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Influence of saturation level 
on the acoustic emission 
characteristics of gas 
hydrate‑bearing coal
Kang Yu , Yu Miao  & Zhu Jinchao *

To study the effects of gas hydrates on the prevention and control of coal and gas protrusions, this 
paper reports the results of acoustic emission experiments on coal bodies containing gas hydrates 
with different saturation levels. The results showed that few acoustic emission events were generated 
in the elasticity stages of coal bodies containing gas hydrates, and the first sudden increase in the 
number of ringing counts generally occurred before and after the yielding point. Additionally, the 
acoustic emission events in the yielding stage were more active, and the cumulative number of ringing 
counts increased faster. The peak ringing counts appeared around the damage point, and a small 
number of acoustic emission events were still generated after destruction of the coal samples. The 
cumulative ringing counts decreased linearly with increasing saturation. The effect of saturation on 
the cumulative ringing counts in the elasticity stage of the gas hydrate‑containing coal samples was 
small, but the difference between the cumulative ringing counts in the yielding stage and those in the 
destruction stage was larger. The total cumulative ringing counts and the cumulative ringing counts 
during each stage for the gas hydrate‑containing coal samples decreased with increasing enclosure 
pressure. The energy and amplitude of the loading process were consistent with the trend for the 
ringing counts. The acoustic emission ringing counts of gas‑containing coals were greater than those 
of gas hydrate‑containing coals in the yielding and destructing stages.

Keywords Coal and gas outburst, Coal mine gas prevention based on hydrate, Gas hydrate bearing coal, 
Acoustic emission characteristics, Saturation

Coal is an important energy source for China’s economy and is widely used in major basic industries such as 
power generation and smelting. In recent years, with increases in the mining intensity and demand, the depth 
of coal mining has increased at a rate of 8–12 m per  year1. The phenomenon of high ground stress is prominent, 
and dynamic disasters such as coal and gas outbursts occur frequently; these disasters have a considerable impact 
on safe and efficient mining of the coal mines and pose a great threat to the safety of mine  workers2,3. Mining is 
one of the main natural disasters faced, and in-depth research on coal and gas outburst prevention and control 
technologies is urgently needed.

In 2005, Wu et al.4 proposed a new way to prevent and control coal and gas outbursts by utilizing the condi-
tions of mild gas hydrate generation, strong gas storage capacity, and slow decomposition. The main technical 
idea was to inject high-pressure water containing promoters into the coal seam, causing the gas and water to 
react to form solid hydrates, transforming gases into solid hydrates, and reducing the pressure of the coal seam 
gas. In addition, the improved mechanical properties of coal containing gas hydrates compared to those of coal 
containing gases has achieved the goal of preventing coal and gas  outbursts5–7. The key to preventing coal and 
gas outbursts with hydrate technology lies in understanding the mechanical properties of the coal containing 
gas hydrates, the impact of gas hydrate generation on coal permeability, and the mechanism for gas hydrate 
generation. In the present research, it was found that the generation of gas hydrates changed the strength of the 
coal and reduced the permeabilities of the coal seams. As the saturation of gas hydrates gradually increased, this 
phenomenon becomes increasingly  significant8–13. In the process of studying the mechanical properties of coal 
bodies containing gas hydrates, the coal and rock masses often experienced stress failure. During the process of 
load failure, the energy accumulated inside the coal and rock mass was released in the form of acoustic emission 
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signals. Therefore, the internal state of the coal body can be determined directly from the acoustic emission 
 signals14.

At present, research on acoustic emissions has focused mainly on coal or gas-bearing coal rock masses. Zhang 
et al.15 classified acoustic emission events into three bond classes, short, medium, and long, and proposed that 
these three bond classes reflected local damage, overall damage, and random damage processes, respectively. 
Xiao et al.16 reported that the acoustic emission activity gradually weakens with increasing shear angles.  Zhang17 
compared and analysed the evolution law of acoustic emission signals during the deformation and failure of raw 
coal and briquette and analysed the corresponding mechanisms. Liu et al.18 used statistical physics to study the 
acoustic emission signals of composite rocks. Song et al.19 studied the anisotropy of coal acoustic emission signals 
under uniaxial conditions. Wang et al.20 reported that acoustic emission mainly originated from microcrack 
activity in the process zone. Lu et al.21 reported that the acoustic emission b value fluctuated sharply before fail-
ure, indicating the formation of multiscale cracks inside the coal body. Yang et al.22 reported that the maximum 
acoustic emission energy occurred when the overall instability of the roof coal pillar bottom plate occurred at 
different height ratios. Mu et al.23 reported that the joint angle exhibited differentiated prepeak and postpeak 
acoustic emission characteristics with a 45° boundary. Meng et al.24–26 reported that the mechanical and acoustic 
emissions of coal samples with cement contents of 20% under confining pressures of 5 MPa were closest to those 
of raw coal. He et al.27 reported that rock strength improved the deformation resistance of composite materials. 
Liu et al.28 suggested that the development of AE energy represented different stages of the cutting process. Xia 
et al.29 reported that the AE model exhibited an initial growth period, a stable growth period, and a rapid decline 
period. Li et al.30 reported a good positive correlation between the statistical parameters of acoustic emission 
signals and the water pressure curve. Zhang et al.31 suggested that the acoustic emission time series had fractal 
characteristics and that the correlation dimension characterized the degrees of damage to coal samples. Yin et al.32 
reported that AE events exhibited peak fluctuations in the later stages after peak destruction (Supplementary file).

The research cited above indicated that the rock mass structure and loading method have significant impacts 
on acoustic emissions. However, coal rock masses exhibit complex mechanical behaviour and acoustic emission 
characteristics due to their complex structures and compositions. It is necessary to conduct in-depth research on 
the structural impacts of these materials on the acoustic emissions. Currently, research is limited mainly to the 
acoustic emission characteristics of gas-containing coal bodies, and relatively little research has been conducted 
on the acoustic emission characteristics of coal gas hydrate systems. Therefore, research on the impact of acoustic 
emissions from coal containing gas hydrates can be used to analyse the mechanical properties of coal containing 
gas hydrates, verify the ability of coal containing gas hydrates to improve outburst coal seams, and enrich and 
improve the theory of gas hydrate solidification and outburst prevention technology.

Based on this, this article takes coal bodies containing gas hydrates as the research object, describes acoustic 
emission experiments performed on coal bodies containing gas hydrates under different saturations and confin-
ing pressures, and combines the elastic, yield, and failure stages of deformation and failure of coal bodies contain-
ing gas hydrates to reveal the influence of gas hydrate formation and saturation on the acoustic characteristics 
of outburst coal bodies.

Experiment
Experimental device
An integrated experimental device for in situ generation and testing of the acoustic emissions from gas hydrates 
in coal was designed to study the acoustic emissions of coal containing gas hydrates. The device consisted of 
a multifunctional coal rock holder, a triaxial loading system, an acoustic emission signal acquisition system, a 
temperature control system, a gas pressure control system, and an experimental data acquisition system. This 
device generated gas hydrates in situ and obtained the acoustic emission characteristics of coal containing gas 
hydrates and featuring different crystal types, saturation, loading conditions, and additives. A diagram and 
schematic diagram of the equipment are shown in Fig. 1.

Figure 1.  Experimental equipment.
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This study used an acoustic emission signal acquisition and analysis system for the SH-II all-weather health 
monitoring system produced by the American Physical Acoustics Company. The acoustic emission signal acquisi-
tion and analysis system mainly consisted of an acoustic emission probe, a preamplifier, a filter, a main amplifier, 
a computer, and the corresponding data processing and analysis software.

Both the fixed end of the axial pressure and the sample were solid pads, which facilitated the transmission of 
acoustic emission signals. Therefore, the acoustic emission probe (as shown in Fig. 1) was arranged at the fixed 
end where the axial pressure was applied. The acoustic emission probe model was an SR150M, and the dimen-
sions were Ф19 × 15 mm, the frequency range was 60–400 kHz, the resonant frequency was 300 K, the weight 
was 22 g, the operating temperature range was − 20–120 °C, and the sensitivity peak was > 75 dB.

Sample preparation
The mechanical properties of coal seams with coal and gas outbursts are poor, and the success rate of raw coal 
sampling is low. Even if hard blocks were prepared as samples, it was difficult to represent the properties of the 
entire coal seam. Yin et al.33 also reported that for specific mechanical parameters, such as compressive strength 
and elastic modulus, shaped coal and raw coal exhibited certain differences. However, in terms of the deforma-
tion parameters and compressive strength change rules, shaped coal and raw coal were consistent. Therefore, 
considering the poor mechanical properties of coal seams and gas outbursts, as well as the consistency between 
coal seams and raw coal seams in terms of regularity, coal was selected for research on the influence of saturation 
changes on the mechanical and acoustic emission characteristics of coal containing gas hydrates.

Therefore, in this experiment, a coal sample with good uniformity and a high preparation success rate was 
used as the sample, and the preparation process was as follows:

1. The coal samples taken underground were tightly wrapped with waterproof film, placed in the sample box 
and transported back to the laboratory to avoid changes in the moisture contents of the coal samples.

2. The coal sample was removed from the sample box and put into a pulveriser to break it into coal powder.
3. A certain amount of coal powder was put it into the screening machine, and it was thoroughly screened to 

obtain coal powder with particle sizes of 60–80 mesh.
4. A certain amount of 60–80 mesh coal powder and distilled water were added to the mixture, the stirring 

speed was set to 124 r/min, and the stirring duration was 15 min. The fully stirred coal powder was removed 
and put into the mould. The mould containing the coal powder was placed on the press, a force of 100 MPa 
was applied, and the process was continued for 30 min (a pressure of 100 MPa is commonly used for prepar-
ing coal, and the compressive strength of the coal prepared under this pressure was relatively close to that of 
the raw  coal34,35); additionally, the compressed and formed coal powder sample measuring φ 50 × 100 mm 
was removed from the coal sample with nonparallelism of the end face not exceeding 0.05 mm for the next 
drying step.

5. The briquette sample was placed in a drying oven, the drying temperature was set to 50 °C, and the sample 
was weighed every 20 min. When the weight of the briquette approached the target weight, the weighing 
interval was shortened to ensure that the moisture in the briquette was at the target value. When the weight 
of the briquette reached the target weight, the briquette was removed, the briquette was tightly wrapped in 
cling film, and the briquette was directly placed in a triaxial chamber for acoustic emission experiments.

To approximate the properties of the samples to those of coal bodies at risk for coal and gas outbursts, an 
experimental coal sample was taken from a coal seam in the Xinan Coal Mine of the Longmei Group with a 
tendency to burst. Pure water was generated in-house in the laboratory. The methane gas used was purchased 
from Harbin Tongda Gas Co., Ltd. The gas sample composition was 99.99%  CH4. Figure 2a shows the briquette 
sample, and Fig. 2b shows the gas hydrate generated in the experiment.

Experimental procedure
Based on the acoustic emission characteristics of the coal containing gas hydrates, the effect of loading process 
saturation on the corresponding acoustic characteristic parameters was determined. Saturation is an important 
parameter for measuring the effects of hydrates on the acoustic characteristics of coal, and saturation control is 
a key technical challenge in this experiment.

At present, there are two main methods for saturation control. One is the water excess method. The experi-
ment starts by injecting gas into the coal sample at once, then closing the valve and starting the hydration reac-
tion. As the gas enters the hydrate cage in the gas phase space to form hydrates, the gas phase pressure gradually 
decreases. When the reaction stabilizes, the gas phase pressure remains unchanged. After a period of stability, 
the end of hydrate generation is determined based on the temperature and pressure at the beginning and end of 
the hydration reaction. Combined with the gas state equation, the hydrate saturation in the coal sample can be 
calculated. The second method is the gas excess method. During the hydration reaction, whenever the gas phase 
pressure decreases by a certain amount, the gas is replenished until the gas phase pressure no longer decreases. 
Assuming that the water in the coal sample reacts completely, the saturation level is calculated based on the 
initial water content.

Both saturation control methods have advantages and disadvantages. The saturation level calculated via the 
water excess method is relatively accurate, but because some water does not participate in the reaction, the final 
saturation is low; this limits the saturation setting range of the experiment, and the randomness of hydrate gen-
eration can also cause differences in the final saturation level under the same initial conditions. In the gas excess 
method, a small amount of bound water on the surface of the coal body does not participate in the hydration 
reaction, which decreases the actual saturation level to less than the calculated level; however, the difference in 
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the saturation levels of coal samples with different gas hydrates under the same initial temperature and pressure 
decreases, facilitating analysis and discussion with more accurate test results.

In summary, due to the advantages of the gas excess method, such as small differences in saturation levels 
and wide saturation ranges among coal samples containing different gas hydrates, this study adopted the gas 
excess method to generate hydrates in the coal samples and investigated the influence of saturation factors on 
the acoustic emission characteristics of gas hydrated coal  bodies12.

The calculation process of the initial water content required for a certain hydrate saturation is as follows:
The hydrate saturation level was the ratio of the hydrate volume to the total pore volume of coal and was 

calculated as follows:

where Vh and Vm are the volume of the hydrates and the total pore volume of the coal samples, respectively.
According to Formula (1), for the same total volume of coal pores, different hydrate saturation levels cor-

respond to different hydrate volumes. The total volume of the coal pores was calculated with Formula (2):

where ms is the mass of the briquette sample (260 g, empirical value), and the pore volume Vg is the average 
value of three test pore volumes for the same particle sizes.

Given target hydrate saturation levels of 20, 40, 60, and 80% with a known total pore size of the coal, the 
hydrate mass can be calculated with Formula (3):

where Vh is the hydrate volume, and ρh is the hydrate density. Due to the experimental conditions used in this 
study, the methane hydrate generated was generally type Ι. The density of the methane hydrate was assumed to 
be ρh = 0.91 g/cm3.

The hydration process of methane gas is represented with Eq. (4):

where mw is the mass of water required to achieve the target saturation level.
Assuming that water fully participates in the reaction to generate hydrates, the initial water content required 

for a complete reaction under hydrate saturation conditions can be calculated with Formula (5). In the experi-
ment, the aim of controlling the hydrate saturation level in the coal body was achieved by controlling the initial 
water content of the coal sample. The initial water contents are shown in Table 1.

After the saturation level was controlled, the specific steps were as follows:

1. The prepared briquette sample was wrapped with the upper and lower plugs of the holder with a heat shrink 
tube, the sample was placed in the holder, the acoustic emission probe was installed at the fixed end of the 
axial pressure, a confining pressure of 0.5 MPa was slowly applied, 0.1 MPa of methane was introduced into 
the holder, and the sample was emptied three times to ensure that the air in the pipeline and holder was 
discharged.

(1)Sh =
Vh

Vm
× 100%

(2)Vm = ms × Vg

(3)mh = Vh × ρh

(4)8CH4 + 46H2O ↔ 8CH4 · 46H2O

(5)mw = mh × (46× 18)/(46× 18+ 8× 16)

Figure 2.  Coal sample and generated hydrates (a) Briquette sample, (b) Gas hydrate.
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2. A confining pressure of 5 MPa and a pressure of 4 MPa were applied for 12 h to dissolve the gas in the water. 
Axial pressure was applied at a speed of 0.01 mm/s until the gas-containing coal sample was damaged or the 
axial strain of the sample reached 15%, at which point the experiment ended. The temperature of the incuba-
tor was set to 0.5 °C, and cooling started. When the temperature was lower than the equilibrium temperature 
corresponding to the methane pressure, a pressure drop caused by hydrate formation occurred. When the 
pressure remained constant for 12 h, hydrate formation was considered to be complete, and the test of the 
acoustic emission characteristics of coal containing gas hydrate began.

3. A confining pressure and air pressure were applied at the target value, and axial pressure was applied at 
a speed of 0.01 mm/s until the coal containing gas hydrate was damaged or the axial strain of the sample 
reached 15%. The experiment was completed, and the experimental data were collected and analysed. The 
sample and experimental conditions were replaced for the next set of experiments. The experimental condi-
tions are shown in Table 2.

Experimental results and analyses
Evolution of the acoustic emission characteristics of coal containing gas hydrates during tri‑
axial loading
The acoustic emission ringing count refers to the number of oscillations that exceeded the threshold signal, and 
the cumulative acoustic emission ringing count refers to the cumulative value of the acoustic emission ringing 
count within a certain stage. The acoustic emission ringing count reflects the strengths and frequencies of the 
acoustic emission signals and is widely used in evaluations of acoustic emission  activity15. Therefore, this article 
takes the acoustic emission ringing count as the characteristic parameter to determine the variation law for the 
acoustic emission characteristics of gas hydrate coal bodies. The changes in the acoustic emission ringing counts 
of the coal bodies containing gas hydrates under different confining pressures and saturation levels exhibited 
similar patterns. Therefore, the confining pressure was 5 MPa and the saturation level was 40%, for example, as 
shown in Fig. 3. As shown in the figure, the stress‒strain curve of coal containing gas hydrates exhibited strain 
hardening. There was a stage correlation between the acoustic emission ringing count and the stress responses 
of coal bodies containing gas hydrates. Elastic stage: The cumulative acoustic emission ringing count increased 
slowly, resulting in a small number of acoustic emission events. Yield stage: A sudden increase in the ringing 
count usually occurred before and after the yield point, followed by the detection of more intense acoustic emis-
sion activity, after which the acoustic emission ringing count remained high. Failure stage: There were peaks in 
the acoustic emission ringing count before and after the failure point, resulting in a certain amount of acoustic 
emission activity. During this stage, there were many acoustic emission events. The stress‒strain curves of coal 
bodies containing gas hydrates mainly consisted of an elastic stage, yield stage, and failure stage, with the char-
acteristics of each stage as follows:

Table 1.  Initial water content result.

Particle size Saturation% Initial moisture content (g) Hydrate mass (g) Coal powder mass (g)

60 ~ 80 mesh

20 8.25 9.53

260
40 16.49 19.04

60 24.74 28.56

80 32.98 38.08

Table 2.  Experimental conditions for the influence of saturation on the acoustic emission characteristics of 
gas hydrate bearing coal.

Gas Temperature/℃ Pressure/MPa Confining pressure/MPa Saturation/%

CH4 0.5 4

5

20

40

60

80

7

20

40

60

80

9

20

40

60

80
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1. Elastic stage (OA stage): The relationship between the stress and strain was approximately linear, and com-
paction was not obvious. The cumulative acoustic emission ringing count increased slowly, resulting in a few 
acoustic emission events. The acoustic emission ringing count in the elastic stage accounted for only 8.97% 
of the total cumulative ringing count, indicating that elastic deformation occurred in the coal body in the 
early stage of loading, and the occurrence and propagation of cracks were less common. A small number of 
acoustic emission events came from the sliding friction of coal particles and the closure of microcracks. The 
elastic stage of coal containing the gas hydrate was relatively long, and its corresponding axial strain range 
was 0–4.95%.

2. Yield stage (AB stage): As the stress increased, the load borne by the coal containing gas hydrate gradually 
exceeded the elastic limit. The slope of the stress‒strain curve increased from point A, and the coal under-
went irreversible plastic deformation. Sudden increases in ring count generally occurred before and after 
yield point A. After that, more intense acoustic emission activity was detected, and the acoustic emission 
ring count remained high. The cumulative ring count during the yield stage increased rapidly, with acoustic 
emission ring counts accounting for more than half of the total cumulative ring counts, 70.51%. During 
the yield stage, microcracks in the coal sample began to form and expand rapidly and unstably, marking a 
precursor to failure. The yield stage of coal containing gas hydrate was relatively short, and its corresponding 
axial strain range was 4.95%–5.83%.

3. Failure stage (after point B): As the stress further increased, there was a peak in the acoustic emission ringing 
before and after point B, and microcracks gradually developed into throughgoing cracks. After failure, the 
coal sample containing gas hydrate still maintained a certain bearing capacity, exhibited strain hardening, 
and generated a certain amount of acoustic emission activity. During this stage, there were many acoustic 
emission events, and the ringing count accounted for 20.52% of the total ringing count. The failure stage of 
coal containing gas hydrate was relatively long, and its corresponding axial strain range was 5.83%–15.02%.

Influence of gas hydrate formation on the acoustic emission ring count of coal
Figure 4 shows the stress‒strain curves and acoustic emission ringing counts of coal containing gas and gas 
hydrates under a confining pressure of 5 MPa and a saturation level of 40%. The figure shows that in the elastic 
stage, the acoustic emission ringing values of gas containing coal and gas hydrate containing coal were relatively 
small, and the difference between the two was also relatively small. In the yield stage, the peak value of the acous-
tic emission ringing count for gas-containing coal was significantly greater than that for gas-containing hydrated 
coal, and the yield stage and high range of the acoustic emission ringing count for gas containing coal were both 
relatively long. During the failure stage, both gas-containing coal and gas hydrate-containing coal generated a 
few acoustic emission signals, and the acoustic emission ringing count of the gas-containing coal was greater 
than that of the gas hydrate-containing coal.

Figure 4 indicates that during the loading process in the yield and failure stages, a larger acoustic emission 
ringing count indicated more severe sample failure. Under the same conditions, the coal containing gas hydrates 
exhibited lower acoustic emission ringing counts, which also indicated that gas hydrates were generated in the 
pore space of the coal, which the gas pressure and strengthened the mechanical properties of the coal. Therefore, 
under the same conditions, the coal containing gas hydrates exhibited lower acoustic emission ringing counts, 
demonstrating the impact of gas hydrate generation on the acoustic characteristics. The mechanism by which 
hydrates affected the acoustic emission characteristics of the coal containing gas hydrates is a key fundamental 
issue in the study of acoustic emission from coal containing gas hydrates. We believe that hydrates are generated 
in the pore space of coal, and their distribution pattern is an important factor affecting the acoustic emission 
characteristics of coal containing gas hydrates. There are three main distribution modes for hydrates in porous 
media: cementation, suspension, and  contact5. Among them, cementation and contact are the main ways hydrates 
affect the acoustic emission characteristics of coal, as shown in Fig. 5. Hydrates are generated on the surfaces 
of coal particles and bind to the coal particles that were originally only in contact with each other and form a 

Figure 3.  Change of acoustic emission ringing count of gas hydrate bearing coal during loading process. (a) 
Real time acoustic emission ringing count, (b) accumulated acoustic emission ringing count curve.
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cohesive body, thereby improving the mechanical properties of the coal body and changing its original acoustic 
response. Hydrates are generated in the pore space of coal and come into contact with the coal particles that form 
the pore space. When the coal particles slide under external loads, the hydrates in contact with coal particles 
gradually bear some of the external load during the sliding process, resulting in an acoustic response that differs 
from that of gas-containing coal.

These experiments showed that gas hydrates had a strengthening effect on the mechanical properties of coal. 
The analysis suggested that hydrate particles played a role in cementation or adhesion of the coal, and the dis-
tribution pattern and possible influence mechanism of hydrates in coal pores should be investigated. We plan to 
use CT technology to directly observe the distribution patterns of hydrates in coal and elucidate the strengthen-
ing mechanisms of hydrates on the mechanical properties of coal through a combination of macroscopic and 
microscopic methods.

Evolution of the acoustic emissions of coal bodies containing gas hydrates with different satu‑
ration levels
The saturation level is the ratio of the hydrate volume to the total volume of coal pore space and is an important 
parameter for measuring the number of hydrates and the properties of a hydrate coal  system5. Due to differ-
ences in the water volume and the randomness of hydrate generation, gas hydrate solidification and outburst 
prevention may produce gas hydrate coal bodies with significant saturation level differences. Therefore, to study 
the effect of saturation on the acoustic emissions of gas hydrate coal bodies during the entire triaxial loading 
process, Fig. 6 shows the cumulative acoustic emission ringing counts of coal bodies containing gas hydrates 
under different saturation levels and confining pressures. The figure shows that with the same confining pressure, 
the cumulative ringing count decreased approximately linearly with increasing saturation level. At a confining 

Figure 4.  Acoustic emission ringing count during loading process of gas hydrate-bearing coal and gas-bearing 
coal under the same confining pressure.

Figure 5.  Schematic diagram of the influence mechanism of acoustic emission characteristics of coal bodies 
containing gas and gas hydrates.
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pressure of 7 MPa, the cumulative ringing count decreased the most, with saturation increasing from 40 to 80%. 
The cumulative ringing count decreased to the original value of 0.57, while at confining pressures of 5 MPa and 
9 MPa, it decreased to the original values of 0.46 and 0.34, respectively. As the confining pressure increased, the 
effect of the saturation level on the cumulative ringing count of the coal containing gas hydrates decreased, and 
the slope of the fitted curve showed a significant decreasing trend, indicating that an increase in the confining 
pressure limited the impact of changes in the hydrate content on the acoustic emission ringing count of the coal.

By fitting the cumulative acoustic emission ringing counts of coal bodies containing gas hydrates under 
the same confining pressures and different saturation levels, the fitting curve of the cumulative acoustic emis-
sion ringing counts of coal bodies containing gas hydrates in Fig. 5 was obtained. The fitting equations under 
confining pressures of 5, 7, 9, and 11 MPa were Ca = 90.27–0.87Sh, Ca = 37.84–0.29Sh, Ca = 4.67–0.04Sh, and 
Ca = 2.52–0.02Sh, respectively, and the  R2 values for the fits were 0.84, 0.86, 0.81, and 0.66, respectively. Due to 
the difficulty and complexity of conducting indoor experiments, the data obtained from these experiments are 
generally limited by the small number of experimental points. To enhance the accuracy of the experimental data 
in predicting on-site conditions, a fitting method was used to obtain the relationship between the cumulative 
acoustic emission ringing count and saturation level. Based on the fitting relationship, the cumulative acoustic 
emission ringing count at a certain point within the experimental condition range was determined, providing 
basic and experimental parameters for gas solidification and outburst prevention technology. Among the three 
confining pressures, the fitting degree was closest to 1 at a confining pressure of 7 MPa, and the fitting effect 
was the best.

Influence of saturation on the cumulative acoustic emission ringing counts of coal bodies con‑
taining gas hydrates at different stages
Figure 3 shows that the acoustic emission ringing counts of the coal samples containing gas hydrates exhibit 
different evolution patterns at different stress and strain stages, while Fig. 6 shows that saturation was the main 
factor affecting the total cumulative acoustic emission ringing counts of the coal samples containing tile hydrates. 
Therefore, to study the effect of saturation on the stress‒strain acoustic emissions of coal containing gas hydrates 
at various stages, their cumulative acoustic emission ringing counts were calculated for different saturation 
levels during the loading process. Combined with the range of deformation and failure stages, Fig. 7 shows the 
cumulative acoustic emission ringing counts during the elastic, yield, and failure stages. As shown in the figure, 
there were more cumulative acoustic emission ringing events in the yield stage, fewer cumulative ringing events 
in the failure stage, and the fewest cumulative ringing events in the elastic stage. Under the same confining pres-
sure, there was a small difference in the cumulative ringing counts of coal samples containing gas hydrates with 
different saturation levels in the elastic stage. The maximum difference in the cumulative ringing counts among 
the three saturation ranges was 0.78 × 103. Increases in the number of hydrates in the pores of the coal body had 
a relatively small impact on the acoustic emission activity generated by compaction and slight slip during the 
elastic stage of the coal body. An analysis revealed that the coal sample exhibited elastic deformation, with only 
slight slip, resulting in a few acoustic emission events, while hydrates were distributed in the pores of the coal 
body in the filling, wrapping, and cementation states. During the elastic stage, slight slip had a small impact on 
the interactions between hydrates and the coal sample skeleton particles.

In the yield stage, saturation had a significant impact on the cumulative acoustic emission ringing counts 
of the coal samples. The cumulative acoustic emission ringing counts of coal samples containing gas hydrates 
decreased with increasing saturation levels. After the saturation level increased from 40 to 80%, the cumulative 
acoustic emission ringing counts of the coal samples containing gas hydrates in the yield stage decreased to the 
original values of 0.49 (confining pressure 5 MPa), 0.64 (confining pressure 5 MPa), and 0.21 (confining pres-
sure 5 MPa). Increases in the amounts of hydrates in the pores of the coal samples suppressed the slippage of 

Figure 6.  Cumulative acoustic emission ringing counts of gas hydrate bearing coal at different saturations.
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particles and even fracture surfaces during the yield stage, and the cumulative ringing counts of the coal samples 
with gas hydrates at higher saturation levels were relatively low during the yield stage. An analysis suggested that 
when the coal sample entered the yield stage, irreversible plastic deformation occurred, the coal pore space was 
compressed, and microcracks gradually developed. The sliding activities of particles and fracture surfaces became 
intense, and the distribution of hydrates between coal particles played a role in cementing the coal particles or 
supporting the pore space, inhibiting the sliding of particles and fracture surfaces that generate acoustic emission 
activity, thereby causing the above  phenomena22.

During the failure stage, saturation had an impact on the cumulative ringing counts of the coal samples 
containing gas hydrates, and the cumulative ringing count decreased with increasing saturation levels. Under a 
confining pressure of 9 MPa, as the saturation increased, the cumulative ringing count decreased the most, by 
64.92%. This indicated that changes in the hydrate content had an impact on the acoustic emission activity dur-
ing the failure stage of gas-containing hydrated coal bodies. An analysis suggested that the stress‒strain curves 
of the coal containing gas hydrates mostly exhibit a strain hardening type, and there was no obvious stress drop. 
That is, during the failure stage, as the axial load was applied, the stress that the coal containing gas hydrates 
bore barely changed. This may be because the allowable stress level of the coal containing gas hydrates during 
the failure stage mainly came from slippage of the connecting surface. However, during the slip process of the 
connecting surfaces, the cementation or support effect of the hydrates still played a certain role, so saturation 
had an impact on the cumulative ringing counts of gas hydrate coal bodies during the failure  stage16.

Effect of confining pressure on the acoustic emission ringing count of coal containing gas 
hydrates
In actual engineering, the coal seam is in a three-way stress environment, and the ground stress of the coal seam is 
closely related to the burial depth and tectonic movement. Therefore, to study the influence of confining pressure 
(ground stress) on the acoustic emission characteristics of gas hydrate coal during the whole process of triaxial 
loading, Fig. 8 shows the cumulative acoustic emission ringing count of gas hydrate coal under different confining 
pressures and degrees of saturation. The figure shows that under the same saturation level, the cumulative ringing 
count decreased in an approximately binomial manner with increasing confining pressure, and the decrease was 
significant. When the confining pressure increased from 5 to 11 MPa, the cumulative ringing count decreased by 
97.05% (20% saturation), 97.60% (40% saturation), 96.91% (60% saturation), and 96.94% (80% saturation). The 
difference in the decreases in cumulative ringing counts at the different saturation levels was small. An increase 
in the confining pressure suppressed the acoustic emission activities of the coal samples containing gas hydrates 
during the loading process, and the extents to which the confining pressure suppressed acoustic emission from 
the coal samples containing gas hydrates and different saturation levels were relatively similar.

The cumulative acoustic emission ringing at different saturation levels during the loading process, combined 
with the range of deformation and failure stages, are shown in Fig. 9 for cumulative acoustic emission ringing 

Figure 7.  Influence of saturation on accumulative acoustic emission ringing count of gas hydrate bearing coal 
in different stages (a) 5MPa, (b) 7MPa, (c) 9MPa, (d) 11MPa.
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counts of the gas hydrates containing coal at different confining pressures during the elastic, yield, and failure 
stages. As shown in the figure, at the same saturation levels, the cumulative ringing counts in the elastic stage, 
yield stage, and failure stage all decreased with increasing confining pressure. Under a confining pressure of 
9 MPa, the cumulative ringing counts of the coal samples containing gas hydrates at each stage were the smallest, 
and compared to those at confining pressures of 5 MPa and 7 MPa, the decreases were significant. The influence 
of confining pressure on the cumulative ringing count of gas hydrate-containing coal at different stages under 
different saturation levels was similar. The inhibitory effect of confining pressure on the acoustic emission activi-
ties of coal bodies containing gas hydrates was reflected in various stages of stress‒strain, and this inhibitory 
effect was less affected by the saturation level. An analysis suggested that under the same axial pressure, a greater 
confining pressure limited the relative slip of the fracture surface, resulting in less acoustic emission activity and 
fewer acoustic emission rings.

Figure 8.  Cumulative acoustic emission ringing counts of gas hydrate bearing coal at different confining 
pressure.

Figure 9.  Influence of confining pressure on accumulative acoustic emission ringing count of gas hydrate 
bearing coal in different stages (a) Saturation 20%, (b) Saturation 40%, (c) Saturation 60%, (d) Saturation 80%
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Conclusion
Acoustic emission experiments were conducted on coal containing gas hydrates at different saturation levels, 
combined with the elastic, yield, and failure stages of deformation and failure of coal containing gas hydrates, 
to reveal the influence of gas hydrate formation and saturation on the acoustic characteristics of outburst coal.

1. During the yielding and failure stages, the acoustic emission ringing count of gas-containing coal was higher 
than that of gas-containing hydrate coal.

2. There was a stage correlation between the acoustic emission ringing counts and the stress responses of coal 
bodies containing gas hydrates. Elastic stage: The cumulative acoustic emission ringing count increased 
slowly, resulting in few acoustic emission events. Yield stage: Sudden increases in the ringing count usu-
ally occurred before and after the yield point, followed by the detection of more intense acoustic emission 
activity, after which the acoustic emission ringing count remained high. Failure stage: There were peaks in 
the acoustic emission ringing counts before and after the destruction point, resulting in a certain amount of 
acoustic emission activity. During this stage, there were many acoustic emission events.

3. The cumulative ringing count of the coal containing gas hydrates showed an approximately linear decreas-
ing trend with increasing saturation. Saturation had a relatively small impact on the cumulative ringing 
count during the elastic stages of coal samples containing gas hydrates, while the cumulative ringing count 
during the yield and failure stages of coal samples containing gas hydrates with different saturations varied 
significantly.

4. The confining pressure had an inhibitory effect on the acoustic emission activities of coal samples containing 
gas hydrates. As the confining pressure increased, the total cumulative ringing count and the cumulative 
ringing count at each stage of the coal sample containing gas hydrate decreased.

In subsequent research, the acoustic emission characteristics of coal samples containing gas hydrates under 
high stress should be investigated for better alignment with existing deep mining applications.

Due to the different physical signalling mechanisms generated by coal rock fractures, a single indicator rarely 
reflects the characteristics of coal failure comprehensively and accurately. Subsequent research should use a 
comprehensive indicator method comprising acoustic emission, electromagnetic induction signals, and other 
indicators to replace the single indicator method and achieve a more comprehensive and accurate reflection of 
coal failure characteristics.

Received: 9 January 2024; Accepted: 14 March 2024

References
 1. Xie, H. Research review of the state key research development program of China: Deep rock mechanics and mining theory. J. 

China Coal Soc. 44, 23. https:// doi. org/ 10. 13225/j. cnki. jccs. 2019. 6038 (2019).
 2. Xie, H. et al. Conceptualization and preliminary research on deep in situ rock mechanics. Chin. J. Rock Mech. Eng. 40, 217–232. 

https:// doi. org/ 10. 13722/j. cnki. jrme. 2020. 0317 (2021).
 3. Yuan, L. Research progress on risk identification, assessment, monitoring and early warning technologies of typical dynamic 

hazards in coal mines. J. China Coal Soc. 45, 1557–1566. https:// doi. org/ 10. 13225/j. cnki. jccs. dy20. 0272 (2020).
 4. Wu, Q., Li, C. & Jiang, C. Discussion on the control factors of forming gas hydrate. J. China Coal Soc. 30, 283–287 (2005).
 5. Wu, Q., Zhu, F., Gao, X. & Baoyong, Z. Effect of hydrate crystal type on mechanical properties of gas hydrate-bearing coal. J. China 

Coal Soc. 39, 1492–1496. https:// doi. org/ 10. 13225/j. cnki. jccs. 2013. 1329 (2014).
 6. Gao, X. et al. Mechanical performance of methane hydrate–coal mixture. Energies. https:// doi. org/ 10. 3390/ en110 61562 (2018).
 7. Cheng, Y. & Lei, Y. Causality between tectonic coal and coal and gas outbursts. J. China Coal Soc. 46, 180–198. https:// doi. org/ 10. 

13225/j. cnki. jccs. YG20. 1539 (2021).
 8. Zhang, B. et al. Methane hydrate formation in mixed-size porous media with gas circulation: Effects of sediment properties on gas 

consumption, hydrate saturation and rate constant. Fuel 233, 94–102. https:// doi. org/ 10. 1016/j. fuel. 2018. 06. 055 (2018).
 9. Wu, Q., Yu, Y., Zhang, B., Gao, X. & Zhang, Q. Effect of temperature on safety and stability of gas hydrate during coal mine gas 

storage and transportation. Saf. Sci. 118, 264–272. https:// doi. org/ 10. 1016/j. ssci. 2019. 04. 034 (2019).
 10. Gao, X., Meng, W., Wu, Q. & Zhang, B. Energy variation rules of gas hydrate-bearing coal under conventional triaxial compression. 

Saf. Coal Mines 51, 196–201. https:// doi. org/ 10. 13347/j. cnki. mkaq. 2020. 010. 031 (2020).
 11. Gao, X., Shen, S. & Zhang, B. Strength criteria of gas hydrate-containing coal under high confining pressure. Saf. Coal Mines 54, 

8–14. https:// doi. org/ 10. 13347/j. cnki. mkaq. 2023. 02. 003 (2023).
 12. Wu, Q. et al. Influence of micro-particles on gas hydrate formation kinetics: Potential application to methane storage and trans-

portation. Adv. Geo-Energy Res. 10, 189–199. https:// doi. org/ 10. 46690/ ager. 2023. 12. 05 (2023).
 13. Zhang, B., Li, H., Gao, X. & Yu, Y. Experimental study on effect of saturation on the permeability of gas hydrate bearing coal. J. 

China Coal Soc. 48, 122–129. https:// doi. org/ 10. 13225/j. cnki. jccs. WS22. 0637 (2023).
 14. Kang, Y. Tri-axial compression test on strength properties of gas hydrate-bearing coal with low concentration using. J. Heilongjiang 

Univ. Sci. Technol. 26, 383–386. https:// doi. org/ 10. 3969/j. issn. 2095- 7262. 2016. 04. 007 (2016).
 15. Zhang, Z., Li, S., Wang, E., Liu, X. & Zhang, Y. Research on the damage evolution characteristics of coal based on cluster analysis 

of temporal-spatial dimension of acoustic emission events. Chin. J. Rock Mech. Eng. 39, 3338–3347. https:// doi. org/ 10. 13722/j. 
cnki. jrme. 2019. 1175 (2020).

 16. Xiao, F., Hou, Z., He, J. & Liu, G. Mechanical characteristics and acoustic emission characteristics of coal samples under variable 
angle shear. J. China Univ. Min. Technol. 47, 822–829. https:// doi. org/ 10. 13247/j. cnki. jcumt. 000891 (2018).

 17. Zhang, L. Comprehensive analysis of acoustic emission evolution characteristics during deformation and failure process of outburst 
coal. J. China Coal Soc. 43, 130–139. https:// doi. org/ 10. 13225/j. cnki. jccs. 2018. 0269 (2018).

 18. Liu, H., Jin, L., Jiang, D., Xie, K. & Jiang, X. Experimental and maximum likelihood theory on acoustic emission statistic effect of 
coal-sandstone composite rock. J. China Coal Soc. 44, 1544–1551. https:// doi. org/ 10. 13225/j. cnki. jccs. 2018. 0785 (2019).

 19. Song, H., Zhao, Y., Elsworth, D., Jiang, Y. & Wang, J. Anisotropy of acoustic emission in coal under the uniaxial loading condition. 
Chaos Solitions Fractals https:// doi. org/ 10. 1016/j. chaos. 2019. 109465 (2020).

https://doi.org/10.13225/j.cnki.jccs.2019.6038
https://doi.org/10.13722/j.cnki.jrme.2020.0317
https://doi.org/10.13225/j.cnki.jccs.dy20.0272
https://doi.org/10.13225/j.cnki.jccs.2013.1329
https://doi.org/10.3390/en11061562
https://doi.org/10.13225/j.cnki.jccs.YG20.1539
https://doi.org/10.13225/j.cnki.jccs.YG20.1539
https://doi.org/10.1016/j.fuel.2018.06.055
https://doi.org/10.1016/j.ssci.2019.04.034
https://doi.org/10.13347/j.cnki.mkaq.2020.010.031
https://doi.org/10.13347/j.cnki.mkaq.2023.02.003
https://doi.org/10.46690/ager.2023.12.05
https://doi.org/10.13225/j.cnki.jccs.WS22.0637
https://doi.org/10.3969/j.issn.2095-7262.2016.04.007
https://doi.org/10.13722/j.cnki.jrme.2019.1175
https://doi.org/10.13722/j.cnki.jrme.2019.1175
https://doi.org/10.13247/j.cnki.jcumt.000891
https://doi.org/10.13225/j.cnki.jccs.2018.0269
https://doi.org/10.13225/j.cnki.jccs.2018.0785
https://doi.org/10.1016/j.chaos.2019.109465


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6369  | https://doi.org/10.1038/s41598-024-57178-9

www.nature.com/scientificreports/

 20. Wang, X., Wang, E., Liu, X., Li, N. & Zhou, X. Three-point-bending test of crack propagation and fracture parameters of coal 
specimens. Chin. J. Rock Mech. Eng. 40, 690–702. https:// doi. org/ 10. 13722/j. cnki. jrme. 2020. 0736 (2021).

 21. Lu, Z. et al. Experimental and numerical simulation research on intermittent failure of structural coal. Chin. J. Rock Mech. Eng. 
39, 971–983. https:// doi. org/ 10. 13722/j. cnki. jrme. 2019. 0694 (2020).

 22. Yang, K. et al. Experimental investigation into interface effect and progressive instability of coal-rock combined specimen. J. China 
Coal Soc. 45, 1691–1700. https:// doi. org/ 10. 13225/j. cnki. jccs. DY20. 0294 (2020).

 23. Mu, H. et al. Response characteristics and influence mechanism of uniaxial compression mechanics and AE of coal with different 
joint angles. J. China Coal Soc. 45, 1726–1732. https:// doi. org/ 10. 13225/j. cnki. jccs. DY20. 0240 (2020).

 24. Meng, H. et al. Evolution of mechanical properties and acoustic emission characteristics in uniaxial compression: raw coal simu-
lation using briquette coal samples with different binders. ACS Omega 6, 5518–5531. https:// doi. org/ 10. 1021/ acsom ega. 0c059 05 
(2021).

 25. Meng, H. et al. Experimental study on briquette coal sample mechanics and acoustic emission characteristics under different 
binder ratios. ACS Omega 6, 8919–8932. https:// doi. org/ 10. 1021/ acsom ega. 0c061 78 (2021).

 26. Meng, H. et al. Study of strength and deformation evolution in raw and briquette coal samples under uniaxial compression via 
monitoring their acoustic emission characteristics. Adv. Civ. Eng. 1–16, 2020. https:// doi. org/ 10. 1155/ 2020/ 88687 54 (2020).

 27. He, Y. et al. Mechanical properties and energy dissipation characteristics of coal–rock-like composite materials subjected to dif-
ferent rock–coal strength ratios. Nat. Resour. Res. 30, 2179–2193. https:// doi. org/ 10. 1007/ s11053- 021- 09850-4 (2021).

 28. Liu, S. et al. Interrelationships between acoustic emission and cutting force in rock cutting. Geofluids 1–12, 2021. https:// doi. org/ 
10. 1155/ 2021/ 66945 32 (2021).

 29. Xia, Z. et al. Mechanical properties and damage characteristics of coal-rock combination with different dip angles. KSCE J. Civ. 
Eng. 25, 1687–1699. https:// doi. org/ 10. 1007/ s12205- 021- 1366-1 (2021).

 30. Li, N. et al. Acoustic emission source location monitoring of laboratory-scale hydraulic fracturing of coal under true triaxial stress. 
Nat. Resour. Res. 30, 2297–2315. https:// doi. org/ 10. 1007/ s11053- 021- 09821-9 (2021).

 31. Zhang, R. et al. Fractal characteristics of acoustic emission of gas-bearing coal subjected to true triaxial loading. Measurement. 
https:// doi. org/ 10. 1016/j. measu rement. 2020. 108349 (2021).

 32. Yin Da, W., Chen Shao, J., Sun Xi, Z. & Jiang, N. Effects of interface angles on properties of rock-cemented coal gangue-fly ash 
backfill bi-materials. Geomech. Eng. 24, 81–89. https:// doi. org/ 10. 12989/ GAE. 2021. 24.1. 081 (2021).

 33. Yin, G., Wang, D., Zhang, D. & Wang, W. Test analysis of deformation characteristics and compressive strengths of two types of 
coal specimens containing gas. Chin. J. Rock Mech. Eng. 28, 410–417. https:// doi. org/ 10. 3321/j. issn: 1000- 6915. 2009. 02. 027 (2009).

 34. Yin, G., Jiang, C., Wang, W., Huang, Q. & Si, H. Experimental study of influence of confining pressure unloading speed on 
mechanical properties and gas permeability of containing-gas coal rock. Chin. J. Rock Mech. Eng. 30, 10. https:// doi. org/ 10. 1007/ 
s12583- 011- 0163-z (2011).

 35. Yin, G., Li, X., Zhao, H., Li, X. & Jing, X. Experimental study of effect of gas pressure on gas see page of outburst coal. Chin. J. Rock 
Mech. Eng. 28, 6 (2009).

Author contributions
K.Y. and Z.J.C., designed the experimental set-up of the study. Experiments were performed by K.Y., Z.J.C., and 
Y.M. Data were extracted and statistically analyzed by K.Y. Statistical analysis was independently cross-checked 
by K.Y. and Z.J.C. The manuscript was written by K.Y., Z.J.C., and Y.M. All authors approved the final version 
of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 57178-9.

Correspondence and requests for materials should be addressed to Z.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.13722/j.cnki.jrme.2020.0736
https://doi.org/10.13722/j.cnki.jrme.2019.0694
https://doi.org/10.13225/j.cnki.jccs.DY20.0294
https://doi.org/10.13225/j.cnki.jccs.DY20.0240
https://doi.org/10.1021/acsomega.0c05905
https://doi.org/10.1021/acsomega.0c06178
https://doi.org/10.1155/2020/8868754
https://doi.org/10.1007/s11053-021-09850-4
https://doi.org/10.1155/2021/6694532
https://doi.org/10.1155/2021/6694532
https://doi.org/10.1007/s12205-021-1366-1
https://doi.org/10.1007/s11053-021-09821-9
https://doi.org/10.1016/j.measurement.2020.108349
https://doi.org/10.12989/GAE.2021.24.1.081
https://doi.org/10.3321/j.issn:1000-6915.2009.02.027
https://doi.org/10.1007/s12583-011-0163-z
https://doi.org/10.1007/s12583-011-0163-z
https://doi.org/10.1038/s41598-024-57178-9
https://doi.org/10.1038/s41598-024-57178-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Influence of saturation level on the acoustic emission characteristics of gas hydrate-bearing coal
	Experiment
	Experimental device
	Sample preparation
	Experimental procedure

	Experimental results and analyses
	Evolution of the acoustic emission characteristics of coal containing gas hydrates during triaxial loading
	Influence of gas hydrate formation on the acoustic emission ring count of coal
	Evolution of the acoustic emissions of coal bodies containing gas hydrates with different saturation levels
	Influence of saturation on the cumulative acoustic emission ringing counts of coal bodies containing gas hydrates at different stages
	Effect of confining pressure on the acoustic emission ringing count of coal containing gas hydrates

	Conclusion
	References


