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Abstract Additional to dynamic and static superim-
posed loads, gas effects frequently affect coal seams 
throughout the coal mining process. It is crucial to 
comprehend coal samples’ mechanical properties and 
deterioration mechanisms under distinct initial gas 
pressure conditions. Consequently, the dynamic com-
pression experiment of coal samples was conducted 
utilizing a self-developed observable combined 
dynamic and static loading test system of gas-bearing 
coal (GAS). The mechanical characteristics including 
failure mode in coal samples under distinct initial gas 
pressures were studied. Furthermore, the mechanism 
of gas deteriorated mechanical parameters and aggra-
vated the propagation of cracks when combined with 
dynamic and static loads was revealed. The conclu-
sions are drawn as follows: The GAS can go through 
four stages of deformation: elastic stage, elastoplastic 
stage, plastic stage, and failure stage. Furthermore, 
the dynamic strength and failure strain deteriorated 
with increasing gas pressure. Based on computed 
tomography (CT) technology, it is found that the 

splitting-spallation composite cracks of impacted 
samples become more noticeable with rising initial 
gas pressure, and finally, the two kinds of cracks cre-
ate a complex reticular crack system. Meanwhile, the 
crack volume and fractal dimension increase with 
rising gas pressure, indicating that gas can aggravate 
the coal’s failure degree. Under combined dynamic 
and static loads, the deterioration model of mechani-
cal parameters of GAS is obtained, that is, with ris-
ing initial gas pressure, the dynamic strength of coal 
samples reduces and the failure strain rises synchro-
nously. The main reason for the aggravation of com-
pound failure in impacted samples is that the stress 
intensity factor rises with the rise of gas pressure. 
These conclusions enrich the basic theories such as 
the inducing mechanism of dynamic disasters caused 
by coal-rock-gas compounds and can offer a theoreti-
cal foundation for the technology employed in moni-
toring, early warning, and prevention of dynamic dis-
asters in compounds.

Article Highlights 

1. The dynamic characteristics under different ini-
tial gas pressures were studied by the self-devel-
oped observable combined dynamic and static 
loading test system of gas-bearing coal.

2. Based on computed tomography technology, it 
is found that the splitting-spallation composite 
cracks of impacted samples become more notice-
able with rising initial gas pressure.
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3. The mechanism of gas deteriorates dynamic 
mechanical parameters, and aggravates coal sam-
ples’ failure under the combined dynamic and 
static loading are revealed.

Keywords Combined dynamic and static loading · 
Gas-bearing coal · Mechanical characteristics · 
Deterioration mechanism

1 Introduction

Currently, the dynamic load derived from mining dis-
turbances including the breaking of the roof, activa-
tion of fault, or blasting operations affects the coal 
seams in addition to being impacted by the ground 
stress during the coal mining process (Ai et al. 2019; 
Yin et al. 2020; Kong et al. 2021). The depletion of 
shallow resources also causes coal mining to reach 
depths of 10 to 25 m/a (Zhao et al. 2020; Yuan 2021). 
As coal seams are mined deeper, their gas pressure 
and content increase as well. This causes substantial 
variations in the mesoscale damage as well as mac-
roscale failure between GAS seams and gas-free coal 
seams during impact loads and even lowers the coal 
seams’ critical failure index (Kong et al. 2020). Thus, 
studying the dynamic characteristics including fail-
ure mode in coal samples under distinct gas pressure, 
and revealing the deterioration mechanism of GAS 
under the combined dynamic and static loads are par-
ticularly important to enrich the mechanism of the 
dynamic disaster in the coal-rock-gas compound.

Numerous investigations exist on the mechanical 
characteristics of GAS: Bieniawski et al. (1968), Ates 
et al. (1988), Medhurst et al. (1997), and Viete et al. 
(2006) concluded that the coal’s compressive strength 
and elastic modulus may deteriorate owing to adsorp-
tion of gas. Ranjith et al. (2010) and Xie et al. (2014, 
2015, 2017) found that coal is prone to expansion 
deformation with rising gas pressure, and the fail-
ure form aggravates. Similarly, Wang et  al. (2021a) 
obtained that the crack volume rises with rising gas 
pressure, and the distribution characteristics are more 
complex by three-dimensional reconstruction. The 
studies mentioned above primarily focus on the static 
characteristics of GAS. Nevertheless, the dynamic 
load generated by occurrences like roof fracture and 
fault activation is present during the coal seam mining 

process. Consequently, employing a split Hopkin-
son pressure bar (SHPB), several researchers have 
started studying the dynamic characteristics of coal 
and rock. Han et  al. (2020) examined the dynamic 
characteristics of joint sandstone filled with layers 
of various thicknesses and discovered that as joint 
thickness increased, both the energy absorption and 
dynamic strength decreased. Klepacko et  al. (1984) 
found that the elastic modulus and crack growth rate 
of coal are very sensitive to strain rate based on the 
SHPB system. Zhang et al. (2019) concluded that the 
coal’s dynamic failure process can be split into the 
initial nonlinear stage, yield stage, stress strengthen-
ing stage, and unloading failure stage. In their study 
of the impacts of static axial prestress on the Brazil-
ian coal disc sample’s dynamic tensile strength, Hao 
et  al. (2020) discovered that when static axial pre-
stress increases, the dynamic tensile strength initially 
rises and then falls. Li et al. (2005) established a com-
bined dynamic and static loading constitutive model 
combined with statistical damage and a viscoelastic 
model, which essentially explained the dynamic char-
acteristics of coal and rock. Utilizing the elastic–plas-
tic theory, the damage-viscoelastic constitutive model 
was constructed by Fu et al. (2013). In summary, the 
research mentioned above primarily concentrates 
on the static characteristics of GAS or the dynamic 
behaviors of coal and rock, whereas it is needed to 
improve and enrich the mechanical characteristics of 
GAS under combined dynamic and static loading.

The studies show that coal will be deteriorated 
due to the gas erosion effect (He et al. 1996). There 
are many methods to quantify the deterioration trend 
or failure degree of materials: the ratio of elastic 
modulus after deterioration to initial elastic modu-
lus is defined as a damage variable in the equiva-
lent strain hypothesis (Lemaitre 1984). Wang et al. 
(2021b) measured the deterioration of coal by ana-
lyzing the change of uniaxial compressive strength 
under different initial gas pressure. Barile et  al. 
(2019) and Liu et  al. (2009) based on an acoustic 
emission technique to measure the damage degree 
of material. Ma et  al. (2019) and Ma et  al. (2020) 
defined the ratio of dissipation energy to total input 
energy before peak strength as a coal-rock damage 
variable. Xu et al. (2010) and Liu et al. (2019) used 
wave velocity to quantify the deterioration of the 
rock under cyclic impact. Jin et  al. (2011) defined 
the rock damage degree based on wave impedance. 
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Meanwhile, some scholars define damage degree by 
analyzing the changes in the area or length of the 
crack in a two-dimensional plane (Chen et al. 2005; 
Ge et  al. 1999). The studies mentioned above are 
mainly based on the loss of mechanical parameters 
or change of plane geometry shape to measure the 
damage degree. However, the material deterioration 
originates from crack initiation and propagation in 
the microelement. In particular, as a dual medium 
(Thararoop et al. 2012), gas underloading can cause 
the gas–solid coupling effect to occur with coal (Xie 
et al. 2014, 2017), which further aggravates the fail-
ure. Therefore, the anisotropic deterioration or fail-
ure measured by the three-dimensional (3D) crack 
in coal samples needs to be further studied. Moreo-
ver, the deterioration mechanism of GAS under the 
combined dynamic and static loading also needs to 
be revealed.

In light of this, this research develops a set of 
observable combined dynamic and static loading 
test systems for GAS. The dynamic characteristics 
of GAS are examined after a dynamic compres-
sion experiment is conducted with distinct initial 
gas pressure. Moreover, on the basis of CT technol-
ogy, the crack volume and fractal dimension of coal 
samples under distinct initial gas pressure are quan-
titatively characterized, and the mechanism of gas-
deteriorated mechanical parameters and aggravated 
propagation of cracks of coal samples under the 
combined dynamic and static loading is discovered. 
These findings can serve as the theoretical founda-
tion for the technology used in monitoring and early 

warning of the dynamic disaster in coal-rock-gas 
compounds in coal mine subject to impact load.

2  Observable combined dynamic and static 
loading test system of GAS

2.1  The test system’s technical index and 
applicability

The observable combined dynamic and static loading 
test system of GAS (Fig.  1) is effectively enhanced 
by utilizing a one-dimensional combined dynamic 
and static loading test system, and the test system’s 
theoretical feasibility is confirmed (Liu et  al. 2023). 
A dynamic and static load application device, a 
device for gas supplying/exhausting and monitor-
ing, a device for strain acquisition, and a device for 
the acquisition of digital images are the major com-
ponents of the test system. A damper, a timer, elastic 
bars, an axial loading/unloading device, a cylindrical 
punch, and a high-pressure chamber make up the load 
application device. 40 Cr alloy steel was utilized for 
making all of the punch and elastic bars, which has 
a density of 7796 kg/m3, a Poisson’s ratio of 0.30, a 
wave velocity of 5190 m/s, and an elastic modulus of 
210 GPa. The elastic bars’ punch, incident, transmit-
ted, and absorption bars are each 50 mm in diameter, 
and their lengths are 300, 2000, 1500 and 500  mm, 
respectively. An observable gas sealing device, a 
JLRSE-DN gas flowmeter, a YB-80A precision dig-
ital pressure gauge, and a 2XZ-2B rotary vane vac-
uum pump make up the device for the purpose of gas 

Fig. 1  Observable com-
bined dynamic and static 
loading test system of GAS
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supplying/exhausting and monitoring. The toughened 
high-borosilicate glass used in gas sealing devices 
has a maximum yield strength of 20 MPa, the size is 
95  mm in diameter × 20 mm in thickness. The digi-
tal pressure gauge’s measurable range is between -0.1 
and 3.0 MPa, and  10–4 is the acquisition accuracy 
in real time. The pump’s maximum vacuum capac-
ity reach to 6.0  MPa. The DL850EV oscillograph 
recorder, BX120-2AA strain gauge, SDY2107A high-
dynamic-strain indicator, and bridge box make up the 
strain acquisition device. The oscillograph recorder 
can sample at a rate of up to 100 MS/s. In this experi-
ment, the sampling velocity of oscillograph recorder 
is set to 10 MS/s, the recording length is 10 K, which 
can satisfy the data acquisition needs. The illumina-
tion lamp, ultrahigh-speed camera and synchronous 
trigger device make up the digital image acquisi-
tion system. The 1024 × 1024 pixels is the maximum 
image resolution,  105 fps is the maximum frame rate.

2.2  Adjustment and testing of system gas tightness

As shown in Figs. 1 and 2a, the observable gas seal-
ing device is made up of sealing rings, vessel cover, 
window, the vessel’s main body, toughened high-
borosilicate glass, vacuum pump line, gas inlet line, 
gas sensor line, and gas treatment line. For com-
bined dynamic and static loading testing of GAS to 
be successful, an observable gas-sealing device must 
be gas-tight. Therefore, the sealing rings of different 
materials and sizes are compared comprehensively 
(Fig. 2b). Finally, a 95 mm outer diameter × 5.7 mm 
thickness butyl rubber sealing ring was utilized to 
join the ends of the gas vessel’s main body and gas 
vessel cover in order to confirm gas tightness during 
the process of impact loading and adsorption of gas. 

The 48 mm outer diameter × 3.5 mm thickness butyl 
rubber sealing ring secured the gas vessel cover to 
the incident bar and the transmission bar. A 100 mm 
outer diameter × 70  mm inner diameter × 10  mm 
thickness butyl rubber gasket was utilized to seal the 
window and toughened high-borosilicate glass.

The system’s installation and adjustment steps 
of the gas tightness are as follows: First, bolts were 
used to consistently secure the position of the gas 
vessel cover to the elastic bar, the gas vessel’s main 
body, and the connection between the sealed vessel’s 
main body and the window, in case the unequal force 
resulted in inadequate sealing. Second, the coal was 
positioned between the incident bar and the trans-
mitted bar with a Vaseline applied to both ends and 
clamped to avert the coal from tumbling off using the 
axial loading and unloading device with the elastic 
bar and the central axis of the main body of the gas 
sealed vessel in alignment. Figure 3 depicts the instal-
lation process in order. Third, after closing the valves 
on the gas inlet and gas treatment lines, the vacuum 
pump’s valve was opened and vacuumed for 3  min 
until the gas pressure stabilized at -0.1  MPa. Then, 
the vacuum pump’s valve was shut. Lastly, the inlet 
valve and high-pressure gas cylinder were opened, 
and the observable gas sealing device was filled with 
gas. The inlet line and high-pressure cylinder valves 
were shut to perform the coal sample’s gas adsorption 
operation when the predetermined gas pressure value 
was reached. Particularly,  CH4 made about 83–89% 
of the total gas in the coal mine, making it the major 
gas component. Thus,  CH4 was selected as the experi-
mental gas, also known as the gas in this work.

The initial gas pressures evaluated varied from 0 to 
2.0 MPa, at an interval of 0.5 MPa, and an adsorption 
time of 12 h was employed to test the gas tightness of 

Fig. 2  Observable gas seal-
ing device and Sealing rings
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the observed gas sealing device. The observable gas 
sealing device’s change in gas pressure is depicted 
in Fig. 4: the gas pressure increases quickly, declines 
quickly, declines slowly, and then remains practically 
constant. The following is an explanation of how gas 
pressure changes: First, the gas pressure rises quickly 
as the gas spreads quickly throughout the vessel after 
being introduced into a gas sealing device in accord-
ance with the predetermined value. Second, the gas 
inlet valve is shut when the gas pressure reaches the 
predetermined value. Because coal is a dual medium, 
fast-filling of pores and cracks are caused by the free 
gas, causing the gas pressure in the sealed vessel to 
drop quickly. Third, Van der Waals forces cause the 
free gas to change into the adsorption state on the 
surface of the pores and cracks once it has filled the 
coal’s pores and cracks, and the adsorbed gas no 
longer transfers gas pressure (Li et  al. 2015), which 

causes the gas pressure in the gas sealing device to 
further decline. Once the adsorbed gas reaches satu-
ration, the free gas pressure becomes practically sta-
ble. Therefore, it can be inferred that the gas sealing 
device has respectable gas tightness and satisfies the 
experimental requirements.

3  Experimental methods

3.1  Sample preparation

First, for the purpose of reducing the experimen-
tal error due to the bedding direction, the inertial 
effect, and end-face friction (Lu et al. 2013), follow-
ing ISRM regulations, coal with vertical bedding was 
sampled by a sampler, and standard cylindrical coal 
samples with a diameter of 50  mm and a height of 
30 mm were prepared by a cutting mill. For coal sam-
ples, the nonparallelism had to be less than 0.02 mm 
and the unevenness had to be less than 0.05  mm 
on both ends (Fig.  5). Second, the coal samples’ 
wave velocity (cs), size, and quality were precisely 

Fig. 3  Installation step of 
the gas sealing device

(a) Fastened uniformly by bolts (b) Adjustment of the central axis 

Fig. 4  Variation trend of gas pressure

Fig. 5  Coal samples
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determined to decrease the inaccuracy triggered by 
the coal’s discreteness. Coal samples that deviated 
10% from the average wave velocity were eliminated 
(Jiao et al. 2021; Yuan et al. 2021). Lastly, using CT 
technology, the scanning and reconstruction of coal 
samples were performed, and the samples that had 
thoroughgoing cracks or noticeable sections were 
deleted, as shown in Fig. 6. This further reduced the 
impact of cracks and joints on the findings of experi-
ments. At a target gas pressure, there are three coal 
samples for each series of testing, and Table  1 lists 
their physical properties. 3.2  Experimental scheme

First, using the gas–solid coupling test system, uniax-
ial compression experiments were conducted to offer 
a theoretical foundation for the GAS’s impact experi-
mentation (Xie et  al. 2015), and the coal samples’ 
uniaxial compressive strengths (σc) under distinct 
initial gas pressures were found (Table  2). Second, 
cylindrical samples were firmly wrapped in a self-
adhesive permeable bandage to keep the debris from 
sliding off when the coal is impacted, and coal sam-
ples were then positioned between the transmitted bar 
and the incident bar. Third, 3 MPa were chosen as the 
axial load, and the coal samples were impacted after 
being adsorbed for 12 h at pressures of 0, 0.5, 1, 1.5, 
and 2.0  MPa gas pressure, respectively. To guaran-
tee that coal samples remained a continuous medium Fig. 6  Coal with throughgoing crack

Table 1  Physical and mechanical properties of coal samples

No Density
/(g/cm3)

cs
/(m/s)

Gas pressure
/MPa

σd
/MPa

Average σd
/MPa

εpeak /10–3 Average
εpeak

DIF Average
DIF

G-0-1 1.28 1123 0 41.65 42.70 9.21 9.35 1.72 1.77
G-0-2 1.29 1187 43.75 9.36 1.81
G-0-3 1.30 1103 42.70 9.47 1.77
G-0.5-1 1.30 1132 0.5 37.82 37.66 10.09 10.03 1.79 1.79
G-0.5-2 1.31 1168 38.05 10.04 1.81
G-0.5-3 1.29 1063 37.10 9.96 1.76
G-1.0-1 1.32 1129 1.0 35.70 36.03 10.22 10.18 1.88 1.90
G-1.0-2 1.30 1049 36.40 10.19 1.92
G-1.0-3 1.33 1034 35.98 10.14 1.89
G-1.5-1 1.30 1119 1.5 31.50 31.25 10.47 10.39 1.95 1.93
G-1.5-2 1.31 1068 32.55 10.26 2.01
G-1.5-3 1.32 1112 29.71 10.43 1.84
G-2.0-1 1.29 1098 2.0 26.95 26.94 11.14 11.00 1.94 1.94
G-2.0-2 1.30 1119 26.57 10.80 1.92
G-2.0-3 1.31 1098 27.30 11.07 1.97

Table 2  Uniaxial compressive strength

Gas Pressure
/MPa

σc /MPa Average σc
/MPa

1# 2# 3#

0 24.1 23.6 24.8 24.17
0.5 20.3 21.6 21.3 21.07
1.0 18.9 19.6 18.5 19.00
1.5 16.8 16.3 15.4 16.17
2.0 14.1 13.8 13.7 13.87
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during varied initial gas pressures, a 0.4 MPa impact 
pressure was chosen based on the coal samples’ frag-
mentation state, as illustrated in Fig. 7. Vaseline was 
also applied to both ends of the samples as a coupling 
agent before to each impact experiment, and silicone 
rubber with dimensions of length, width, and thick-
ness equal to 12 mm, 12 mm, and 3 mm, respectively, 
was employed as the wave shaper to further attenuate 
the effects of the dispersion effect and end-face fric-
tion (Wang et  al. 2022; Jiao et  al. 2021; Yuan et  al. 
2021).

4  Experimental results

4.1  Effectiveness analysis of experiment

Figure  8a shows the typical stress wave of coal sam-
ples under distinct initial gas pressure. However, it 
is challenging to maintain a constant strain rate dur-
ing impact loading of coal, soft rock, and jointed rock 
(Han et al. 2020; Hao et al. 2020; Jiao et al. 2021; Yang 
et  al. 2021). The average strain rate corresponding to 
the peak stress is used to express the coal’s strain rate 
(T/CSRME 001-2019). In addition, the validity of the 
experimental data is determined by the stress balance 
state of samples. Therefore, taking the stress balance 
of the sample G-1.0-3’s as an example (Fig.  8b), the 
reflected wave’s initial voltage is not 0 because of the 
axial load (the corresponding time is 538 μs), the trans-
mitted stress prior to failure is about equal to the total of 
incident stress and reflected stress, and less than 5% is 
the stress equilibrium coefficient (η) (Li 2014); that is, 
the stress equilibrium state has been attained in the coal 
sample. The coal samples that do not reach the stress 

equilibrium are eliminated in the whole experimental 
process, and corresponding supplementary experiments 
are added.

4.2  Stress‒strain characteristics

The typical coal samples’ stress–strain curve depicted 
in Fig. 9 can be calculated using Eq. (1) as per the one-
dimensional stress wave theory (Li et al. 2008).

where the coal’s stress, strain, sectional area and 
height are denoted by σ(t), ε(t), As and ls, respectively; 
the section area and elastic modulus of the bar are 
denoted by Ab and Eb, respectively; the strain of the 
transmitted bar and reflected bar at the corresponding 
times are denoted by εt(t) and εr(t), respectively.

The coal sample’s pores and cracks are precom-
pacted by the axial load and the dynamic load 
immediately impacts—which causes the dynamic 
stress–strain curve of GAS to reach the linear elas-
tic stage without any visible compaction stage as 
opposed to the static stress–strain curve. Subse-
quently, the elastoplastic stage is present in the coal 
sample, where new cracks undergo initiation and 
continual propagation. The stress–strain curve slowly 
steepens when the stress is around 80% of its maxi-
mum strength, at which point the coal sample enters 
the plastic stage and develops numerous little thor-
oughgoing cracks. Lastly, the sample is penetrated by 
a high number of cracks, leading to the failure stage.

Table  1 displays the coal samples’ dynamic 
mechanical parameters during distinct initial gas 
pressures. It was discovered that the coal samples’ 
average dynamic compressive strength decreased 
from 42.70 to 26.94  MPa with rising gas pressure, 
with respective declines of 11.80%, 15.62%, 26.81%, 
and 36.91% when compared to the value with no gas 
pressure. In accordance with the failure strain, it can 
be expressed that the coal samples’ average failure 
strain rises from εpeak = 9.35 ×  10–3 under 0 MPa gas 
pressure to εpeak = 11.00 ×  10–3 under 2.0  MPa gas 
pressure, which the rise of coal samples contrasted to 
that under no gas pressure is 7.27%, 8.88%, 11.12%, 

(1)

⎧
⎪⎪⎨⎪⎪⎩

�(t) =
AbEb

As

�t(t)

�(t) = −
2cb

ls ∫
t

0

�r(t)dt

Fig. 7  Permeable bandage and impacted sample
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and 17.65%, respectively. Numerous investigations 
have demonstrated that coal and rock typically have 
dynamic compressive strength (σd) greater contrasted 
to static compressive strength (σc). For the compari-
son of the coal samples’ σd with σc during distinct 
initial gas pressures, the dynamic increase factor 
(DIF = σd /σc (Wang et al. 2018; Hao et al. 2012)) was 
utilized for measuring the strength sensitivity under 
two distinct modes of loading. Table 1 depicts that the 
coal samples’ DIF rises with rising initial gas pres-
sure, demonstrating that the reducing trend of σc is 
lesser contrasted to that of σd under each gas pressure; 

that is, the coal samples’ σd has a higher sensitivity to 
gas pressure.

4.3  Failure mode

In view of the upward or downward trend of dynamic 
mechanical parameters of coal samples under gas 
occurrence, many scholars call it erosion or deteriora-
tion effect (He et al. 1996; Wang et al. 2021b). Never-
theless, the loss essence of the mechanical parameter 
is derived from the initiation, and propagation of the 
crack on the mesoscale. That is to say, it is crucial to 
reveal the deterioration mechanism of coal to charac-
terize the crack distribution of impacted coal under 
distinct initial gas pressure. Therefore, the CT tech-
nology was utilized to elaborate the crack distribution 
characteristics, and the degree of crack propagation 
was quantitatively analyzed under different initial gas 
pressure based on the fractal theory.

4.3.1  Crack distribution of slice in different layers

The layers of slice in coal samples are shown in 
Fig. 10, and the spacing of each slice is set to 5 mm. 
Table 3 shows the crack distribution of different lay-
ers after binarization. It is evident that when there is 
no gas pressure, several radial cracks appear inside 
the sample. When the initial gas pressure is 0.5 MPa, 
the radial crack continues to extend, and slices are 
divided into several areas of unequal size, finally, a 

0 120 240 360 480 600 720 840 960
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 G-0-2
 G-0.5-2
 G-1.0-3  
 G-1.5-1
 G-2.0-2

egatlo
V

/V

Time/us

Reflected Signal

Transmitted Signal
Incident Signal

640 650 660 670 680 690 700
1.08

1.11

1.14

1.17

1.20

-120

-80

-40

0

40

80

120

σ
aP

M/

I R
T I+R

30 60 90 120 150 180 210
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 η

St
re

ss
 e

qu
ili

br
iu

m
 fa

ct
or

Time/us

(a) Typical stress wave of coal samples (b) Stress equilibrium of the sample G-1.0-3

Fig. 8  Verification of stress equilibrium

0 2 4 6 8 10 12 14 16 18

5

10

15

20

25

30

35

40

45

aP
M/ssertS

Strain/10-3

 G-0-2  
 G-0.5-2  
 G-1.0-3  
 G-1.5-1 
 G-2.0-2

Fig. 9  Stress‒strain curve of typical samples



Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:111  

1 3

Page 9 of 15   111 

Vol.: (0123456789)

network of reticular cracks is formed. When the ini-
tial pressure rises from 1.0 to 1.5 MPa, the reticular 
cracks in the sample are more developed, and even 
annular parallel cracks are formed. When the initial 
gas pressure is set to 2.0 MPa, the number of cracks 
rises sharply, and the fracture intensifies until the net-
work topology of the crack is formed.

4.3.2  Three‑dimensional crack distribution of coal

The slices can only show the local crack propagation, 
while 3D reconstruction can directly characterize and 
quantify the global crack volume and distribution 

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5

Fig. 10  Slice location

Table 3  Crack distribution

No. G-0-2 G-0.5-2 G-1.0-3 G-1.5-1 G-2.0-2 

Slice layer

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5

The black of the slice after binarization represents the crack structure
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characteristics. Table 4 depicts the top view and front 
view of the crack in the impacted samples.

When there is no gas pressure acting on the 
impact coal sample, the sample contains axial split-
ting/thoroughgoing cracks triggered by the Pois-
son effect and a few annular cracks, and the sam-
ple shows splitting failure. When the initial gas 
pressure is from 0.5 to 1.0 MPa, a network of axial 
reticular cracks and even annular parallel cracks 
that converge through the section of the coal is 
developed. When the initial gas pressure is from 1.5 
to 2.0 MPa, the axial and annular parallel cracks in 
the impacted sample become more prominent with 
rising initial gas pressure, and finally, the two kinds 
of cracks form a spatial reticular crack system.

The crack volume and its fractal dimension can 
efficiently reflect the internal failure degree of 
the coal sample (Fu et  al. 2020). Therefore, after 
extracting the crack of the coal sample by 3D recon-
struction technology, the complexity of cracks is 
quantified based on the box dimension method 
in the fractal theory. The method can be defined 
as cubes with δ length covering the entire crack 

(regardless of the boundary effect), and then the 
number of cubes required to fill the whole crack 
space is counted. Finally, the coal sample crack’s 
fractal dimension is represented by the slope of the 
fitting curve (Liu et  al. 2022; Wang et  al. 2021a), 
that is:

In the formula, N(δ) represents the number of 
cubes, and DV represents the fractal dimension.

The crack volume and fractal dimension of coal 
samples as depicted in Table 4. It is evident that the 
coal samples’ VF rises from 3.78 to 5.02   cm3 with 
rising initial gas pressure, and the DV increases from 
2.13 to 2.53 accordingly. Compared with the DV of 
samples without gas, the DV increased by 10.32%, 
17.99%, 26.46%, and 32.80% respectively. In other 
words, when gas pressure increases, the crack volume 
and fractal dimension of coal samples rise.

In summary, gas aggravates the splitting-spallation 
composite failure of coal samples.

(2)DV = −
lgN(�)

lg(�)

Table 4  Three-dimensional crack fractal characteristics

No. G-0-2 G-0.5-2 G-1.0-3 G-1.5-1 G-2.0-2 

Front view

Top view

VF/cm3 3.78 4.17 4.46 4.78 5.02

DV 2.13 2.24 2.30 2.46 2.53

The purple in the picture is a crack structure. VF is crack volume
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5  Discussions

The trend of dynamic mechanical parameters, crack 
volume, and fractal dimension at the mesoscopic 
level of impacted samples under distinct initial gas 
pressure are analyzed above. However, the mecha-
nism of gas deteriorated mechanical parameters and 
aggravated crack propagation of coal samples under 
the combined dynamic and static loads remains to be 
revealed.

5.1  Discussion on gas deteriorated mechanical 
parameter of coal sample

Firstly, the surface energy of GAS can be represented 
as follows (He et al. 1996):

Steverding and Lehnigk (1970, 1976) deduced that 
the failure condition of materials caused by stress 
pulses (σi(t)) of arbitrary shape is as follows:

It is assumed that an ideal half-periodic sinusoidal 
stress pulse acting on the material is σd (Steverding 
and Lehnigk 1976; Li 2014), that is:

Simultaneous Eqs. (4) and (5), the condition for 
material failure under the action of half-periodic sinu-
soidal stress pulses is obtained:

The Eq. (3) can be substituted for Eq. (6):

In particular, based on Eq.  (6), the dynamic 
strength of gas-free coal (σ0) can be represented by 
the formula given below:

(3)� = �0 −
RT

V0S

p

∫
0

Vp

p
dp

(4)�
t

0

�2
i
(t)dt ≥ ��Es

cs

(5)�i(t) = �d sin
2�t

Ti
, 0 ≤ t ≤ Ti

2

(6)�2
d
=

8�2�Es

cs

(
4�t − Ti sin

4�t

Ti

)

(7)

�2
d
=

8�2�0Es

cs

(
4�t − TiSin

4�t

Ti

) −
8�2Es

cs

(
4�t − TiSin

4�t

Ti

) RT

V0S

p

∫
0

Vp

p
dp

It is assumed that the adsorption curve conforms 
to the Langmuir equation (Wang et al. 2021b):

Simultaneous Eqs. (7) to (9):

where, γ0 and γ represent the surface energy of gas-
free coal and GAS, respectively; R is the general 
gas constant; T is the absolute temperature; V0 is the 
molar volume; S is the specific surface area; Vp is the 
amount of gas adsorption at equilibrium adsorption; 
Es is the initial elastic modulus; Ti is the period of 
stress pulse; a is the limit capacity of adsorption at 
reference pressure; b is the equilibrium constant for 
adsorption.

Secondly, according to Bangham hypothesis 
(Wang et  al. 1994), the correlation between strain 
caused by the gas effect and surface energy of GAS 
under load constraints is as follows:

In the above formula, Δε is the expansion strain 
of GAS under load constraints; λ is a proportional 
coefficient, whose value can be represented as 
� = 2S�c∕9K , where K, ρc are the bulk modulus and 
initial apparent density of the coal; Δγ represents 
the change in the surface energy of coal.

Therefore, the failure strain of GAS under the 
coupled dynamic and static loads is as follows:

The model of failure strain of the coal under the 
gas occurrence can be found by substituting Eqs. 
(3), (9), and (12) for Eq. (13).

where,�0
m
 and �e

m
 are the dynamic failure strain of 

gas-free coal and GAS under combined dynamic and 
static loads, respectively.

(8)�2
0
=

8�2�0Es

cs

(
4�t − TiSin

4�t

Ti

)

(9)Vp =
abp

1 + bp

(10)
(
�d

�0

)2

= 1 −
aRT

�0V0S
ln(1 + bp)

(11)Δ� = �Δ�

(12)�e
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m
+ Δ�

(13)�e
m
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In summary, it can be obtained from Eqs. (10) 
and (13) that the coal samples’ dynamic strength 
reduces and the failure strain increases synchro-
nously with rising gas pressure, and the theoreti-
cal verification is consistent with the experimental 
results.

5.2  Discussion on gas aggravates failure of coal

Internal cracks in GAS are regarded as ideal ellipses 
(Muskhelishvili 1955). The gas action is equivalent to 
the tensile stress acting on a certain value at the crack 
tip (He et  al. 1996; Wang et  al. 2021a), combined 
with the failure mode of impacted coals, therefore, 
the meso-crack can be regarded as a type I. The effec-
tive transverse compressive stress ( �∗

o
 ) and effective 

normal compressive stress ( �∗
n
 ) under gas pressure are 

obtained:

In the formula, σ1 and σ3 are the maximum and 
minimum principal stress, respectively; p0 and Δp are 
the initial gas pressure and desorption gas pressure, 
respectively; α is the angle between the crack and the 
minimum principal stress.

Then, the stress intensity factor (SIF) of type I of 
GAS is KI (Wang et al. 2021b):

where, KI(O) and KI(n) are stress intensity factors 
caused by tensile stress and normal compressive 
stress, respectively; in which KI(O) is established if 
r/l* → 0; r is the curvature radius at the crack tip; l* is 
the long half axis of the ellipse.

(14)
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The stress state of GAS under dynamic and static 
loads is depicted in Fig.  11. Among them, the left 
disc represents the force diagram of the gas-bearing 
coal at the moment of impact, P represents the gas 
pressure, the straight-line arrow and the broken-
line arrow represent the static load and the dynamic 
load respectively. The 3cubes on the right side rep-
resents the gas flow in the X, Y and Z directions of 
the micro-element in the coal samples. Based on the 
above stress state of GAS and the calculation method 

of SIF, the SIF of GAS under dynamic and static 
loads can still be represented by Eq.  (15). Among 
them, the stress of GAS includes the combined force 
of dynamic and static load (uniformly expressed by 
σ1) and the gas surface force (p) acting on the coal’s 

X

Y

Z

P

Fig. 11  Model of gas-bearing coal under dynamic and static 
combined loading
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surface (the gas pore pressure after adsorption equi-
librium is equal to the gas pressure outside the coal in 
the gas sealing device, so the effective confining pres-
sure of coal is 0). Therefore, the SIF of GAS under 
dynamic and static load is calculated as follows:

Since the condition for KI(O) to be established is 
r/l* → 0, then the Eq. (16) can be transformed into:

Therefore:

Equation  (18) illustrates that the SIF of GAS is 
strongly associated with the initial gas pressure, exter-
nal load, crack length, and the angle between the long 
axis and the horizontal direction. In addition, the SIF 
of type I crack rises with the rise of initial gas pres-
sure and desorption gas pressure. The studies show 
that when the SIF of type I crack increases fracture 
toughness (KI, it is the property and has nothing to do 
with the external stress state), it leads to the increase 
of stress near the crack tip and promotes rapid propa-
gation of cracks. Therefore, gas aggravates the com-
pound failure of GAS.

6  Conclusion

Utilizing a self-developed observable combined 
dynamic and static loading test system of GAS, the 
dynamic compression experimentation of coal sam-
ples was carried out. The mechanical properties 
including the coal samples’ failure mode during dis-
tinct initial gas pressures were studied. Moreover, the 
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2
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mechanism of gas deteriorated mechanical param-
eters and aggravated propagation of cracks during 
the combined dynamic and static loads revealed. The 
results indicated the following conclusions:

(1) The gas tightness criterion and one-dimensional 
stress wave hypothesis are both satisfied by the 
observable combined dynamic and static loading 

test system of GAS, which can successfully con-
duct dynamic experiments and real-time record-
ing of the GAS failure process.

(2) There is no evident compaction stage on the 
dynamic stress–strain curve for GAS, which is 
separated into four stages: linear elastic stage, elas-
toplastic stage, plastic stage, and failure stage. The 
coal samples’ average dynamic strength and failure 
strain deteriorate with the rise of initial gas pressure, 
and the maximum deterioration degree values com-
pared to that under no gas pressure are 36.91% and 
17.65%, respectively. Additionally, compared to the 
static strength, the dynamic strength had more gas 
sensitivity.

(3) Based on CT technology, it is found that the split-
ting-spallation composite cracks of impacted coal 
samples become more prominent with rising initial 
gas pressure, and finally, the two kinds of cracks cre-
ate a complex reticular crack system. In addition, the 
crack propagation degree under different initial gas 
pressure was quantitatively analyzed using the frac-
tal theory. The crack volume and fractal dimension 
increase with rising gas pressure, indicating that gas 
can aggravate the failure degree of coal.

(4) Through theoretical analysis, the deterioration 
model of mechanical parameters of GAS under 
combined dynamic and static loading is obtained, 
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that is, with increasing gas pressure, the coal 
samples’ dynamic strength decreases and the 
failure strain rises synchronously, which is con-
firmed by the experimental results. Meanwhile, 
the primary cause for the aggravation of coal 
compound failure is that the stress intensity fac-
tor of type I crack rises with the rise of initial gas 
pressure and desorption gas pressure.
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