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Abstract 
 

In deep coal mines, a coal seam usually contains high gas pressure and is subjected to static and dynamic loading due to 
mining-induced stress and sudden fracture of hard roof. In this study, two experimental equipment of gas-containing coal 
under static and dynamic loading was developed for the investigation of the static and dynamic mechanical properties of 
coal under various gas pressures. The first one was gas-solid coupling equipment with quasi-static loading developed on 
the basis of the RMT-150 testing machine. The other one was coupled gas-dynamic loading equipment modified from a 
split Hopkinson pressure bar. By using the modified equipment, the static and dynamic compressive strengths of coal 
were tested under four gas pressures, namely, 0, 0.5, 1.0, and 1.5 MPa, respectively. Results show that gas pressure 
clearly affects the stress-strain curve and strength of coal. As the initial gas pressure increases from 0 MPa to 1.5 MPa, 
the static strength decreases from 23.95 MPa to 13.28 MPa, and the dynamic strength also decreases from 41.78 MPa to 
32.21 MPa. The failure strain of the specimen decreases from 0.90 to 0.51 under the static loading and increases from 
0.56 to 0.74 under the dynamic loading. Meanwhile, the average dynamic increase factor (DIF) of compressive strength 
increases from 1.78 to 2.34 as the initial gas pressure increases. However, the gas influence factor (GIF) of compressive 
strength decreases from 1.00 to 0.77. The phenomena suggest that the mechanical property of coal under static loading is 
more sensitive to gas pressure than under dynamic loading, indicating the prominent influence of the loading mode on the 
failure mode of gas-containing coal. Hence, the results can provide an experimental basis for studies of the mechanisms 
of coal and gas outburst in deep coal mines. 
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1. Introduction 
 
In eastern China, coal mines are constantly moving deeper 
owing to the gradual depletion of coal resources in shallow 
areas. For instance, in the Huainan Mining Area, the average 
depth of the working face is up to 800 m below the ground 
surface, and the mining depth increases by 12-25 m annually. 
Deep coal seams are typically characterized by high gas 
pressure (with methane being the main gas) and low 
permeability. As mining activities continue to increase in 
deeper areas, mining-induced stress and gas pressure of the 
coal seam in front of the working face constant increase. 
Consequently, the hidden danger of dynamic disasters, such 
as coal and gas outburst in the deep coal seam, becomes 
prominent [1]. The mechanism of these dynamic disasters 
has attracted the attention of researchers devoted to coal 
mine engineering and rock mechanics. Previous studies on 
coal and gas outburst disasters were focused on the 
expansion effect of gas pressure in coal. Research suggests 
that gas expansion energy is released rapidly, and then coal 
and gas outburst accidents occur when the gas expansion 
energy stored in the coal seam exceeds the strength of coal 
near the working face. Hence, the instability [2] and energy 

[3] models of coal and gas outburst were proposed. In deep 
mining, mining-induced stress of coal seam considerably 
increases. On the one hand, stress evidently concentrates in 
the coal in front of the working face, thus imposing a high 
static stress load on the coal. The coal in the stress 
concentration area is in the typical coupling of static stress 
and gas pressure. On the other hand, during deep coal seam 
mining, given the unusual conditions such as multiple hard 
rock layers above the coal seam and intensive mining by 
using large-scale comprehensive mechanized equipment, 
hard roof fracture leads to a robust stress wave disturbance 
phenomenon, imposing apparent dynamic loading to the coal 
[4, 5]. Thus, the coal seam in front of the working face of 
deep gas-containing coal mine is subjected to increasingly 
complex stresses typically characterized by coupled gas 
pressure, static loading, and dynamic loading. This complex 
state of coupled stresses will affect the mechanism of coal 
and gas outburst dynamic disasters in coal mines. Therefore, 
investigating the mechanical properties of deep gas-
containing coal seam under different loading conditions has 
great practical importance.  

In this study, the mechanical properties of gas-containing 
coal under static and dynamic loading were comparatively 
analyzed, and then the failure models of gas-containing coal 
with different loading methods were established. The 
research results can provide an experimental basis for the 
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investigation on the mechanism of coal and gas outburst in 
deep coal mines. 
  
 
2. State of the art 
 
Unlike other rocks, such as sandstone and granite, gas-
containing coal should maintain the state of gas occurrence 
in a mechanical test. In the last several decades, appropriate 
test equipment has been developed and improved, and 
experimental studies were conducted on the uniaxial and 
triaxial compression mechanical properties of gas-containing 
coal under static loads [6, 7]. He et al. [8] examined the gas 
state of gas-containing coal during external stress loading, 
and they found that large amounts of adsorbed gas were 
released and desorbed when gas-containing coal is damaged. 
Ranjith et al. [9] measured the uniaxial compressive strength 
(UCS) of an Australian black coal and obtained a decrease in 
UCS with increasing gas (CO2) pressure. Xie et al. [10] 
investigated the strength characteristics of gas-containing 
coal by using self-developed gas–solid coupling equipment. 
The results demonstrate that an increased gas pressure leads 
to reductions in the UCS of gas-containing coal and critical 
dilatancy stress, thereby promoting the development of 
fractures. Xu et al. [11] evaluated the shear characteristics of 
gas-containing coal and concluded that gas can promote the 
shear strength of coal, resulting in the generation and 
expansion of additional cracks. After studying the fracture 
toughness of gas-containing coal by using notched semi-
circular bending specimens, Yin et al. [12] revealed that the 
increase of gas pressure reduced the fracture toughness and 
raised the speed of crack propagation. In these experiments, 
the gas state of deep gas-containing coal seam was 
effectively simulated via a gas-sealing device, and the test 
results can accurately reflect the mechanical properties of 
gas-containing coal under static load. Nevertheless, the static 
loads applied in these experiments were slightly different 
from the actual stress load state of deep coal mining, which 
is also subjected to dynamic loads. Therefore, comparatively 
analyzing the mechanical properties of gas-containing coal 
under static and dynamic loading is necessary after 
evaluating the properties under dynamic loading. The study 
has some engineering importance in understanding the 
mechanism of coal and gas outburst in deep coal mines. 

Presently, the split Hopkinson pressure bar (SHPB), 
which is recommended by the International Society for Rock 
Mechanics, has been extensively used to measure the 
dynamic mechanical characteristic of rock materials. Shan et 
al. [13] evaluated the dynamic mechanical properties of 
anthracite samples in different loading rates by using the 
SHPB and established the dynamic constitutive models. 
Zhao et al. [14] examined the dynamic tensile strength of 
coal under dry and saturated conditions. The results show 
that the dynamic tensile coal exhibits a typical strain rate 
effect which is considerable when the coal is saturated. In 
the previously mentioned experiments, the dynamic load of 
deep gas-containing coal seam was effectively simulated via 
the SHPB experiment. However, a large volume of gas is 
present in the coal seam during the coal mining; thus, the gas 
state will affect in the dynamic mechanical experiment. In 
recent years, traditional SHPB experiment equipment has 
been modified by many researchers to simulate the coupled 
stress state characteristics in the field of deep engineering 
[15, 16]. To simulate the state of coupled static and dynamic 
loading in deep mines, Li et al. [17] developed a coupled 
static and dynamic loading experiment equipment based on 

the SHPB. The researchers used the equipment to determine 
the mechanical properties, such as compressive strength and 
energy consumption, of sandstone under a coupled loading. 
To simulate the high-temperature environment in deep rock, 
Yin et al. [18] developed the coupled temperature and 
dynamic loading experiment equipment. By using the 
equipment, the researchers investigated the mechanical 
properties of granite under coupled heat and dynamic 
loading. These studies suggested that the coupled state of 
deep engineering can be simulated using the modified SHPB. 
Although these experiments are focused on rock materials, 
they provided an excellent idea for the investigation of 
dynamic mechanical properties of gas-containing coal by 
using the research methods of modified SHPB. Therefore, 
traditional SHPB equipment modified with reference to the 
gas-sealing device in the static loading experiment can 
simulate the coupled gas and dynamic loading in the deep 
gas-containing coal seam. 

Given the limitations of existing studies, a novel 
dynamic experimental system of gas-containing coal was 
developed in this study. A gas-sealing device was added on 
the traditional SHPB to ensure stable gas pressure during the 
dynamic loading experiment. Furthermore, the modified 
equipment was used to investigate the dynamic and static 
mechanical properties of coal under various gas pressures. 
The influencing factors of mechanical properties of gas-
containing coal under different loading modes were analyzed 
by comparing the experimental results, and then the failure 
model of gas-containing coal under static and dynamic 
loading was established. The research results can provide an 
empirical basis for the investigation on the mechanism of 
coal and gas outburst in deep coal mines. 

The rest of this study is organized as follows. The static 
and dynamic loading test equipment of gas-containing coal, 
method of sample preparation, and necessary parameters are 
introduced in Section 3. The influence of different loading 
modes on the failure process of gas-containing coal is 
investigated in Section 4 by analyzing the gas influence 
factor (GIF) of dynamic strength and dynamic increase 
factor (DIF). Finally, conclusions are presented in Section 5. 
 
 
3. Methodology 
 
3.1 Specimen preparation 
The coal samples used in this study were collected from 
Xieqiao Coal Mine in Huainan Mining Area, China. This 
coal seam is a typical high-gas, low-permeability coal seam. 
The adsorption constants of the coal are 35.428 3m / t  and 
1.163 1MPa−  at room temperature (26 °C). The samples 
collected on site were covered with wrapping polythene to 
prevent loss of original moisture content. All the samples 
were cut and ground under atmospheric conditions. The 
quasi-static and dynamic tests were simultaneously 
performed on the prism and cylindrical samples whose ends 
and sides had been carefully polished. The thresholds were 
set to smaller than 0.02 mm to ensure parallelism and 
perpendicularity [19]. The samples were gray and smooth 
without any distinct interspace on the surface, as shown in 
Fig. 1. In this study, the specimens that did not absorb gas 
were selected for the controlled tests, and four specimens 
were selected to determine the mechanical parameters of raw 
coal. By using the gas-sealing device, four specimens were 
tested in each initial gas pressure (i.e., 0.5, 1.0, and 1.5 MPa) 
at room temperature for 24 h. 
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(a)                                         (b) 

Fig. 1.  Testing specimens. (a) Specimens for the quasi-static tests, 50 × 
25 × 25 mm. (b) Specimens for the dynamic tests, 50 × 50 mm 
 
3.2  Quasi-static loading tests 
The quasi-static compressive tests were conducted using the 
self-developed equipment for visual gas–solid coupling 
mechanics and the RMT-150 hydraulic servo-control testing 
machine at the mining laboratory of Anhui University of 
Science and Technology (China), as shown in Fig. 2. The 
specimens under compressive load are illustrated in Figure 1 
(a). Variations of vertical load and displacement of the 
specimen with time were recorded via the RMT 
measurement software. Notably, grease was applied to the 
interface between the specimen and the apparatus for the 
quasi-static compressive tests to minimize end friction. 
 

 

Fig. 2.  Experimental system of gas-containing coal under quasi-static 
loads 

 
3.3 Coupled gas-dynamic loading equipment 

In previous studies, dynamic mechanical properties of 
rocks under coupled static and dynamic stress conditions 
were investigated using the modified SHPB equipment [20, 
21]. In this study, a novel experimental system (Fig. 3), in 
which the gas-containing coal specimen can be tested under 
dynamic and static loading, was developed in Anhui 
University of Science and Technology. This dynamic system 
consists of a stress wave generator (air gun), a stress transfer 
device (incident and transmission bars), an axial static 
pressure-loading device, a test data recording device, and a 
gas pressure control device, among which the first four 
devices are the same as that of the coupled static-dynamic 
loading equipment. During the dynamic loading test, the gas 
pressure control device is responsible for maintaining the 
gas pressure.  

As shown in Fig. 4, the gas pressure control equipment 
includes gas-sealing and gas supply devices. The gas-sealing 
device can open two connecting holes in the horizontal 
direction with coaxial pressure bar. That is, the incident and 
transmission bars can be sent into the gas-sealing device (Fig. 
3(b)). An O-shaped ring and two Y- and X-shaped sealing 
rings were arranged between the gas-sealing device and 
pressure bar to seal the gas. This device was connected to 
the gas supply device through a gas pipeline to ensure that 
gas pressure in the sample remains in a stable environment. 
 

 
 

 

 
(a)                                                                                   (b) 

Fig. 3.  Experimental system of coupled gas static-dynamic loads. (a) Dynamic loading equipment. (b) Gas-sealing device 
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4. Result analysis and discussion 
 
4.1 Results of quasi-static tests 
The typical stress-strain curves of gas-containing coal 
specimens obtained from quasi-static compressive tests are 
presented in Fig. 5. As shown in the figure, the compressive 
strength ( sσ ) and static failure strain ( psε ) remarkably 
decrease when the gas pressure increases from 0 MPa to 1.5 
MPa. All the test results of the quasi-static specimens with 

different initial gas pressures in this study are summarized in 
Table 1. As presented in Table 1 and Fig. 5, the initial gas 
pressure affects the static compressive strength and static 
failure strain of the coal specimen. As the initial gas pressure 
increases from 0 MPa to 1.5 MPa, the average static strength 
decreases gradually from 23.95 MPa to 13.28 MPa, and the 
average static failure strain also decreases gradually from 
0.0090 to 0.0051, as presented in Table 1. 

 

 
Fig. 4.  Schematic of gas state device 
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Fig. 5.  Stress-strain curves of coal with different gas pressures from 
quasi-static compressive tests 
 
4.2 Results of the dynamic tests 
The one-dimensional stress wave theory was applied to 
samples under coupled gas pressure and dynamic loading. 
The dynamic compressive stress ( dσ ) and dynamic strain 
( dε ) were calculated in light of the theory during the 
experiment by using the following formulas [22]. 
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where eC  is the wave velocity of elastic bar, SL  is the 

sample length, ( )r tε  is the strain of reflected stress wave at 

time t, eA  is the cross-sectional area of the elastic bar, sA  is 
the cross-sectional area of the specimen, eE  is the elastic 

modulus of the elastic bar, and ( )t tε  is the strain of the 
transmitted stress wave at time t. 

The results of signals obtained from the typical dynamic 
loading test of gas-containing coal specimens, which have a 
similar striking velocity of approximately 9 m/s, are 
exhibited in Fig. 6. Meanwhile, the stress variations of the 
sample incident and transmission terminal under dynamic 
loading are illustrated in Fig. 7. The time of stress 
equilibrium before the fracture is approximately 110 µs (Fig. 
7). Hence, the stress equilibrium state of the specimen 
should be regarded as a prerequisite for dynamic fracture 
toughness determination of the quasi-static theory to obtain 
satisfactory results. The typical stress-strain curves of coal 
specimens with various gas pressures are shown in Fig. 8. 
All the dynamically tested samples with different initial gas 
pressures in this study are summarized in Table 1. As shown 
in Table 1 and Fig. 8, the initial gas pressure affects the 
dynamic compressive strength and dynamic failure strain of 
the specimen. As the initial gas pressure increases from 0 
MPa to 1.5 MPa, the average dynamic strength ( dσ ) 
decreases gradually from 41.78 MPa to 32.21 MPa. 
However, the average dynamic failure strain ( pdε ) increases 
continuously from 0.0056 to 0.0074, as presented in Table 1. 
This result demonstrates that under dynamic loading 
conditions, the plastic part of gas-containing coal increases 
with the increase of gas pressure. As the gas pressure 
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increases, the static and dynamic strengths decrease. 
However, the dynamic failure strain stops decreasing and 
starts increasing when the load shifts from static to dynamic. 
These results show that the loading mode can exert different 
effects on the failure of gas-containing coal. With equal gas 
pressure, the gas-containing coal under static loading is 
compared with dynamic loading in this study. With an initial 
gas pressure of 1.5 MPa, the coal strength increases from 
15.24 MPa to 32.21 MPa. Generally, the strain rate increases 
from 10−4 to 102, when the load shifts from static to 
dynamic. This result demonstrates that a coal is a material 
exhibiting a typical strain rate effect. 
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Fig. 6.  Raw signals of a typical dynamic loading test of gas-containing 
coal 
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Fig. 7.  Balance check of dynamic stress for dynamic loading 
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4.3 Influence factor of the strength of gas-containing coal 
In previous studies, the dynamic strength ( dσ ) is usually 
higher than the quasi-static strength ( sσ ) due to the strain 
rate effect. The DIF of the compressive strength is defined as 
follows [23]: 
 

d

s

DIF
σ
σ

=                           (4) 

 
The results of this study suggested that the gas 

adsorption state of coal caused the reduction of its dynamic 
strength. Hence, the GIF of the dynamic strength, which can 
reflect the influence of gas on the dynamic compressive 
strength of coal, is defined as follows: 
 

dg

dn

GIF
σ

σ
=                         (5) 

 
where dgσ  is the dynamic compressive strength of coal with 

different gas pressures and dnσ  is the dynamic compressive 
strength of a coal with no gas. 

The DIF and GIF results from the dynamic tests of gas-
containing coal with different initial gas pressures are 
presented in Table 2. With equal striking velocity, the strain 
rates of samples with different initial gas pressures are 
approximately the same, that is, within the range of 105.7–
134.7 1s− . With the increase of gas pressure, the strain rate 
increased slowly due to the increase in the plasticity of coal 
during its gas adsorption. Moreover, the dynamically tested 
DIF and GIF are compared under the condition of similar 
strain rates, as shown in Fig. 9. The variation trends of DIF 
and GIF are not consistent with that of the gas pressure 
increase. As the initial gas pressure increased from 0 MPa to 
1.5 MPa, the average DIF on the compressive strength of 
gas-containing coal increased from 1.78 to 2.34, suggesting 
that the strain rates of gas-containing coal becomes 
increasingly sensitive in this process. However, the average 
GIF of gas-containing coal decreased from 1.00 to 0.77. 
Hence, unlike the static mechanical properties, the dynamic 
mechanical properties are less sensitive to the gas pressure 
due to the effect of the strain rate. 
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Fig. 9. DIF and GIF of the compressive strength of gas-containing coal 
with different gas pressures 
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Table 1. Results of the quasi-static and dynamic compressive tests with various gas pressures 

Specimen 
Quasi-static tests 

Specimen 
Dynamic tests 

σ s 

(MPa) 
Average 

σ s 
εps 

(%) 
Average 

εps 

σd 

(MPa) 
Average 

σd 
εpd 

(%) 
Average 
εpd 

GP 0 MPa 
S-0-1 22.79 

23.95 

0.74 

0.90 

I-0-1 43.77 

41.78 

0.58 

0.56 S -0-2 24.66 0.89 I-0-2 38.71 0.63 
S -0-3 20.51 0.71 I-0-3 40.38 0.53 
S -0-4 27.85 1.25 I-0-4 44.24 0.49 

GP 0.5 MPa 
S -0.5-1 19.73 

20.63 

0.72 

0.73 

I-0.5-1 39.33 

38.71 

0.62 

0.67 S-0.5-2 23.20 0.67 I-0.5-2 42.84 0.57 
S -0.5-3 20.68 0.91 I-0.5-3 35.27 0.76 
S -0.5-4 18.90 0.61 I-0.5-4 37.39 0.63 

GP 1.0 MPa 
S -1.0-1 16.12 

15.24 

0.61 

0.62 

I-1.0-1 34.97 

34.17 

0.74 

0.70 S -1.0-2 12.61 0.54 I-1.0-2 30.21 0.68 
S -1.0-3 13.40 0.62 I-1.0-3 35.29 0.71 
S -1.0-4 18.81 0.72 I-1.0-4 36.21 0.65 

GP 1.5 MPa 
S -1.5-1 14.04 

13.28 

0.47 

0.51 

I-1.5-1 30.56 

32.21 

0.75 

0.74 S -1.5-2 17.80 0.69 I-1.5-2 32.74 0.73 
S -1.5-3 12.26 0.51 I-1.5-3 36.15 0.64 
S -1.5-4 9.03 0.35 I-1.5-4 29.37 0.82 

Note: GP – initial gas pressure 
 
Table 2. GIF and DIF on compressive strength in dynamic loading 

Specimen Strain rate (s-1) GIF Average GIF DIF Average DIF 
GP 0 MPa 

I-0-1 113.5 1.05 

1.00 

1.86 

1.78 I-0-2 110.6 0.93 1.64 
I-0-3 113.2 0.97 1.72 
I-0-4 114.8 1.06 1.88 

GP 0.5 MPa 
I-0.5-1 112.6 0.94 

0.93 

1.99 

1.96 I-0.5-2 115.2 1.03 2.17 
I-0.5-3 113.5 0.84 1.79 
I-0.5-4 114.4 0.90 1.89 

GP 1.0 MPa 
I-1.0-1 128.3 0.84 

0.82 

2.23 

2.18 I-1.0-2 125.7 0.72 1.92 
I-1.0-3 127.3 0.84 2.25 
I-1.0-4 127.2 0.87 2.3 

GP 1.5 MPa 
I-1.5-1 133.3 0.73 

0.77 

2.22 

2.34 I-1.5-2 133.6 0.78 2.38 
I-1.5-3 134.7 0.87 2.63 
I-1.5-4 130.8 0.70 2.14 

 
 

According to Wang et al. [24], the material with high 
strength has high sensitivity to strain rate under dynamic 
load. In this study, with the increase of gas pressure, the 
specimen of gas-containing coal becomes increasingly 
sensitive to strain rates. However, the dynamic compressive 
strength of gas-containing coal increased. The mechanical 
parameters of gas-containing coal are notably affected by 
gas desorption in the loading process [10]. Therefore, in this 
study, the results of the strain rate effects might be attributed 
to the difference in the gas desorption from gas-containing 
coal obtained by various stress loading methods. Pore 
deformation and desorption of the adsorbed gas in gas-
containing coal under static and dynamic loading conditions 
are shown in Fig. 10. Generally, the pore of gas-containing 
coal with static loads takes longer time from deformation to 
failure. Therefore, the crack tip is expanded by desorption 
gas for a longer time and more adsorptive gas desorption. 
The crack propagation and failure are caused by the 
combination of static load and gas expansion stress. As 
exhibited by the SHPB test in this study, when subjected to 

dynamic loads, the specimen only takes a short time 
(approximately 100 µs) to fail to ensure that the adsorbed 
gas does not have sufficient time to be fully desorbed and 
promotes crack propagation. In other words, compared with 
dynamic loading, static loading results in a higher degree of 
gas desorption. Therefore, with the increase of gas pressure, 
the compressive strength decreases more significantly when 
the coal is subjected to static loading. Generally, the gas 
desorption has a slight effect on the fracture process of gas-
containing coal under high strain rate. Thus, the skeleton 
structure of coal determined the dynamic strength, in which 
its decrease is due to the weakening coal formation after gas 
absorption. Therefore, the value of DIF increased with the 
rise in gas pressure. The time of dynamic loading is short (in 
microseconds) in this study, but the time (i.e., blast, mineral 
earthquake) in the engineering field is long (in seconds) [25]. 
Therefore, further investigating the effects of the loading 
waveform of dynamic stress waves on pore deformation and 
gas adsorption state is necessary. 
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(a)                                                                          (b)                                                                           (c) 

Fig. 10.  Schematic of pore deformation of gas-containing coal. (a) Initial state. (b) Static loading. (c) Dynamic loading (P-gas pressure) 
 
 

5. Conclusions 
 
In this study, the experimental method of gas-containing 
coal was introduced to investigate the mechanical properties 
of gas-containing coal under static and dynamic loading. In 
addition, the static and dynamic compressive strengths of 
gas-containing coal were investigated using the self-
developed gas-sealing device and the modified SHPB 
equipment, respectively. Based on the experimental results, 
the failure model of gas-containing coal under various 
loading modes was analyzed. The following conclusions 
could be drawn: 
 

(1) The state of the gas-saturated adsorption of the 
specimen prior to static loading could be identified using the 
self-developed gas-sealing device. In the static loading 
experiment, the static compressive strength and failure strain 
decreased with the increase of gas pressure. 

(2) The improved SHPB could satisfy the requirements 
for the state of the gas-saturated adsorption prior to dynamic 
loading. In the experiment, the dynamic force on both sides 
of the specimen was balanced. As the gas pressure increased, 
the dynamic strength of the gas-containing coal decreased, 
whereas the dynamic failure strain increased. 

(3) The results of DIF and GIF analyses showed that 
with the increase of initial gas pressure, DIF gradually 

increased and GIF remarkably decreased. The results also 
indicated that long-term loading contributed to the full 
desorption of adsorbed gas and promoted the crack 
propagation. 

In this study, mechanical experiments under static and 
dynamic loading conditions are carried out respectively, and 
the loading mode is a little different from that in the mining 
field. The effect of the loading method that is nearly similar 
to the field conditions on the mechanical properties (such as 
pore deformation and gas adsorption state) of gas-containing 
coal will be further investigated for the additional 
comprehensive understanding of gas-containing coal. 
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