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1. Introduction 
 

In-situ stress of rock formation is increasing with the 

increase of coal mining depth (Bieniawski 1968, Brown and 

Hoek 1978). The in-situ stress will redistribute due to coal 

mining (Read 2004, Cai 2008), which leads to stress 

concentration and non-negligible rock burst (a kind of 

dynamic disaster frequently occurred in underground coal 

mines) (Wang and Park 2001, He et al. 2015). The rock 

burst causes sudden collapse of the surrounding rock, which 

will induce instability and even failure of coal mine 

roadways, whose vibration may even endanger the ground 

buildings. 

Previous scholars have conducted extensive research on 

the mechanical response and static mechanical properties of 

roadway surrounding rock under in-situ stress (Li et al. 

2012, Yaméogo et al. 2013, Meng et al. 2016). The 

surrounding rock of deep roadway has experienced a long 

process, contains a lot of energy, and is prone to rock burst, 

which has a short duration and huge harm. Transient 

loading plays a major role in rock burst. The rock burst 

mainly involves an evolution of dynamic loading which 

behaves quite differently from static or quasi-static loading 

(Field et al. 2004). (Abrams 1917) found that the dynamic 

strength of concrete was larger than its static strength in 

1917. (Wang et al. 2006) furtherly demonstrated that the 

dynamic strength and elastic modulus of rocks were several 

times higher than of the static ones by the dynamic tensile 

test. Previous scholars have done plenty of research on the  
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dynamic properties of rock, and there are a variety of 

research methods and conclusions. In recent years, many 

scholars have studied the dynamic mechanical properties of 

rock through experiments (Wla et al. 2012, Tao et al. 2017) 

and numerical simulation (Yilmaz and Unlu 2013). 

A commonly used dynamic loading test technique is the 

Split-Hopkinson Bar Material Tests (SHPB) (Davies and 

Hunter 1963, Gama et al. 2004, Crespo et al. 2017). Many 

researchers have used it to study the dynamic response of 

different kinds of materials and found that the dynamic 

strength and rupture degree of rocks are related to dynamic 

loading rate and strain rate (Feng et al. 2016, Yao et al. 

2017, Kim et al. 2018, Li et al. 2018, Chen et al. 2019). 

Strain rate can be classified according to its amplitude: low 

strain rates (10-5-10-2 s-1), intermediate strain rates (10-2-102 

s-1), high strain rates (102-104 s-1), and ultrahigh strain rates 

(more than 104 s-1) (Blanton 1981, Tarasov 1990, Liu and 

Xu 2015). Most results show that there are linear or other 

forms of relationship between dynamic mechanical 

properties and strain rates (Cho et al. 2003, Li et al. 2005, 

Demirdag et al. 2010). Wang found that the energy 

utilization rate decreased with the increase of dynamic 

impact load (Wang et al. 2019). Using the combination of 

numerical simulation and SHPB, Zhu found that the failure 

of rock under dynamic-static coupling is related to its 

heterogeneity (Zhu et al. 2016).  

Most of the previous research focused on the same kind 

of rock, while the dynamic mechanical properties of coal (a 

kind of porous rock with very low strength) were rarely 

studied. And the comparative analysis of rocks and coal is 

more limited. The surrounding rock of the coal mine 

roadway is composed of different coals and rocks. Due to 

the non-uniformity and low strength characteristics of coal  
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Abstract.  The roadways surrounded by rock and coal will lose their stability or even collapse under rock burst. Rock burst 

mainly involves an evolution of dynamic loading which behaves quite differently from static or quasi-static loading. To compare 

the dynamic response of coal and rocks with different static strengths, three different rocks and bituminous coal were selected 

for testing at three different dynamic loadings. It’s found that the dynamic compression strength of rocks and bituminous coal is 

much greater than the static compression strength. The dynamic compression strength and dynamic increase factor of the rocks 

both increase linearly with the increase of the strain rate, while those of the bituminous coal are irregular due to the 

characteristics of multi-fracture and heterogeneity. Moreover, the absorbed energy of the rocks and bituminous coal both 

increase linearly with an increase in the strain rate. And the ratio of absorbed energy to the total energy of bituminous coal is 

greater than that of rocks. With the increase of dynamic loading, the failure degree of the sample increases, with the increase of 

the static compressive strength, the damage degree also increases. The static compassion strength of the bituminous coal is lower 

than that of rocks, so the number of small-scale fragments was the largest after bituminous coal rupture. 
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Fig. 1 Schematic diagram of the experiment system 
 

 

(Liu et al. 2004, Liu et al. 2017), its dynamic response is 

very different from that of rocks. Therefore, it is necessary 

to analyze rocks and coals. In the present work, the strength 

of rocks and coal was determined by static mechanical 

experiments. The purpose of the study was to ascertain the 

effect of rock strength on its dynamic mechanical properties 

at different strain rates and to compare these with coal. 

 

 
2. Experiments 
 

2.1 Sample preparation 
 
Three kinds of rocks with different static strength and 

bituminous coal were selected in our experiments, e.g., 

limestone, sandstone, and shale. Cylindrical rock and coal 

cores were used in our tests and were cut from a large rock 

and coal blocks. The diameter of the rocks used in the static 

mechanical property test was 50 mm with a height of 100 

mm. It was 100 mm and 50 mm, respectively, in the 

dynamic mechanical property test. 

 
2.2 Experiment system 
 
(1) Static mechanical property test system 

The static stress-strain curves of the rocks and coal cores 

were tested by a uniaxial compression experiment system 
(shown in Fig. 1). The system mainly includes a 

compression loading system (MTS C64.605, MTS 

Industrial System CO.LTD), a stress-strain acquisition 

system, and other accessories. The loading rate of the MTS 

system is 0.1 mm/min in our experiments. The stress-strain 

evolution of the rocks was monitored by the stress-strain 

acquisition system (DH3817, Tonghua Testing Technology 

Co. LTD, China).  
(2) Dynamic mechanical property test system 

Fig.2 shows the Split Hopkinson Pressure Bar (SHPB) 

used in the test of the dynamic mechanical properties of the 

rocks. The SHPB includes a pressure bar system (including 

a high-pressure nitrogen bottle, an air chamber, a launch 

cavity, a striker bar, an incident bar, a transmission bar, and 

an adsorption bar), air pressure controller, speed measuring 

system (including speed measuring circuit and time interval 

instrument), strain collection system (including two strain 

gauges and transient waveform storage instrument) and data 

processing system. All bars have the same cross-section 

diameter of 100 mm. The length of the striker bar and the 

transmission bar with an elastic modulus of 210 GPa is 2 m. 

During the tests, the striker bar impacts the free end of the 

incident bar and produces a longitudinal compression wave 

(incident wave) in the incident bar. When the compression 

wave arrives at the interface between the incident bar and 

rock cores, it is partly reflected (reflected wave) and the rest 

passes through the rock cores into the transmission bar 

(transmitted wave). In this test, the impact air pressure of 

0.05 MPa, 0.06 MPa, and 0.08 MPa was used to control the 

impact velocity of the bullet. Based on the assumption of 

one-dimensional stress wave and stress homogenization 

(Kolsky 1954), the dynamic response parameters of the 

rock cores can be calculated by Eqs. (1)-(3) (Frew et al. 

2001, Yavuz et al. 2013, Liu et al. 2019).  

Where, ε, 𝜀̇, and σ is strain, strain rate and stress of the 

rock cores; εi, εr, and εt is the incident, reflected and 

transmitted strain, respectively; C0, L0, and E is wave 

velocity of elastic wave, length of the rock cores and elastic 

modulus of the bar, respectively. A and A0 is the cross-

section area of the bar and rock cores, respectively.  

According to the assumption of stress homogenization 

of rock cores, it can also be obtained that 

Then, formula (1), (2) and (3) can be converted to 

 

 

3. Results and discussion 
 

3.1 Static mechanical properties  
 
Static mechanical parameters of the four kinds of 

samples (limestone, sandstone, shale, and bituminous coal) 

were given in Table 1. Each value is an average one from 

three separate tests. As shown in Table 1, the static 

compression strength of shale is highest and that of the 

bituminous coal is the lowest. 

ε̇(t) =
C0

L0
[εi(t) − εr(t) − εt(t)]          (1) 

𝜀(𝑡) =
𝐶0

𝐿0
∫ [𝜀𝑖(𝑡) − 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡)]d𝑡

𝑡

0

 (2) 

𝜎 =
A

2A0
E[𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)] (3) 

𝜀𝑡(𝑡) = 𝜀𝑖(𝑡) + 𝜀𝑟(𝑡)            (4) 

𝜀̇(𝑡) =
−2𝐶0

L0
𝜀𝑟(𝑡)             (5) 

  ε(𝑡) =
−2𝐶0

L0
∫ 𝜀𝑟(𝑡)𝑑𝑡

𝑡

0
           (6) 

σ(𝑡) =
AE

A0
𝜀𝑡(𝑡) (7) 
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Table 1 Static mechanical parameters of rocks and coal 

Rock types 
Density 

/g/cm3 

Static compression 

strength /MPa 

Elastic 

modulus 

/GPa 

Poisson’s 

ratio 

Limestone 2.478 48.33 38.37 0.26 

Sandstone 2.333 20.05 24.68 0.20 

Shale 2.516 77.98 30.59 0.24 

Bituminous 

coal 
1.296 15.96 8.29 0.32 

 

 

Fig. 3 shows stress-strain curves of the three kinds of 

rocks and the bituminous coal under static compression 

loading. Compression failure process of the rocks and coal  

 

 

 

can be divided into four stages: pore compaction stage, 

elastic stage, plastic stage, and post-peak failure stage. 

(1) Pore compaction stage (OA). For the bituminous 

coal, when the compression loading kept increasing, the 

micro-cracks and pores were compacted and new cracks 

had not yet developed, during which the stress was 

maintained at a nearly constant value while the strain 

increased dramatically. However, there was no obvious pore 

compaction stage for rocks. 
(2) Elastic deformation stage (AB). The stress and strain 

increased linearly under the compression loading. The 

elastic modulus of the limestone, sandstone, and shale is 

38.37 GPa, 24.68 GPa, and 30.59 GPa, respectively, which  

 
Fig.2 Dynamic mechanical properties test system 
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Fig. 3 Stress-strain curves of rock cores in static mechanical property test 
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Fig. 4 Stress-strain curves of rocks and bituminous coal 
 

 

indicates limestone has the strongest resistance to 

deformation during the elastic phase. The bituminous coal 

has the lowest elastic modulus of 8.29 GPa. 
(3) Plastic deformation stage (BC). The stress and strain 

indicated a nonlinear relationship until reaching the 

compression strength. Point C represents the compression 

strength. The compression strength of the limestone, 

sandstone, shale, and bituminous coal is 48.33 MPa, 20.05 

MPa, 77.98 MPa, and 15.96 MPa, respectively. 

(4) Post-peak failure stage (CD). The stress-strain curve 

of the limestone and bituminous coal showed a sudden 

downtrend. However, the sandstone showed a downward 

trend with oscillations, which indicates that it didn’t rupture 

immediately after reaching compression strength. And there 

was no obvious post-peak failure stage in shale, which 

indicates that it was destroyed rapidly after reaching the 

peak stress. At this stage, cracks developed greatly in rocks 

and the micro-cracks grew into large macro-cracks.  

In a word, unlike rocks, the bituminous coal had an 

obvious pore compaction stage. And the static compression 

strength and elastic modulus were much smaller than that of 

rocks. Because the texture of bituminous coal is loose and 

there are more abundant pores and cracks. 
 

3.2 Response of coals to low-speed dynamic loading 
 
3.2.1 Dynamic stress-strain curves of coals 
Fig.4 gives typical dynamic stress-strain curves (0.06 

MPa air pressure for example). Each dynamic stress-strain 

curve can be divided into four stages, taking sandstone as 

an example. 

(1) Linear elastic stage (OA). The curves showed a 

sharper increase at the initial stage. The modulus of 

elasticity of the limestone, sandstone, shale, and bituminous 

coal is 42.80 GPa, 14.29 GPa, 21.48 GPa, and 9.32 GPa, 

respectively, which shows that limestone has the strongest 

resistance to elastic deformation, while the bituminous coal 

has the lowest resistance to elastic deformation. 

(2) Nonlinear stage (AB). The dynamic compression 

strength of the rocks increased significantly and showed a 

distinct strain hardening effect due to significant plastic 

deformation. The stress at point B showed the dynamic 

compression strength. The dynamic compression strength of 

limestone, sandstone, shale, and bituminous coal is 185.9 

MPa, 151.7 MPa, 252.7 MPa, and 89.9 MPa, which are all 

much higher than their static mechanical strengths. 

(3) Unloading stage (BC). Point C represents the 

ultimate strain of the rocks and coal, that is the maximum 

deformation of the specimen under dynamic loading. Under 

the same dynamic loading, the ultimate strain of shale is the 

smallest, indicating that it has the strongest resistance to 

deformation, while the bituminous coal has the largest 

ultimate strain and weak resistance to deformation. 

(4) Curve rebound stage (CD). The strain was reduced 

because the stored strain energy was released quickly, 

which resulted in a significantly closed-loop behind the 

peak of the dynamic stress-strain curve. The strain at this 

stage showed an obvious hysteretic phenomenon, which 

indicated that the samples still had partial compression 

resistance. Besides, at point D, the rock was broken and the 

rebound stopped. 

Due to the loose and multi-fracture characteristics of 

coal, the dynamic compression strength of bituminous coal 

was much smaller than those of rocks. Its ultimate strain is 

greater than the rocks, which indicates that the resistance to 

deformation is the weakest. The stress-strain curve of the 

bituminous coal in the rebound stage was short, which 

shows that the residual compression resistance of the 

bituminous coal is weak after the destruction. 

Fig. 5 shows the dynamic stress-strain curves of three 

rocks and bituminous coal under different dynamic loading 

(characterized by air pressure shown in the figure). The 

dynamic compression strength of the rocks increases with 

the increase of the dynamic loading. However, the elastic 

modulus of limestone and sandstone is the largest at 0.06 

MPa, which shows that the two rocks have the strongest 

resistance to elastic deformation at this loading. However, 

the elastic modulus of shale is not sensitive to dynamic 

loading. Similarly, the ultimate strain of rocks is the 

smallest at 0.06 MPa, indicating that it has the strongest 

resistance to deformation at this loading. The ultimate strain 

of bituminous coal increases with increasing dynamic 

loading. Due to the heterogeneity of bituminous coal, there 

is no obvious regularity of elastic modulus and dynamic 

compression strength. 

 

3.2.2 Dynamic impact parameters 
As shown in Table 2, the dynamic compression strength 

of the rocks and bituminous coal is much greater than their 

static compression strength. The strain rate and dynamic 

compression strength of rocks increased with the increase of 

dynamic loading. Compared with static compression 

strength, the dynamic compression strength of limestone at 

0.05 MPa, 0.06 MPa, and 0.08 MPa increased by 226.91%, 

284.85%, and 409.00%, respectively. The dynamic 

compression strength of sandstone increased by 496.01%, 

656.61%, and 836.16%, respectively. The dynamic 

compression strength of shale increased by 152.63%, 

224.44%, and 318.06%, respectively. The results show that 

the lower the static compression strength of rocks, the faster 

the dynamic compression strength increases. The ultimate 

strain is the smallest at 0.06 MPa, and similar at 0.05 MPa  
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and 0.08 MPa, which indicates that the resistance to 

deformation is the strongest at 0.06 MPa. The elastic 

modulus has no obvious relationship with the increase of 

dynamic loading. 

However, the dynamic compression strength of the 

bituminous coal has no obvious relationship with the 

increase of dynamic loading. Because of the physical and 

chemical heterogeneity of coal (Botto et al. 1994, Li et al. 

2012), the development degree of internal cracks of 

different coal cores are different, so the dynamic 

 

 

 

compression strength is greatly affected by coal cores. In 

addition, the strain rate and ultimate strain of bituminous 

coal gradually increase with the increase of dynamic 

loading. Crack has sufficient time to grow and develop 

under a slow and static loading, so the material could fail at 

lower loading. On the contrary, crack does not have enough 

time to grow under a high strain rate, so higher dynamic 

strength can be achieved before the material fails. 

Fig. 6 shows a relationship between the dynamic 

compression strength and the strain rate. The dynamic  
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(c) Shale (d) Bituminous coal 

Fig. 5 Stress-strain curves of rock cores under different air pressure 

Table 2 Experimental results of dynamic mechanical parameters 

Rock 

Code 

Air pressure 

/MPa 

Striker 

velocity 

/m.s-1 

Strain 

rate/s-1 

Compression strength 

/MPa 
Ultimate strain 

Elasticity 

modulus /GPa DIF 

LS1 0.05 1.64 200.86 157.8 0.029 15.32 3.27 

LS2 0.06 1.91 237.29 185.9 0.023 42.80 3.85 

LS3 0.08 2.44 289.82 246.1 0.032 29.74 5.09 

SS1 0.05 1.56 167.31 119.5 0.034 8.92 5.96 

SS2 0.06 1.89 232.89 151.7 0.019 14.29 7.57 

SS3 0.08 2.43 289.82 187.7 0.035 8.93 9.36 

SH1 0.05 1.58 182.22 196.6 0.021 19.46 2.52 

SH2 0.06 2.00 195.16 252.7 0.017 21.48 3.24 

SH3 0.08 2.42 240.65 325.7 0.022 25.17 4.18 

BT1 0.05 1.50 217.42 51.6 0.033 9.27 3.23 

BT2 0.06 1.97 317.97 89.9 0.042 9.32 5.63 

BT3 0.08 2.54 424.05 65.94 0.060 2.03 4.13 

*LS-limestone; SS-sandstone; SH-shale; BT-bituminous coal 
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compression strength of rocks and bituminous coal 

increased linearly with increasing strain rate. The 

dependence of dynamic compression strength on strain rate 

was fitted by Eqs. (8)-(11) 

Where, f and ε are dynamic compression strength and 

strain rate, respectively. 

The dynamic compression strength of rocks increases 

linearly with increasing strain rate and the fitting degree is 

greater than 94%. However, the fitting degree of the 

bituminous coal is only 13%, indicating that the dynamic 

compression strength of the bituminous coal has no obvious 

regularity with the increase of strain rate due to the 

heterogeneity of coal. For rocks, the higher the static 

compression strength, the faster the rate of increase of the 

dynamic compression strength and the higher the strain rate 

sensitivity. The dynamic compression strength of shale is 

greater than that of limestone and sandstone.  

The higher the strain rates, the bigger the dynamic 

compression strength, which can be explained by fracture 

mechanics concepts (John et al. 1987, Zhang et al. 2010). 

According to the Griffith theory with the concept of sub-

critical crack growth, failure occurs when the deformation 

of the materials exceeds its critical deformation (Erarslan 

and Williams 2012). If the loading is applied slowly, the 

cracks have sufficient time to grow. Therefore, the rocks fail 

at lower loading and show lower compression strength. 

When the loading rate is fast enough, there is little time for 

the growth of the subcritical flaws, and a higher dynamic 

compression strength can be achieved before the failure of 

the rock. As discussed by (Zhou et al. 2010), the number of 

pre-peak cracks is reduced at high-rate loading. This applies  
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Fig. 7 The relationship between DIF and strain rate 
 

 

before the unloading phase. For the unloading stage, the 

cracks increase rapidly at a high strain rate and absorb more 

energy, which is characterized by higher dynamic 

compression strength (Reinhardt and Cornelissen 1986). 

Fig. 7 illustrates the relationship between dynamic 

increase factor (DIF) and strain rate. Dynamic increase 

factor (DIF), the ratio of dynamic strength to static strength, 

has been widely used to measure the effect of strain rate on 

the strength of rocks (Li and Meng 2003, Chakraborty et al. 

2016). The DIF of the rocks increases linearly with the 

increase of the strain rate, which is similar to the research 

result of (Ren et al. 2015). The fitting formulas of rocks and 

bituminous coal were as follows.  

Similar to the dynamic compression strength, the DIF of 

rocks increases linearly with the increase of strain rate, 

while the DIF of bituminous coal has no obvious linear 

relationship (R2=0.12728) with the increase of strain rate 

due to the heterogeneity of coal. In addition, the DIF growth 

rates of the three rocks are similar, as confirmed by the 

slope in the formula, which indicates that the strain rate has 

little effect on the DIF growth rate of the three rocks. 

 

3.2.3 Absorbed energy and its relationship with the 
strain rate 

In the SPHB experiments, involved energies include 

impact kinetic energy (WI), transmitted energy (WT), and 

reflected energy (WR). Besides, vaseline is applied to both 

ends of the rocks as “lubricant”, so energy loss due to 

frictional force between the bar and the rocks is negligible. 

Thus, the absorbed energy(𝑊𝐴) contributing to rock failure 

can be calculated by 

LS: f LS=1.00𝜀-46.88  200 s-1 ≤ ε ≤ 290s-1 

(R2=0.98948)    (8) 

SS: f SS=0.56𝜀+25.30  167 s-1 ≤ ε ≤ 290s-1 

(R2=0.99469) (9) 

SH: f SH=2.05𝜀-164.20  182s-1 ≤ ε ≤ 240s-1 

    (R2=0.94545)   (10) 

BT: f BT=0.0667𝜀+47.82  217s-1 ≤ ε ≤ 424s-1 

   (R2=0.12684) 
(11) 

LS: DIFLS=0.021𝜀-0.948   200 s-1 ≤ ε ≤ 290s-1  

   (R2=0.98958) (12) 

SS: DIFSS=0.277𝜀+1.265   167 s-1 ≤ ε ≤ 290s-1 

    (R2=0.99493) (13) 

SH: DIFSH=0.026𝜀-2.121   182s-1 ≤ ε ≤ 240s-1 

    (R2=0.94587) (14) 

BT: DIFBT=0.004𝜀+2.991   217s-1 ≤ ε ≤ 424s-1 

    (R2=0.12728) (15) 

𝑊𝐴 = 𝑊𝐼 − 𝑊𝑅 − 𝑊𝑇 (16) 
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The rock damage level is related to the energy of 

absorbed stress wave, which can be expressed by energy 

absorbed rate N 

Fig. 8 shows the relationship between the energy and the 

dynamic loading. The total energy increased with the 

increase of dynamic loading as expected, which is due to 

the growth of impact kinetic energy of the striker bar. 

Meanwhile, the absorbed energy, which directly contributes 

 

 

 

to the failure of rocks, also increased with the dynamic 

loading. The ratio of the absorbed energy to the total energy 

of bituminous coal is greater than that of rocks because 

there are more internal cracks in bituminous coal, and crack 

propagation needs to absorb more energy. Compared with 

low strain rate, the growth of pre-peak crack will be 

reduced under high strain rate, while for the post-peak 

unloading stage, the growth of crack absorbs more energy, 

which is manifested as the higher dynamic compressive 

strength. 

Fig. 9 shows a relationship between the absorbed energy  
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and the strain rate. The absorbed energy (WD) of the rock 

cores are fitted by WD=aε+b, where, a and b are fitting 

parameters, ε is the strain rate. The absorbed energy directly 

affects the failure morphology of rocks (Hokka et al. 2016). 

In our experiments, the absorbed energy increased linearly 

with increasing strain rate, which was also found by (Li et 

al. 2005). The slope of the curves represents the strain rate 

sensitivity of the sample, which means that the greater the 

slope, the greater the effect of the absorbed energy on the 

strain rate. The sandstone and the bituminous coal have 

 

 

 

higher strain rate sensitivity than those of limestone and 

shale. Because the sandstone and the bituminous coal have 

lower static strength and weaker resistance to deformation, 

the cracks generated by cores are more abundant at the 

same dynamic loading, the energy will be absorbed more. 

Figs. 10-13 shows the crushed morphology of rocks and 

bituminous coal under different dynamic loading. Photos 

above are crushed rock and coal cores, and bar charts below 

show their fragment size distribution. Failure of the rocks or 

coals mainly occurred at the unloading stage, which would  

   

 
  

(a) 0.05 MPa (b) 0.06 MPa (c) 0.08 MPa 
Fig. 10 Crushed limestone under different dynamic loading.  

   

   
(a) 0.05 MPa (b) 0.06 MPa (c) 0.08 MPa 

Fig. 11 Crushed sandstone under different dynamic loading. 
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lead to crack propagation as a result of absorbing energy. As 

the dynamic loading increased, the rocks and coal ruptured 

more seriously due to the more absorbed energy. According 

to Fig. 9, when the dynamic loading increased, absorbed 

energy rose and more fragments of ruptured rocks and coal 

can be expected (Li et al. 2005). Absorbed energy should be 

closely related to the content of micropores. As the pressure 

increases, the content of micropores in the rock will 

increase, which is a key factor for increasing absorbed 

energy. 

Fragment area distributions were s counted by the grid  

 

 

 

method (Zhu et al. 2013). Small-scale fragments are an 

important basis for measuring the level of rock 

damage(Hogan et al. 2012). For different kinds of rocks, 

their degree of rupture is determined by the static 

compression strength. Since the static strength of sandstone 

is the lowest compared to limestone and shale, there was a 

larger number of small-scale fragments. Moreover, the 

static compression strength of the bituminous coal is lower 

than that of rocks, so the number of small-scale fragments 

was the largest.  

Generally speaking, the degree of heterogeneity of coal 

   

   

(a) 0.05 MPa (b) 0.06 MPa (c) 0.08 MPa 
Fig. 12 Crushed shale under different dynamic loading  

   

   
(a) 0.05 MPa (b) 0.06 MPa (c) 0.08 MPa 

Fig. 13 Crushed bituminous coal under different dynamic loading.  
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is greater than that of rock, and the original cracks are 

relatively more. Local deformation and failure of coal are 

easy to occur in the compression process, leading to the loss 

of the bearing capacity, which is manifested by lower 

compressive strength and smaller fragment size. On the 

contrary, the rock is relatively dense with a low degree of 

heterogeneity, which results in relatively few cracks and 

strong anti-deformation ability. The failure mode of rock is 

larger crack penetration and larger fragment size. 

 

 

4. Conclusions 
 
At the same dynamic loading, the dynamic compression 

strength of the shale is greater than that of limestone and 

sandstone. Moreover, with the increase of the dynamic 

loading, the dynamic compression strength of the rocks 

increases gradually, but the bituminous coal is irregular due 

to the characteristics of multi-fracture and heterogeneity. 

The dynamic compression strength of the rocks and 

bituminous coal is both much greater than their static 

compression strength. The dynamic compression strength 

and dynamic increase factor of the rocks both increase 

linearly with the increase of the strain rate, while those of 

the bituminous coal have no obvious regularity. The higher 

the static compression strength of rocks, the faster the rate 

of increase of the dynamic compression strength and the 

higher the strain rate sensitivity. However, rocks of different 

strengths have no significant effect on the growth rate of the 

dynamic increase factor. 

The absorbed energy increases linearly with an increase 

of strain rate. The ratio of absorbed energy to the total 

energy of bituminous coal is greater than that of rocks 

because there are more internal cracks in bituminous coal, 

and crack propagation needs to absorb more energy. For the 

same kind of rocks and bituminous coal, the higher the 

dynamic loading, the greater the degree of rupture. For 

different kinds of rocks, the lower the static strength of the 

rocks, the greater the degree of failure at the same dynamic 

pressure. The static compassion strength of the bituminous 

coal is lower than that of rocks, so the number of small-

scale fragments was the largest after bituminous coal 

rupture. 
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