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To ensure the safe extraction of deep mineral resources, it is imperative to address the mechanical 
properties and damage mechanism of coal and rock media under the real-time coupling effect of 
high temperature and impact. In this study, the impact tests (impact velocities of 6.0–10.0 m/s) on 
coal-series limestone under real-time high-temperature conditions (25 °C-800 °C) were conducted 
by the real-time high-temperature split Hopkinson pressure bar (HT-SHPB) testing system, and the 
microscopic changes in mineral composition under the coupling effect of real-time high-temperature 
and high strain rate action were investigated by X-ray diffraction (XRD), electron scanning microscopy 
(SEM), energy dispersive spectroscopy (EDS). The results showed that the dynamic stress-strain curve 
of coal-series limestone under the real-time coupling effect of high temperature and impact during 
the compaction stage was not significant; As the impact velocity increases and the temperature 
increases, the plastic characteristics of the dynamic stress-strain curve become more notable, and the 
brittle failure of the sample is gradually changed into brittle-ductile failure. Additionally, the dynamic 
peak stress and dynamic elastic modulus exhibit distinct quadratic variations with the increased 
temperature, and the dynamic peak stress approximately increases linearly with the impact velocity. 
The main substances in coal-series limestone are calcite, dolomite, and muscovite. The microscopic 
morphology of calcite at room temperature is characterized by a thin stepped or layered structure. 
When the temperature rises to 800 °C, thermal decomposition rarely occurs in calcite, while its 
physical and mechanical properties undergo alternations. After real-time impact, the degree of crystal 
fragmentation of calcite increases and a large number of microcracks are generated. The dolomite 
exhibits a prismatic microscopic morphology at room temperature, characterized by distinct and flat 
edges, and typically occurs in clusters. When the temperature rises to 600 °C, an increased amount of 
dolomite initiates thermal decomposition, and the crystal edges become passive, even leading to the 
granulation phenomenon. Consequently, the impact mechanical properties of limestone are ultimately 
weakened due to the thermal decomposition of mineral components and changes in physical and 
mechanical properties caused by high temperature.
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With the gradual depletion of shallow coal resources, the mining of deep coal resources will inevitably become 
a future development trend1–3. However, a multitude of challenges can be encountered during the deep coal 
mining, including heightened frequency and intensity of rock burst occurrences, increased risk of coal and gas 
outburst, enhanced appearance of mining pressure in the mining area, more serious water inrush accidents and 
the significant increase in ground temperature. Among them, the coupling of a high-temperature environment 
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and strong disturbance leads to frequent occurrences of profound engineering disasters, thereby exacerbating 
the challenges associated with disaster prediction and control. In response to the complexity of deep mining, 
fluidized mining technology has emerged as one of the predominant methodologies4. To ensure the secure 
mining of deep coal resources, it is urgent to study the dynamic characteristics and failure mechanisms of deep 
rock masses under high-temperature dynamic loads.

Studies on the mechanical properties of rock masses at high temperatures have been extensively conducted, 
including compressive strength5,6, tensile strength7,8, elastic modulus9–11, Poisson’s ratio12,13, cohesive force14,15, 
and friction angle16,17. Researchers have conducted experiments on the dynamic properties of rocks by using 
the split Hopkinson pressure bar (SHPB) system and its improved test system18,19. The results showed that the 
mechanical properties of the rock under the dynamic loading are significantly different from those under the 
static loading20–23. Yan ‘s research18 results indicate that the dynamic deformation modulus of rocks is not rate-
dependent, while the dynamic strength and total strength perform evident rate-dependence. Wang21 studied the 
influence of dynamic disturbance on the mechanical properties of rock damage. The experimental results show 
that the dynamic strength and deformation ability of the sample gradually decrease with the increase of impact 
times. Chen’s research23 shows that under an impact load, a higher strain rate can lead to larger increasing times 
of the dynamic compressive strength when compared with static loading. The investigation of rock mechanical 
properties under the coupling effect of high temperature and high strain rate has emerged as a prominent research 
area, driven by advancements in technologies such as geothermal resource extraction24,25, underground disposal 
and treatment of nuclear waste26,27, and deep mineral resource extraction28,29. The mechanical properties of the 
rock exhibit significant disparities under the coupling effect of high temperature and high strain rate from those 
under a single high temperature or high strain rate conditions30–32. At present, most studies on the mechanical 
properties of rocks under high temperatures and high strain rates are conducted by using rock samples after high-
temperature treatment for mechanical impact tests. However, the surrounding rock matrix of coal gasification 
mining engineering is in a real-time high-temperature environment, and its mechanical properties after impact 
disturbance are inevitably completely different from those after high-temperature action. Additionally, the 
changes in mechanical properties of rocks under high temperature and impact are highly intricate, primarily 
attributed to the exceedingly complex microstructure and mineral composition of rocks. For example, granite 
is mainly composed of quartz, mica, and feldspar, sandstone is mainly composed of clay, quartz or feldspar, 
and limestone is mainly composed of calcite, dolomite, muscovite, and clay. The mineral composition and 
microstructure of similar rocks vary significantly across different regions, and even within the same region, rock 
samples extracted from the same rock mass exhibit discernible disparities in their microstructure and mineral 
composition. Under the action of high temperature, the original cracks and pores inside the rock undergo 
changes and rearrangement in the microstructure. When the temperature reaches the critical value, mineral 
components begin to undergo physical and chemical changes such as melting and thermal decomposition. As a 
result, the mechanical properties of the rock change from brittleness to ductility plasticity, which has a significant 
impact on the macroscopic dynamic properties of the rock. At present, there are few reports on the dynamic 
mechanical properties of coal-measures limestone under real-time temperature conditions.

In this study, the real-time high-temperature split Hopkinson pressure bar (HT-SHPB) test system was used 
to conduct impact tests on coal-series limestone under real-time high-temperature conditions (temperatures of 
25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C; impact velocities of 6.0 ~ 10.0 m/s), the 
microscopic changes in mineral composition under the coupling effect of real-time high-temperature and high 
strain rate action were investigated by X-ray diffraction (XRD), electron scanning microscopy (SEM), energy 
dispersive spectroscopy (EDS), and its microscopic damage and deterioration mechanism were obtained. This 
study provides a reference for deep mining of coal resources and other engineering projects.

Sample preparation and HT-SHPB testing system
Materials and samples
The coal-series limestone used in this study was taken from the Jiagou coal mine in Xuzhou City, China. Based 
on the recommendations of the International Society for Rock Mechanics and Technical specifications for testing 
method of rock dynamic properties (T/CSRME001-2019), the sample size was determined as Ф 50 mm × L50 
mm. Figure 1 shows a certain part of the processed rock samples. After polishing, the unevenness of the two ends 
of the sample was controlled to be less than 0.05 mm, and the error of the end face perpendicular to the axis of 
the sample was less than 0.25°. The mineral composition and content of coal-series limestone were analyzed by 
XRD. As shown in Fig. 2, the coal-series limestone is mainly composed of 79% calcite (CaCO3), 19% dolomite 
(CaMg (CO3) 2), and 2% muscovite (KAl2 (Si3AlO10) (OH) 2).

HT-SHPB testing system and procedures
This experiment adopted a real-time high-temperature split Hopkinson pressure bar (HT-SHPB) testing 
system, and its model was LWKJ-HPKS-Y100. Specifically, it included a pressure loading module (composed 
of a high-pressure nitrogen cylinder, a high-pressure chamber, a launch chamber, and a pressure controller), 
a rod main module (composed of bullets, incident rods, transmission rods, absorption rods, and buffers), an 
information acquisition and analysis module (composed of strain gauges, ultra-dynamic strain gauges, transient 
waveform storage devices, and speedometers), and a high-temperature processing module (composed of a 
high-temperature environment box and a temperature controller), as shown in Fig. 3. The high-temperature 
environment box is placed between the incident bar and the transmission bar to heat the sample and maintain 
its real-time high-temperature state. But during the experiment. To eliminate the impact of high temperature 
on the entire system, the impact bar, incident bar, transmission bar, and absorption bar were all fabricated using 
high-strength and high-temperature resistant materials with a diameter of 50 mm. These materials exhibited a 
material density of 7580 kg/m3, an elastic modulus of 210 GPa, a longitudinal wave velocity of 5190 m/s, and 
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an ultimate strength exceeding 500 MPa.。However, simply using a high-temperature environment furnace to 
heat the sample not only takes a long heating time, but also the continuous high-temperature thermal radiation 
can cause thermal damage to the incident and transmission bars, seriously reducing the service life of the bar. 
In order to improve experimental efficiency and reduce bar loss, the MF-1200 C box type high-temperature 
furnace was used to preheat the sample at a heating rate of 10 °C/min. After reaching the target temperature, 
the sample was kept at a constant temperature for 6 h to ensure uniform heating inside and outside the coal 
bearing mudstone sample. Then, the sample was placed in a high-temperature environment furnace between 
the incident bar and the transmission bar using a tongs to maintain a constant temperature of 20 min, ensuring 
that the real-time temperature displayed by the temperature controller is within ± 1 °C of the preset temperature 
difference. The sensitivity coefficient and resistance of the strain gauge (ZEMIC) are 110 and 120 Ω, respectively. 
The Wheatstone half-bridge circuit is selected as the wiring mode. All the strain gauges are recorded by the 
dynamic strain collector (SDY2017 B) at a sampling frequency of 1 MHz. The material of the shaper used in this 
paper is a round rubber sheet with a diameter of 10 mm and a thickness of 2 mm.

The three-wave method was used to process data33.as presented in Eq. (1)

	

ε̇ (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)

Fig. 1.  Partial samples of coal-series limestone.
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Fig. 3.  Schematic diagram of HT-SHPB testing system.

 

Fig. 2.  Mineral composition analysis.
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where LS and AS represent the original length and the cross-sectional area of the specimen; E0, A0 and C0 denote 
the elastic modulus, the cross-section area and the wave velocity of the bar; εI(t), εR(t) and εT(t) are the strain 
histories of the incident bar, reflected bar, and transmitted bar at a time t.

To verify the assumptions of one-dimensional stress wave propagation and uniformity, the incident wave 
and reflected wave are superimposed, as shown in Fig. 4, which basically coincides with the transmitted wave. 
In addition, the equilibrium index R(t) is introduced for quantitative analysis, with R(t) < 2% as the judgment 
criterion. The calculation formula is34:

	
R (t) = 2

∣∣∣εI + εR − εT

εI + εR + εT

∣∣∣ < 2%� (2)

The R(t) between the two vertical curves is less than 2%, and the corresponding time is the total equilibrium time. 
The total equilibrium time is greater than 4 times the time when the stress wave passes through the specimen, 
indicating that the experiment can simultaneously meet the conditions of constant impact velocity and stress 
equilibrium, verifying the feasibility of the device.

The procedure for the HT-SHPB test is as follows:

	(1)	� Leveling treatment was carried out on the entire rod system, and the bullet, incident rod, transmission rod, 
and absorption rod were all located on the same axis through a limit ruler. A 2 mm thick rubber sheet was 
pasted at the front end of the incident rod as a pulse-shaping plate, and the incident wave, initially rectan-
gular in shape, was modified to a half-sine waveform to ensure the uniform distribution of stress during 
impact-induced damage.

	(2)	� The rock sample was placed into an external heating box and heated at a heating rate of 10 °C/min to the 
target temperature. After reaching the preset temperature, the constant temperature was maintained for 4 h 
to ensure uniform heating of the sample35.

	(3)	� The heating switch of the high-temperature environment box was activated, the internal temperature was 
increased to the target temperature through the temperature controller, and tongs were used to to clamp 
the sample that had been heated in the external heating box into the high-temperature environment box, 
and the transfer time was minimized to reduce temperature loss. and the stable insulation was maintained 

Fig. 4.  Waveform superposition and stress balance.
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for 10 min. If the real-time temperature displayed by the temperature controller fluctuates more than 5 °C 
compared to the preset temperature, insulation treatment should be continued until the difference between 
the real-time temperature and the preset temperature is less than 5 °C.

	(4)	� The preset impact pressure was adjusted, the launch controller was used to launch bullets for impact testing, 
and the real-time data were collected using a tachometer and dynamic strain collection system.

	(5)	� After the completion of each impact test, the high-temperature furnace was quickly opened, and a collec-
tion tool was employed to quickly remove the sample fragments and placed in an external heating box. The 
gradient cooling method was employed to reduce the temperature inside the external heating box to room 
temperature, and then all rock sample fragments were removed.

In this study, the HT-SHPB testing system was applied to conduct real-time high-temperature impact tests on 
coal-series limestone. The temperatures were set at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 
°C, and 800 °C, respectively. The impact velocity and strain rate factors were controlled by setting the impact 
pressure to 0.5 MPa, 0.6 MPa, 0.7 MPa, 0.8 MPa, and 0.9 MPa.

In addition, XRD, SEM and EDS were used to systematically analyze the changes of mineral composition, 
micromorphology, elemental composition and proportion of limestone samples after high temperature 
treatment.

Macroscopic mechanical characteristics of coal-bearing limestone
Dynamic stress-strain curve
Figure  5 shows the dynamic stress-strain curve of coal-series limestone under real-time high-temperature 
impact. It can be seen that the dynamic stress-strain curve exhibits a notable elastic stage, plastic stage, and 
failure stage, as well as a negligible compaction stage at each temperature. This finding is significantly different 
from the dynamic compression characteristics of limestone after high-temperature treatment. Ping Qi et 
al.reported that when the temperature exceeded 300 °C, the dynamic stress-strain curve of limestone under 
high temperature exhibited a significant compaction stage, which was mainly due to the closure of micro-cracks 
inside the limestone sample caused by external loads. These cracks were generated by the high-temperature 
cooling thermal impact effect34,35. However, under real-time high temperatures, the rock does not undergo 
thermal impact damage, and the internal mineral crystals undergo thermal expansion. Consequently, there is no 
notable compaction feature during impact compression.

Dynamic peak stress
Figures  6 and 7 show the variation patterns of dynamic peak stress with temperature and impact velocity. 
As shown in Fig. 6, as the temperature increases, the dynamic peak stress first increases and then decreases, 
exhibiting a parabolic nonlinear change pattern. This finding is consistent with the previous studies25. The 
increase in real-time temperature leads to an expansion of the grain volume within the rock, resulting in a 
gradual closure of initial pores and a reduction in initial damage. At this time, when the rock sample is subjected 
to impact, the peak stress of the rock is enhanced. As the real-time temperature further increases, the non-
uniform expansion of grains inside the rock intensifies, leading to enhanced compression of the surrounding 
medium and generation of additional damage. squeezing the surrounding medium and generating new damage. 
Meanwhile, dolomite and other substances undergo thermal decomposition, leading to increased initial damage 
to the sample. At this time, when impact is applied to the rock sample, its peak stress is decreased. When the 
impact velocity is 6.0–7.0 m/s, the maximum dynamic peak stress of the rock sample (138.0 MPa) occurs at 
about 300 °C; When the impact velocity is 7.0 ~ 8.0 m/s, the maximum dynamic peak stress (172.1 MPa) occurs 
at about 200 °C; When the impact velocity is 8.0 ~ 10.0 m/s, the maximum dynamic peak stress (231.4 MPa) 
occurs at about 100 °C. As the impact velocity increases, the enhancing effect of temperature on the peak stress 
of the sample gradually weakens, and there is a gradual decrease in the temperature at which the maximum 
dynamic peak stress occurs.

As illustrated in Fig. 7, at different temperatures, the dynamic peak stress approximately increases linearly as 
the impact velocity increases. When the temperature increases from 25 °C to 400 °C, the peak stress occurs near 
the fitting curve of 25 °C. When the temperature increases from 400 °C to 700 °C, the peak stress significantly 
decreases compared to that of 25 °C; When the temperature increases to 800 °C, the peak stress significantly 
decreases. This indicates that the damage caused by the temperature inside the rock undergoes a qualitative 
change when the temperature reaches 800 °C.

Dynamic elastic modulus
Figure 8 shows the variation curve of the dynamic elastic modulus of coal-series limestone with temperature. As 
presented in Fig. 8, as the temperature increases, the dynamic elastic modulus first increases and then decreases, 
showing a non-linear change pattern. This variation curve is approximately a parabola. When the impact velocity 
is 6.0–8.0 m/s, the maximum dynamic elastic modulus occurs at 200 °C. When the temperature increases from 
25 °C to 800 °C, the dynamic elastic modulus decreases from 73.49 GPa to 33.40 GPa, with a decrease of 54.6% 
and a decrease rate of about 0.05 GP/°C. When the impact velocity is 8.0–10.0 m/s, the dynamic elastic modulus 
decreases from 142.88 GPa to 52.06 GPa, with a decrease of 63.6% and a decrease rate of approximately 0.12 
GP/°C. The increase of elastic modulus with strain rate is not significant and will not be discussed in this paper.

Macro failure patterns
Figure  9 shows the failure characteristics of coal-series limestone after impact at real-time temperature. It 
can be found that when the real-time temperature is fixed, the degree of macroscopic fragmentation of the 
sample increases with the increase of impact velocity (strain rate); When the impact velocity is similar (i.e., 
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V = 7.0–8.0 m/s), the degree of macroscopic fragmentation of the sample increases as the real-time temperature 
increases. When the impact velocity is 6.0–9.0 m/s and the temperature is between 25 °C and 500 °C, the coal-
series limestone samples are mostly fractured into several parts from the center after being subjected to impact 
load, and the shape of the fragments is prismatic. When the temperature is between 600 °C -800 °C, the degree 
of fragmentation of the sample increases, and the shape of the fragments is wedge-shaped. It can be obtained that 
when the temperature is greater than 600 °C, the initial damage of coal-series limestone increases significantly. 
When the impact velocity is between 9.0 and 10.0 m/s, the degree of fragmentation of the sample is significantly 
higher than that at the impact velocity of 6.0–7.0  m/s under the same temperature. From a macroscopic 
perspective, as the temperature increases, discerning the level of sample fragmentation becomes increasingly 
challenging. In this case, particle size screening can be used to calculate the average particle size of the broken 
fragments and the fractal dimension for quantitative analysis.

A grading screen was employed to screen the fragments into nine particle 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, 20.0–30.0 mm, and ≥ 30.0 mm. The mass 
of fragments with different particle sizes was weighed, the percentage of the mass of blocks for each particle size 

Fig. 5.  Dynamic stress-strain curve of coal-series limestone under real-time high-temperature impact.
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to the overall mass (Wsn) was calculated, and the block size distribution coefficient r was defined to characterize 
the failure degree of the rock sample36 (Eq. 3). The larger the value ofr, the smaller the fragmentation degree of 
the sample; The smaller the value of r, the greater the fragmentation degree of the sample.

	
r =

9∑
n=1

Wsndvn� (3)

where dvn represents the average particle size of group n, which is the average of the maximum and minimum 
particle sizes within the particle size range (for example, in the group with a particle size of ≥ 30.0 mm, the average 
particle size is determined by taking the average of the maximum particle size measured by the fragments in that 
group and 30.0 mm). According to the given definition, r represents the average particle size of fragmented coal-
series limestone after failure, and a smaller value of r indicates a higher degree of damage.

Figure 10 shows the variation of Wsn and r of blocks at different particle sizes with temperature T under the 
same external impact. It can be concluded that as the temperature increases, the proportion of fragments with a 
particle size > 30 mm changes significantly, showing a pattern of first increasing and then decreasing. When the 
temperature increases from 25 °C to 200 °C, the block size distribution coefficient r increases from 23.3 mm to 
25.2 mm, with an increase of 8.17%.This indicates that as the temperature increases, the degree of fragmentation 
of the sample gradually decreases, meaning the sample’s integrity is better preserved. When the temperature 
increases from 200 °C to 800 °C, the block size distribution coefficient r decreases from 25.2 mm to 21.2 mm, 
with a decrease of 15.88%.It indicates that when the temperature exceeds 200°C, the degree of fragmentation of 
the sample gradually increases, meaning the sample’s integrity is progressively compromised. This phenomenon 
can be attributed to the thermal expansivity of the mineral components within the coal-bearing limestone 
and the physicochemical reactions at high temperatures. When the temperature rises from 25°C to 200°C, the 
mineral components in the sample undergo thermal expansion and gradually fill the natural pores and fractures. 
Changes occur in the microstructure and stress state of the coal-bearing limestone, leading to an increase in 
its strength and toughness. The fragmentation behavior exhibits a more concentrated trend, resulting in the 
formation of larger fragments. However, when the temperature exceeds 200°C, the mineral components within 

Fig. 6.  The variation law of dynamic peak stress with temperature.
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the coal-bearing limestone may begin to undergo processes such as thermal decomposition, melting, or phase 
transformation, causing a sharp decrease in the overall strength and stability of the rock. As a result, the rock 
becomes more susceptible to fragmentation under external forces, forming smaller particles.

Figure 11 shows the variation of Wsn and r of blocks with different particle sizes with strain rate ε̇ under real-
time high temperature of 800 °C. As the strain rate increases, the block size distribution coefficient r decreases. 
When the strain rate increases from 46.74 s−1 to 65.35 s−1, the block size distribution coefficient r decreases from 
24.0 mm to 23.6 mm, with a decrease of 1.67%; When the impact velocity increases from 65.35 s−1 to 86.67 s−1, 
the coefficient r rarely changes; When the impact velocity increases from 86.67 s−1 to 95.83 s−1, the coefficient r 
decreases from 23.6 mm to 21.2 mm, with a decrease of 10.17%.

The fractal dimension is positively correlated with the failure degree of sample, that is, as the degree of sample 
failure increases, the calculated fractal dimension also increases. At present, the calculation of fractal dimension 
is mostly based on mass equivalent size, such as Eqs. (4) and (5). Figures 12 and 13 show the variation patterns 
of ε̇and lg (MR/M) with lg R different temperatures T and strain rates.

	 D = 3 − d� (4)

	
d = lg (MR/M)

lg R
� (5)

In Eqs. 4 and 5, d is the slope of the double logarithmic fitting line, M is the mass of the rock sample, MR is the 
mass of the fragment whose diameter is less than the particle size R, and D is the fractal dimension of the rock 
fragment.

Figure  14 shows the variation of the fractal dimension D of the sample with temperature T under the 
same external impact. As the real-time temperature increases from 100 °C to 800 °C, the fractal dimension D 
shows a non-linear change pattern as the temperature increases. When the temperature is less than 600 °C, the 
growth rate of the fractal dimension D is small. When the temperature is greater than 600 °C, the growth rate 

Fig. 7.  The variation law of dynamic peak stress with impact velocity.
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significantly increases. This indicates that the degree of fragmentation of the sample under impact increases, and 
the temperature damage of the sample before impact increases.

Figure 15 shows the variation of fractal dimension D with strain rate ε̇ at a real-time temperature of 800 °C. 
As the strain rate increases, the fractal dimension D shows a non-linear increasing trend, and the fitting equation 
is obtained, as shown in Fig. 16. As the strain rate increases (the impact velocity increases), the impact energy 
received by the sample increases, resulting in an enhancement in the degree of fragmentation and the fractal 
dimension. The fractal dimension increases gradually with the increase of strain rate.

Microscopic damage and failure mechanisms
Microscopic morphology and structural characteristics of mineral components
The mechanical properties of materials are closely related to their mineral composition and internal structure. To 
analyze the influence of temperature on the mechanical properties of coal-series limestone, the advanced XRD, 
SEM and EDS were used to study the material composition and microstructure morphology characteristics of 
coal-series limestone under different temperature conditions.

Table  1 presents the elemental composition and mass proportion of mineral components in coal-series 
limestone under theoretical conditions. Figure 16a shows the microscopic morphology characteristics of the 
fracture surface of the sample after the impact at the magnification of 2000 under the temperature of 25 °C. The 
mineral at Position ① in Fig. 16b shows a thin stepped or layered structure. The results of EDS show that the mass 
proportions of C, O, Ca, and Si elements at Position ① are 8.4%, 46.3%, 44.4%, and 0.9%, respectively. Based on 
Fig. 1b and Table 1, it can be inferred that the mineral at Position ① is a calcite containing Si impurities. The mass 
proportions of C, O, Ca, and Si elements at Positions ② are 7.1%, 32.7%, 52.9%, and 3.2%; while those at Position 
③ are 9.0%, 43.4%, 42.3%, and 2.5%, respectively. These minerals are inferred to be calcite containing impurities. 
Figure 16c shows the microscopic morphology characteristics of calcite in the rock sample at the magnification 
of 4000 times under the temperature of 25 °C. It can be seen that calcite exhibits a dense and irregular appearance 
without clear grain boundaries.

Figure 17a shows the microscopic morphology of the fracture surface of the sample after the impact under 
the temperature of 25 °C at the magnification of 1000. The morphological feature of the mineral at Position ① 

Fig. 8.  The variation law of dynamic elastic modulus with temperature.
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is prismatic, with clear edges and a smooth surface. As shown in Fig. 17b, the results of EDS elemental analysis 
show that the mass proportions of C, O, Mg, and Ca elements at Position ① are 12%, 55.2%, 12%, and 20.8%, 
respectively. Combined with Table 1, it can be determined that the mineral at Position ① is dolomite. Figure 17c 
shows the distribution of Mg, Al, and Si elements in Fig. 17a. It can be seen that the area covered by the Mg 
element in Fig.  17a has a prismatic morphology, or a well-defined and flat surface cross-section, which is 
consistent with the morphology of the mineral at Position. Therefore, these parts can be determined as dolomite 
and exist as a cluster of prismatic crystals. Figure 17d shows the microscopic morphology characteristics of 
dolomite crystals in the rock sample at the magnification of 4000.

Influence of real-time high-temperature and impact on mineral composition and 
microstructure characteristics
Dolomite is a complex salt of MgCO3 and CaCO3, and its thermal decomposition reaction chemical formula is 
shown in Eqs. (5)–(7)37. Studies have shown that the thermal decomposition temperature of MgCO3 in dolomite 
is about 600°C38. The main component of calcite is CaCO3, and its chemical reaction for thermal decomposition 
is shown in Eq. (7). The decomposition temperature is above 900 °C39. Therefore, it can be considered that calcite 
does not undergo decomposition in this experiment.

	 MgCO3 · CaCO3 → MgO · CaO + 2CO3� (6)

	 MgCO3 → MgO + CO2� (7)

	 CaCO3 → CaO + CO2� (8)

Based on the XRD analysis of the internal mineral composition of coal-series limestone at temperatures of 25 
°C, 400 °C, 600 °C, and 800 °C in Fig. 18a–d, it can be concluded that when the temperature reaches 600 °C, 
the CaCO3 content in the rock increases significantly, while the content of dolomite (CaMg (CO3)2) decreases 
significantly. This indicates that some dolomite in the rock sample decomposes and the microstructure of 
the rock is changed, which enhances the initial damage caused by heating40. As shown in Fig. 18d, when the 
temperature rises to 800 °C, the CaCO3 content in the rock further increases, and the high-temperature chemical 
damage of the rock further intensifies. Therefore, when the temperature exceeds 600 °C, the peak strength of 
coal-series limestone shows a non-linear decreasing trend.

Figure 19a shows the elemental analysis results of calcite at 800 °C obtained by EDS. The mass proportions of 
C, O, Ca, and Si elements are 11.0%, 49.8%, 37.2%, and 2.0%, respectively. After high-temperature calcination at 
800 °C, the mass proportions of C, O, and Ca elements in calcite have hardly changed, indicating that calcite has 
not undergone thermal decomposition. However, after being subjected to high-temperature calcination, more 
microcracks are generated in the calcite after impact, as shown in Fig. 19b. The high temperature caused changes 
in the physical and mechanical properties of calcite, resulting in a decrease in rock mechanical properties and 
a more severe degree of fragmentation during impact (calcite is in the square frame, with arrows pointing 

Fig. 9.  Macro failure characteristics of coal-series limestone under real-time temperature.
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towards microcracks). Compared with Fig. 16c, it can be seen that the mechanical properties of the rock exhibit 
significant differences under the high-temperature impact than those under the room temperature impact.

Figure  20a shows the elemental analysis results of dolomite obtained by EDS. The mass proportions of 
C, O, Ca, Mg, Al, Si, and K elements are 5.0%, 49.3%, 27.2%, 12.6%, 1.8%, 2.6%, and 1.5%, respectively. It 
can be determined that dolomite contains impurities. After high-temperature calcination at 800 °C, the mass 
proportions of C and O elements in dolomite in coal-series limestone decrease, while the mass proportions 
of Ca and Mg elements increase, further indicating that part of dolomite undergoes pyrolysis. Compared with 
Fig. 17d, after being subjected to high-temperature impact at 800 °C, some edges of dolomite are passivated, 
and some crystals are granulated, resulting in the generation of micropores and microcracks inside, as shown in 
Fig. 20b. These are caused by the generation and escape of CO2 caused by thermal decomposition of dolomite, 
damaging the original structure of dolomite and reducing the mechanical properties of rock samples.

The peak strength of limestone exhibits a characteristic of initially increasing and then decreasing with the rise 
in temperature, reaching the maximum at around 300°C. This phenomenon can be explained as follows: In the 
natural state, limestone is primarily composed of three parts: mineral particles such as dolomite and calcite, free 
water and bound water, as well as primary pores and fractures. When the temperature is below 300°C, the free 
water gradually evaporates, and the mineral particles like dolomite and calcite expand upon heating, gradually 
filling the primary pores and fractures. This results in enhanced integrity of the limestone sample and a gradual 
increase in its strength. However, when the temperature exceeds 300°C, the strength of limestone gradually 
decreases. This is mainly attributed to two reasons. Firstly, high temperatures cause the continuous expansion of 
mineral particles like dolomite and calcite, leading to mutual compression among the particles and the gradual 
formation of new micro-cracks. Secondly, in a high-temperature environment, MgCO3 in dolomite undergoes 
thermal decomposition, producing CO2 that escapes, and some dolomite crystals gradually degenerate into fine 
particles, causing further damage to the limestone. In summary, the microscopic mechanism of strength changes 
in limestone under high-temperature conditions can be summarized as physical strengthening (25–300°C) and 
chemo-physical degradation (300–800°C).

Fig. 10.  Changes in the proportion of fragments with different particle sizes Wsn with temperature T.
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Conclusions

	(1)	� The dynamic stress-strain curve of coal-series limestone under the real-time coupling effect of high tem-
perature and impact exhibits an insignificant compaction stage, which is different from those after the 
sequential coupling effect of high temperature and impact (i.e., there is a cooling process between the high 
temperature treatment and the impact). This is mainly because there is no thermal impact damage to the 
rock under the real-time coupling. Under real-time coupling, as the impact velocity and temperature in-
crease, the plastic characteristics of the dynamic stress-strain curve become more obvious, and the failure 
of the sample transitions from brittle failure to brittle-ductile failure.

	(2)	� Under the real-time coupling of high temperature and impact, the dynamic peak stress of coal-series lime-
stone first increases and then decreases with temperature, showing an approximate quadratic function pat-
tern. When the impact velocity is 6.0–7.0 m/s, the maximum dynamic peak stress appears at about 300 °C; 
When the impact velocity is between 7.0 m/s and 8.0 m/s, the maximum dynamic peak stress occurs at 
about 200 °C; When the impact velocity is 8.0–10.0 m/s, the maximum dynamic peak stress occurs at about 
100 °C. The dynamic peak stress almost increases linearly with the impact velocity. The dynamic elastic 
modulus varies approximately in a quadratic function with temperature and impact velocity.

	(3)	� The main substances in coal-series limestone are calcite, dolomite, and muscovite. The microscopic mor-
phology of calcite at room temperature is characterized by thin-stepped or layered morphology. When the 
temperature rises to 800 °C, it does not undergo thermal decomposition, but its physical and mechanical 
properties change. After real-time impact, the degree of crystal fragmentation increases and a large number 
of microcracks is generated. The microscopic morphology of dolomite at room temperature is characterized 
by a prismatic shape, clear and flat edges, and generally exists in clusters. When the temperature rises to 
600 °C, more dolomite begins to undergo thermal decomposition, and the crystal edges become passivated, 
even resulting in a granulation phenomenon. Besides, more micro pores and micro-cracks are produced, 
which reduces the mechanical properties of the rock.the microscopic mechanism of strength changes in 
limestone under high-temperature conditions can be summarized as physical strengthening (25–300°C) 
and chemo-physical degradation (300–800°C).

Fig. 11.  Changes in the proportion of fragments with different particle sizes Wsn with impact velocity V.
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Fig. 12.  Variation pattern of lg (MR/M) with lg R under different temperatures T.
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Fig. 13.  Variation pattern of lg (MR/M) with lg R under different impact velocities.
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Fig. 14.  Changes in fractal dimension D with temperature T.
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Fig. 16.  Microscopic characteristics of calcite (CaCO3) minerals below 25 °C.

 

Fig. 15.  Changes in fractal dimension D with strain rate ε̇.
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Fig. 19.  Microscopic characteristics of calcite (CaCO3) in coal-series limestone samples at 800 °C.

 

Fig. 18.  Mineral composition analysis of coal-series limestone at different temperatures.

 

Fig. 17.  Microscopic characteristics of dolomite (CaMg(CO3)2) minerals at 25 °C.

 

Mineral composition

Element mass proportion

C O Ca Mg Al Si K H

Calcite CaCO3 12.00% 48.00% 40.00% / / / / /

Dolomite CaMg(CO3)2 13.04% 52.18% 21.74% 13.04% / / / /

White muscovite 
KAl2(Si3Al)O10(OH)2

/ 48.04% / / 19.85% 20.59% 9.56% 2.94%

Table 1.  Element composition and mass proportion of mineral components in coal-series limestone 
(theoretical values).
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Data availability
Some or all data, models, or code that support the findings of this study are available from the corresponding 
author upon rea-sonable request.
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