internal structure, contributing to improved mechanical
integrity. Simultaneously, the elevated temperature causes substantial dehydration of
structural water within the crystal lattice, facilitating the formation of transgranular cracks
under dynamic loading. The presence of transgranular fractures, single-crystal crack
patterns, and river marks—all indicative of brittle failure—demonstrates that the fracture
mode of coal-measure sandstone at 400 ◦C remains predominantly brittle.

  
(a) 100× (b) 500× 

  
(c) 1000× (d) 2000× 

Figure 12. Micromorphology characteristics of coal measure sandstone under 25 ◦C.
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(a) 100× (b) 500× 

  
(c) 1000× (d) 2000× 

Figure 13. Micromorphology characteristics of coal measure sandstone after at 400 ◦C.

(3) Microscopic fracture morphology of coal-measure sandstone at 800 ◦C

Figure 14 presents the microstructural characteristics of the fracture surface of coal-
measure sandstone at 800 ◦C under various magnifications. At 200× magnification, numer-
ous cracks are observed initiating throughout the structure, with some fissures reaching
widths of up to 20 µm. Only the matrix is visible in this view, prompting a shift in the field
of observation and an increase in magnification to 500×. At this level, numerous pores and
microcracks become apparent, originating from the partial melting of mineral grains. In
the lower right portion of the field, dimple-like fracture patterns—associated with void
coalescence and ductile features—can be identified.

Upon further magnification to 1000×, the structure reveals significant degradation
due to the thermal melting of both the matrix and crystal grains, resulting in a porous,
fragmented architecture. The material appears considerably loosened and structurally
compromised. At 2000× magnification, extensive melting of mineral grains is evident,
leading to the formation of irregular voids. The grains are no longer continuous and
are intersected by numerous wide transgranular cracks, some as wide as 40 µm, which
effectively segment the grains into discrete fragments.
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(a) 200× (b) 500× 

  
(c) 1000× (d) 2000× 

Figure 14. Micromorphology characteristics of coal measure sandstone at 800 ◦C.

These observations indicate that at 800 ◦C, thermal damage causes severe microstruc-
tural degradation in coal-measure sandstone. The presence of melt-induced porosity,
extensive cracking, and fragmented grain structures suggests a significant shift in failure
mode—from brittle fracture observed at lower temperatures to a complex damage mecha-
nism involving both thermally driven ductility and fragmentation under dynamic loading.

4.3. Dynamic Energy Dissipation Law of Coal Sandstone Specimens

According to the basic principles of the three-wave method, let WI(t), WR(t), and
WT(t) represent the incident energy, reflected energy, and transmitted energy, respectively.
The calculation formulas are as follows:

WI(t) = E0C0 A0
∫ t

0 εI
2(t)dt

WR(t) = E0C0 A0
∫ t

0 εR
2(t)dt

WT(t) = E0C0 A0
∫ t

0 εT
2(t)dt

(1)

In the equation, WI(t), WR(t), and WT(t) represent the incident energy, reflected
energy, and transmitted energy, respectively.
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The energy WS(t) absorbed by the specimen during the failure process can be repre-
sented as:

WS = WI − (WR + WT) (2)

The energy absorbed by the rock specimen will mainly be used for fragmentation
energy, elastic kinetic energy dissipation, and other forms of energy dissipation, i.e.,

WS = WFD + WK + WO (3)

In the equation, WFD represents fragmentation energy, WK represents elastic kinetic
energy dissipation, and WO represents other forms of energy dissipation. Typically, over
95% of the energy is used for fragmentation energy, and the rock’s absorbed energy WS

can be approximated as WFD, meaning that the absorbed energy is considered as the
dissipated energy. Figure 15 illustrates the typical energy variation in a high-temperature
split Hopkinson pressure bar (SHPB) test.

 
Figure 15. Energy change curve of specimen.

From Figure 15, it can be seen that in the early stages of the SHPB test, the incident
energy, reflected energy, and transmitted energy gradually increase with time until they
stabilize. The incident energy is smaller than the reflected and transmitted energies, and
it peaks earlier than both the reflected and transmitted waves. In this study, to analyze
the variation of energy under different strain rates, the changes in the peak values of
incident energy, reflected energy, and transmitted energy are examined. For simplicity, in
the following sections, incident energy WI will represent the peak value of incident energy,
reflected energy WR will represent the peak value of reflected energy, and transmitted
energy WT will represent the peak value of transmitted energy.

4.3.1. Characterization of Changes in Energy Dissipation Density

Figure 13 presents the curve showing the variation of energy dissipation density (wFD)
with temperature (T).
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From Figure 16, it can be seen that the energy dissipation density (wFD) of coal-bearing
sandstone shows a decreasing trend followed by an increasing trend with temperature (T)
at strain rates (

.
ε) of 60.12 s−1 and 211.64 s−1; at a strain rate (

.
ε) of 60.12 s−1, as temperature

(T) increases from 25 ◦C to 400 ◦C, the energy dissipation density (wFD) decreases from
0.203 to 0.072, a reduction of 64.53%. From 400 ◦C to 800 ◦C, the energy dissipation density
(wFD) increases from 0.072 to 0.264, an increase of 266.67%; at a strain rate (

.
ε) of 211.64 s−1,

as temperature (T) increases from 25 ◦C to 400 ◦C, the energy dissipation density (wFD)
decreases from 1.137 to 0.796, a decrease of 29.99%. From 400 ◦C to 800 ◦C, the energy
dissipation density (wFD) increases from 0.796 to 1.575, an increase of 97.86%, with both the
decrease and increase being significantly smaller than those at the lower strain rate. This
suggests that as temperature increases, the energy required for coal-bearing sandstone to
fail decreases initially and then increases, with the degree of rock failure first decreasing
and then increasing. The sensitivity of failure to temperature changes diminishes at higher
strain rates, which aligns with the pattern observed from the fractal dimension of the
rock samples.
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0.8

1.2

1.6

2.0

ω
FD
(J·

cm
-3
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Figure 16. Curve showing the variation of energy dissipation density (wFD) with temperature (T).

By comparing the energy dissipation density (wFD) of coal-bearing sandstone at strain
rates (

.
ε) of 60.12 s−1 and 211.64 s−1, it can be seen that: the energy dissipation density

(wFD) of coal-bearing sandstone is higher at higher strain rates compared with lower
strain rates; and when the strain rate (

.
ε) increases from 60.12 s−1 to 211.64 s−1, the energy

dissipation density (wFD) varies from 0.711 to 1.311, showing an increase ranging from
460.10% to 1005.56%. This result indicates that under high strain rate conditions, coal-
measure sandstone absorbs and dissipates a greater amount of energy during impact
loading, leading to more intense fracturing and structural reconfiguration of the material,
thereby exhibiting more pronounced dynamic failure characteristics.

4.3.2. Characterization of Energy Consumption Rate of Rock Samples

Figure 17 illustrates the curve showing the variation of energy consumption rate (λI)
with temperature.
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Figure 17. Curve showing the variation of energy consumption rate (λI) with temperature (T).

From Figure 17, it can be seen that the energy consumption rate (λI) of coal-bearing
sandstone decreases linearly with temperature (T) at strain rates (

.
ε) of 60.12 s−1 and

211.64 s−1, with the fitting equations provided in equations (λI= −0.000248T + 0.412) and
(λI= −0.000245T + 0.296). At a strain rate (

.
ε) of 60.12 s−1, as temperature (T) increases,

the energy consumption rate (λI) decreases from 39.26% to 21.74%, a decrease of 44.63%;
at a strain rate (

.
ε) of 211.64 s−1, as temperature (T) increases, the energy consumption

rate (λI) decreases from 27.45% to 10.91%, a reduction of 60.26%, which is 15.63% larger
than the reduction at lower strain rates. The decrease in energy consumption rate during
the failure of coal-bearing sandstone suggests that as temperature increases, the material
becomes more susceptible to failure, Additionally, the temperature sensitivity of the energy
consumption rate of coal-bearing sandstone increases at higher strain rates.

By comparing the energy consumption rate (λI) of coal-bearing sandstone at strain
rates (

.
ε) of 60.12 s−1 and 211.64 s−1, it can be seen that: the energy consumption rate (λI) of

coal-bearing sandstone is lower at higher strain rates compared to lower strain rates; when
the strain rate (

.
ε) increases from 60.12 s−1 to 211.64 s−1, the energy consumption rate (λI)

varies between 9.61% and 11.81%, with a decrease ranging from 30.08% to 40.82%.

4.4. Analysis of the Coupled Effect of High Temperature and Strain Rate in Coal Sandstone

By analyzing the strain rate and temperature effects on the mechanical properties, fail-
ure characteristics, and dissipation behavior of coal-bearing sandstone, it can be observed
that the effects of strain rate and temperature show a significant coupling effect [49,50]. In
certain cases, increasing temperature enhances the impact of strain rate, while increasing
strain rate also strengthens the temperature effect to some extent. This section analyzes
the coupling effects between strain rate and temperature on the dynamic elastic modu-
lus (Ed), dynamic compressive strength (σd), dynamic peak strain (εd), fractal dimension
(Ds), energy dissipation density (wFD), and absorption efficiency coefficient (λI) of coal-
bearing sandstone.
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4.4.1. Dynamic Mechanical Properties and Crushing Fractionation Laws

1. Characteristics of changes in dynamic modulus of elasticity

Table 3 shows the variation of dynamic elastic modulus (Ed) of coal-bearing sandstone
with strain rate (

.
ε) and temperature (T). Figure 18 presents the surface contour plot of

dynamic elastic modulus (Ed) as a function of strain rate (
.
ε) and temperature (T).

Table 3. Variation of dynamic elastic modulus (Ed) with strain rate and temperature (T).

.
ε

Ed/GPa

25 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

60.12 25.51 21.05 17.23 15.13 13.45 10.87 9.25 6.52
81.52 26.87 22.18 18.35 16.73 14.99 11.72 10.17 7.29
112.60 28.26 24.58 19.95 17.47 16.58 12.45 11.01 7.63
153.22 30.24 26.60 20.24 19.15 17.15 13.46 12.09 8.48
187.85 31.92 27.13 21.21 19.38 17.86 14.28 12.79 8.80
211.64 33.38 28.49 23.56 21.84 18.04 16.16 13.12 9.80

Figure 18. Surface contour plot of the variation of dynamic elastic modulus (Ed) with strain rate (
.
ε)

and temperature (T).

From Table 3 and Figure 18, it can be seen that the dynamic elastic modulus (Ed) of coal-
bearing sandstone increases with increasing strain rate (

.
ε) but decreases with increasing

temperature (T); When the strain rate is low (
.
ε = 60.12 s−1), the dynamic elastic modulus

(Ed) decreases more quickly as the temperature (T) increases, whereas at higher strain rates
(

.
ε = 211.64 s−1), the dynamic elastic modulus (Ed) decreases more slowly with increasing

temperature (T); When the temperature is low (T = 25 ◦C), the dynamic elastic modulus
(Ed) increases more quickly with increasing strain rate (

.
ε), whereas at higher temperatures

(T = 800 ◦C), the increase in dynamic elastic modulus (Ed) with strain rate (
.
ε) is slower. In

fact, the high temperature causes evaporation of internal moisture and structural changes
in the rock’s components, which weakens its ability to resist deformatio [51].

2. Characteristics of changes in dynamic compressive strength
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Table 4 shows the variation of dynamic compressive strength (σd) of coal-bearing sand-
stone with strain rate (

.
ε) and temperature (T). Figure 19 presents the surface contour plot

of dynamic compressive strength (σd) as a function of strain rate (
.
ε) and temperature (T).

Table 4. Variation of dynamic compressive strength (σd) with strain rate (
.
ε) and temperature (T).

.
ε

σd/MPa

25 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

60.12 63.22 65.55 80.29 85.29 92.70 96.5 80.18 60.31
81.52 67.58 66.72 87.09 92.91 99.97 100.05 85.34 64.23
112.60 74.16 74.82 93.21 97.33 108.22 112.54 98.23 70.79
153.22 82.03 81.12 99.55 105.53 115.71 118.49 104.70 78.45
187.85 88.88 91.57 105.16 112.84 118.45 123.57 108.08 83.94
211.64 92.39 97.15 112.61 118.69 124.66 126.88 112.45 90.56

Figure 19. Surface contour plot of the variation of dynamic compressive strength (σd) with strain rate
(

.
ε) and temperature (T).

From Table 4 and Figure 19, it can be seen that the dynamic elastic modulus (σd) of
coal-bearing sandstone increases with increasing strain rate (

.
ε); when the temperature (T)

is below 400 ◦C, the dynamic elastic modulus (σd) of coal-bearing sandstone increases with
temperature (T). However, when the temperature (T) exceeds 400 ◦C, the dynamic elastic
modulus (σd) of coal-bearing sandstone decreases with increasing temperature (T). In fact,
when the temperature (T) is below 400 ◦C, the rock sample mainly shows changes in the
internal component structure and pore structure; when the temperature (T) exceeds 400 ◦C,
besides changes in internal component structure and pore structure, a significant number
of thermally induced fracture units form, weakening its load-bearing capacity.

3. Characteristics of changes in dynamic peak strain

Table 5 shows the variation of dynamic peak strain (εd) of coal-bearing sandstone with
strain rate (

.
ε) and temperature (T). Figure 20 presents the surface contour plot of dynamic

peak strain (εd) as a function of strain rate (
.
ε) and temperature (T).
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Table 5. Variation of dynamic peak strain (εd) with strain rate and temperature (T).

.
ε

εd(10−3)

25 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

60.12 5.145 7.158 8.648 9.248 10.403 10.913 11.222 14.945
81.52 5.301 7.512 9.217 9.617 10.550 11.244 12.520 15.708
112.60 5.822 8.932 9.567 10.367 10.976 11.890 12.750 16.366
153.22 7.127 9.783 10.223 10.699 11.400 12.398 13.311 17.580
187.85 7.308 9.840 10.889 11.258 11.644 12.815 14.651 18.919
211.64 7.512 10.650 11.160 11.729 12.545 13.456 15.565 19.456

Figure 20. Surface contour plot of the variation of dynamic peak strain (εd) with strain rate and
temperature (T).

From Table 5 and Figure 20, it can be seen that the dynamic peak strain (εd) of coal-
bearing sandstone increases with increasing strain rate (

.
ε) and temperature (T). When the

strain rate is low (
.
ε = 60.12 s−1), the dynamic peak strain (εd) increases more slowly with

increasing temperature (T), whereas at higher strain rates (
.
ε = 211.64 s−1), the dynamic

peak strain (εd) increases more quickly with temperature (T); when the temperature is low
(T = 25 ◦C), the increase in dynamic peak strain (εd) with rising strain rate (

.
ε) is slower,

whereas at higher temperatures (T = 800 ◦C), the dynamic peak strain (εd) increases more
rapidly with rising strain rate (

.
ε).

4. Characteristics of the variation in fractal dimension of clasts

Table 6 shows the variation of the fractal dimension (Ds) of coal-bearing sandstone
fragments with strain rate (

.
ε) and temperature (T). Figure 21 presents the surface contour

plot of the fractal dimension (Ds) of the rock sample fragment distribution with strain
rate (

.
ε) and temperature (T).
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Table 6. Variation of fractal dimension (Ds) with strain rate (
.
ε) and temperature (T).

.
ε

Ds

25 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

60.12 2.40 2.36 2.23 2.16 2.04 2.16 2.34 2.44
81.52 2.44 2.41 2.33 2.18 2.10 2.25 2.38 2.47
112.60 2.48 2.45 2.39 2.27 2.24 2.37 2.49 2.67
153.22 2.64 2.57 2.47 2.36 2.35 2.44 2.56 2.76
187.85 2.70 2.59 2.52 2.50 2.48 2.52 2.63 2.81
211.64 2.70 2.65 2.60 2.55 2.52 2.56 2.71 2.86

Figure 21. Surface contour plot of the variation of fractal dimension (Ds) with strain rate (
.
ε) and

temperature (T).

From Table 6 and Figure 21, it can be seen that the fractal dimension (Ds) of the coal-
bearing sandstone fragment distribution increases with increasing strain rate (

.
ε), indicating

that the extent of rock fragmentation increases with increasing strain rate (
.
ε); when the

temperature (T) is below about 400 ◦C, the fractal dimension (Ds) of the coal-bearing
sandstone fragment distribution decreases with increasing temperature (T). However,
when the temperature (T) is above 400 ◦C, the fractal dimension (Ds) of the coal-bearing
sandstone fragment distribution increases with increasing temperature (T). This indicates
that when the temperature is around 400 ◦C and the strain rate (

.
ε) is relatively low, the rock

sample’s fragmentation is at its minimum.

4.4.2. Dynamic Energy Dissipation Laws

This section analyzes the coupling effects of strain rate and temperature on the
average energy dissipation density (wFD) and energy consumption rate (λI) of coal-
bearing sandstone.

(1) Characteristics of changes in energy dissipation density

Table 7 shows the variation of energy dissipation density (wFD) of coal-bearing sand-
stone with strain rate (

.
ε) and temperature (T). Figure 22 presents the surface contour plot
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of energy dissipation density (wFD) of the rock sample as a function of strain rate (
.
ε) and

temperature (T).

Table 7. Variation of energy dissipation density (wFD) with strain rate (
.
ε) and temperature (T).

.
ε

wFD/J·cm−3

25 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

60.12 0.203 0.178 0.125 0.115 0.072 0.133 0.140 0.264
81.52 0.525 0.479 0.355 0.234 0.213 0.267 0.438 0.699
112.60 0.737 0.716 0.685 0.454 0.348 0.479 0.692 0.989
153.22 0.851 0.825 0.838 0.746 0.551 0.616 0.83 1.143
187.85 1.076 1.01 0.962 0.871 0.749 0.792 0.922 1.390
211.64 1.137 1.107 1.007 0.953 0.796 0.844 0.951 1.575

Figure 22. Surface contour plot of energy dissipation density (wFD) as a function of strain rate (
.
ε) and

temperature (T).

From Table 7 and Figure 22, it can be seen that the energy dissipation density (wFD)
of the rock sample increases with strain rate (

.
ε). When the temperature (T) is below

around 400 ◦C, the energy dissipation density (wFD) of the rock sample decreases with
increasing temperature (T). However, when the temperature (T) is above 400 ◦C, the energy
dissipation density (wFD) increases with increasing temperature (T). This suggests that
when the temperature (T) is around 400 ◦C and the strain rate (

.
ε) is relatively low, the

energy dissipation density (wFD) of the rock sample is at its minimum, leading to the least
amount of rock fragmentation at this condition.

(2) Characteristics of variation in energy consumption rates of rock samples

Table 8 shows the variation of energy consumption rate (λI) of coal-bearing sandstone
with strain rate (

.
ε) and temperature (T). Figure 23 presents the surface contour plot of

energy consumption rate (λI) with strain rate (
.
ε) and temperature (T) for the rock sample.
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Table 8. Variation of energy consumption rate (λI) with strain rate (
.
ε) and temperature (T).

.
ε

λI

25 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

60.12 39.26 38.56 37.12 35.46 31.72 28.43 24.76 21.74
81.52 38.70 37.47 35.71 34.02 31.05 27.25 22.89 20.24
112.60 36.04 35.26 34.15 32.15 29.50 26.38 22.16 18.23
153.22 34.27 33.04 31.52 29.87 25.46 24.41 20.76 16.87
187.85 30.85 29.27 28.43 26.16 23.79 21.51 19.63 11.89
211.64 27.45 26.79 25.90 24.46 21.59 18.81 15.15 10.91

Figure 23. Surface contour plot of energy consumption rate (λI) as a function of strain rate (
.
ε) and

temperature (T).

From Table 8 and Figure 23, it can be seen that the energy consumption rate (λI) of the
rock sample decreases with increasing strain rate (

.
ε) and temperature (T). When the strain

rate is low (
.
ε = 60.12 s−1), the decrease in energy consumption rate (λI) with increasing

temperature (T) occurs at a slower rate, and at higher strain rates (
.
ε = 211.64 s−1), the

energy consumption rate (λI) decreases more rapidly as temperature (T) increases. And
when the temperature is low (T = 25 ◦C), the energy consumption rate (λI) decreases more
slowly with increasing strain rate (

.
ε). And at higher temperatures (T = 800 ◦C), the energy

consumption rate (λI) decreases more rapidly as strain rate (
.
ε) increases. This suggests that

with increasing strain rate (
.
ε) and temperature (T), the proportion of energy dissipated in

rock fragmentation, relative to the system’s input energy, decreases.

5. Conclusions
This manuscript examines the temperature effects on the mechanical properties of

coal-bearing rocks under high strain rates, analyzing the variations in dynamic stress–strain
curves, dynamic elastic modulus (Ed), dynamic compressive strength (σd), dynamic peak
strain (εd), fractal dimension (Ds), energy dissipation density (wFD), and energy consump-
tion rate (λI) with temperature (T). It further analyzes the classification characteristics of
coal-bearing sandstone and the coupling effects of high temperature and strain rate, with
the main conclusions as follows:



Fractal Fract. 2025, 9, 381 27 of 30

(1) At a strain rate (
.
ε) of 211.64 s−1, the dynamic elastic modulus (Ed) decreases linearly

from 33.38 GPa to 9.80 GPa as the temperature (T) increases, showing a decrease
of 70.64%, which is 3.80% smaller than that at lower strain rates. The dynamic
compressive strength (σd) increases initially and then decreases with temperature (T).
From 25 ◦C to 500 ◦C, the dynamic compressive strength (σd) increases from 92.39 MPa
to 126.88 MPa, showing an increase of 37.33%. However, as the temperature increases
from 500 ◦C to 800 ◦C, it decreases from 126.88 MPa to 90.56 MPa, with a reduction of
28.63%. Both the increase and decrease are smaller at higher strain rates compared
with lower ones. The dynamic peak strain (εd) of coal-bearing sandstone increases
linearly from 0.00751 to 0.0195 as the temperature (T) rises, with an increase of 159.00%,
which is 31.48% lower than at lower strain rates.

(2) At a strain rate (
.
ε) of 211.64 s−1, rock samples visibly darken due to the real-time

temperature effect between 100 ◦C and 800 ◦C. The coal-bearing sandstone samples
show severe fracturing at different temperatures, with many fragments exhibiting
a wedge-like shape and a higher proportion of powdery fragments. The fractal
dimension (Ds) decreases initially and then increases with temperature (T). As the
temperature rises from 25 ◦C to 400 ◦C, the fractal dimension (Ds) decreases from 2.70
to 2.52, a reduction of 6.67%. However, from 400 ◦C to 800 ◦C, it increases from 2.52 to
2.86, an increase of 13.49%. Both the increase and decrease are lower compared with
lower strain rates.

(3) At a strain rate (
.
ε) of 211.64 s−1, the energy dissipation density (wFD) of coal-bearing

sandstone decreases initially and then increases with temperature (T). From 25 ◦C to
400 ◦C, the energy dissipation density (wFD) decreases from 1.137 to 0.796, a decrease
of 29.99%, and from 400 ◦C to 800 ◦C, it increases from 0.796 to 1.575, showing an
increase of 97.86%. Both the decrease and increase are smaller compared with lower
strain rates. The energy consumption rate (λI) decreases linearly from 27.45% to
10.91% as temperature (T) increases, showing a decrease of 60.26%, which is 15.63%
larger than at lower strain rates.

(4) The dynamic elastic modulus (Ed) of coal-bearing sandstone increases with strain rate
(

.
ε) but decreases with increasing temperature (T). The dynamic elastic modulus (σd)

increases with strain rate (
.
ε) and initially rises with temperature (T) before decreasing,

with an inflection point at T = 400 ◦C. The dynamic peak strain (εd) increases with
both strain rate (

.
ε) and temperature (T). The fractal dimension (Ds) of coal-bearing

sandstone fragment distribution increases with strain rate (
.
ε), but with temperature

(T), it initially decreases and then increases, with an inflection point at T = 400 ◦C. The
energy dissipation density (wFD) increases with strain rate (

.
ε) and initially rises with

temperature (T) before decreasing, with an inflection point at T = 400 ◦C. The energy
consumption rate (λI) decreases with increasing strain rate (

.
ε) and temperature (T).
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