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In coal mining activities, the original stress of the coal body changes, resulting in structural deformation and destruction, which
will cause changes in gas seepage volume. The conventional triaxial loading test was carried out by using the triaxial loading-gas
adsorption seepage experimental device. The effects of different loading rates, confining pressures, and gas pressures on the peak
strength of coal were analyzed; the evolution laws of coal stress, gas seepage volume, stress rate, and gas seepage volume rate at
different deformation stages were studied; and it was found that the time, at which the specimen began to enter the crack
propagation deformation stage, determined by the change of gas seepage rate or stress rate was not the same. Therefore,
combined with gas seepage and stress, a theoretical model of stress rate-seepage volume rate under triaxial pressure was
proposed, and the ratio F of the two was used as an early warning index. It was found that the F value was basically stable in
the elastic stage and decreased rapidly in the crack propagation stage. Thus, the F value was used as an early warning index for
the instability and failure of gas-bearing coal. The F value of the experimental results was consistent with the theoretical
model, and the F value entered the crack propagation stage earlier than the stress rate or the gas seepage volume rate. The

research results provided a theoretical basis for coal mine safety mining and disaster prevention.

1. Introduction

China is currently the world’s largest coal producer and
consumer, with coal consumption accounting for 56.0 per
cent of total energy in 2018 [1], and China’s coalbed meth-
ane resources ranked third globally [2]. Most of the mines
that experienced disasters associated with rockburst and
gas were high gas mines, in which rockburst created condi-
tions for a large number of rapid gas emissions, and high
gas pressure also constituted the dynamic conditions for
rockburst [3-5]. With the gradual increase of coal mining
depth, the gas pressure, gas content, and ground stress of
coal seam were increasing; the gas permeability was gradu-
ally decreasing, in which the deep coal seam with high gas
content gradually transformed into the outburst coal seam;

and the coal-gas dynamic disaster was becoming more and
more serious [6, 7].

In recent years, many scholars have made many signifi-
cant achievements in the study of coal rock gas dynamic
disasters [8-11], to make people have a certain degree of
understanding of the mechanism of coal rock gas dynamic
disasters, in which the comprehensive action hypothesis
[12, 13] indicated that the increase of gas pressure would
reduce the threshold of coal strength when coal and gas
outburst occurred. Former Soviet scientist Pethuoff first
proposed the concept of impact-outstanding unified
research. In the 1990s, according to the energy criterion,
some people established the criteria for the occurrence of
rockburst and coal-gas outburst disasters and proposed the
unified instability theory [14], which was the first time that
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FIGURE 1: Schematic diagram of the experimental system.

FiGURrk 2: The packaged sample.

Chinese scholars had systematically explored the mechanism
of coal-rock gas composite dynamic disaster. Some
researchers [15] used the unified instability theory of rock-
burst and gas outburst to obtain the coupling relationship
between the two disasters and proposed the corresponding
risk assessment method. Pan [3] further divided coal
dynamic disasters into four categories, coal and gas outburst,
impact-gas outburst composite disaster, gas outburst-impact
composite disaster, and rockburst. A compound disaster

TasLE 1: Experimental scheme.

Loading rate (mm/ Confining pressure  Gas pressure

Plan min) (MPa) (MPa)
1 0.5 0.75 0.5
2 1.0 0.75 0.5
3 15 0.75 0.5
4 05 15 0.5
5 05 2.0 0.5
6 0.5 0.75 1.0
7 0.5 0.75 1.5

model of rockburst and gas outburst in circular roadway
[16] was established to study the induced transformation
mechanism of rockburst and coal and gas outburst. Li
et al. [17] studied the mechanical mechanism of coal and
gas outburst in low-permeability outburst coal seam with
soft coal seam, direct roof, and direct bottom under rock-
burst and proposed that the existence of hard rock in the
floor should be paid attention to. In the process of deep coal
seam mining, the mechanical characteristics of coal seam
and gas-containing coal seam were different, because the
adsorption-desorption of gas in coal was reversible, which
means the adsorption of gas would cause the expansion of
the coal matrix and the desorption of gas would cause the
contraction of coal matrix, and these deformations changed
the pore structure of coal [18, 19]. Therefore, it was of great
significance to consider the influence of gas on the mechan-
ical characteristics of coal. Many scholars proposed the con-
stitutive equation of gas-bearing coal [20-22] and conducted
experimental research. It was found that the presence of gas
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FIGURE 3: Time-axial stress curves under different loading conditions.

would reduce the strength of coal [23, 24], the elastic modu-
lus of coal decreased with increasing gas pressure [25], the
increase of gas pressure would reduce the critical shear stress
of coal, and enormous initial gas pressure and low external
load would cause serious coal sample damage [26]. Based
on the triaxial stress loading test, the stress-strain relation-
ship and permeability characteristics were analyzed [21,
27], and it was also concluded that the axial strain mainly
occurred in the elastic deformation stage, and the failure of
the sample was mainly caused by the radial strain in the
elastic-plastic and plastic deformation stages [28]. With the
increase of confining pressure, the peak strength of coal
samples increased, and the stress drop coeflicient decreased
exponentially [29]. Through the true triaxial dynamic and
static loading tests on gas-bearing layered composite coal
and rock mass, the induced effects and dynamic behaviour
characteristics of various loading factors on rockburst-
outburst composite disasters were analyzed, and it was
pointed out that high-pressure gas had a positive effect on
the breeding of dynamic disasters [30]. Based on the
mechanical test and theoretical analysis of coal samples with
low gas pressure, Li and Pi believed that the coal disaster
would occur in advance under the combined impact of the

roof and floor fracture [31]. These studies showed that the
deformation and failure of coal were a complex evolution
process, and the mechanical properties of gas-bearing coal
were directly related to gas content.

The main reason for the coal and gas outburst disaster
was gas seepage in the coal seam [32, 33], so domestic and
foreign scholars had much research on gas permeability
and achieved significant results. Wang et al. [34] studied
the influence of axial stress and gas pressure on permeability.
The results showed that with the increase of axial stress or
gas pressure, the permeability increased, and the axial stress
had a greater impact on it. The variation laws of permeabil-
ity of coal samples under different temperatures, confining
pressures, and gas pressures were analyzed, and it was found
that the permeability of coal decreased due to the existence
of gas pressure and increased first and then decreased with
the increase of temperature [35, 36]. Jiang et al. [37] con-
structed the motion equation of gas in coal under the cou-
pling of stress field, temperature field, and sound field,
which provided a new method to improve the extraction rate
of coalbed methane. Some scholars divided the surrounding
rock of roadway into four zones according to the change of
coal permeability through numerical simulation and
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FIGURE 4: Time-gas seepage volume curve under different loading conditions.

analyzed the mechanical characteristics of different zones
[38]. The change of coal permeability under different injec-
tion pressures was divided into four stages, and an overlap-
ping method was designed to generate the permeability
diagram of coal [39]. A model based on GRA-PCA-BP neu-
ral network was built to predict dynamic disasters of coal-
gas compounds [40]. Monitoring the change of gas seepage
rate with axial stress and confining pressure under different
cyclic loading and unloading conditions, it was found that
the effect of axial stress on gas seepage rate was less than that
of confining pressure under the same stress state [41]. By
monitoring and analyzing the change law of electric poten-
tial signal produced in the loading process of gas-bearing
coal, the damage and destruction of coal were obtained
[42], and the relationship between acoustic emission and
gas concentration was also analyzed [43]. Jiang et al. [44]
carried out fundamental research on the early warning tech-
nology of coal rock gas composite dynamic disasters and
constructed a new real-time early warning platform for com-
posite dynamic disasters. The strain of gas-bearing raw coal
and coal briquette at the moment of adsorption pressure
relief was analyzed, and it was found that the deformation

of raw coal had certain reversibility at the moment of pres-
sure relief, while the coal briquette had a plastic failure [45].

Many existing studies were based on the analysis of
the influence of various loading factors on the change of
mechanical characteristics or gas seepage of gas-bearing
coal under different loading conditions, as well as the
study of their at different deformation stages. However,
combined with the mechanical characteristics and perme-
ability, there were few studies on the identification of pre-
cursor characteristics of instability failure of gas-bearing
coal. This paper attempted to propose a comprehensive
early warning index by combining the variation character-
istics of stress and gas seepage of gas-bearing coal under
three-dimensional stress loading, which was used to deter-
mine whether the specimen entered the crack propagation
stage, and provided theoretical guidance for the safe min-
ing of gas-bearing coal mines.

2. Experimental System and Scheme

2.1. Experimental System. The gas-bearing coal loading
experimental system includes an axial loading system,
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FIGURE 5: Gas seepage volume at the same time under different loading conditions.

confining pressure loading system, and gas seepage system,
as shown in Figure 1. The system can realize the deforma-
tion and failure experiment of fluid-solid coupling medium
under load, effectively simulate the stress environment of
deep coal and rock mass, and monitor the stress, strain,
and gas flow in real-time during the whole process under
load. The axial loading system adopts YAW4306 mechanical
testing equipment, which can realize displacement control
and force control; the loading speed can be between 60
and 60000 N/s; and the accuracy is +1%. The confining pres-
sure loading system replaces the traditional hydraulic oil,
using nitrogen to impose confining pressure. It solves the
sealing problem when the sensor data line in the cylinder
is connected. The gas seepage volume data acquisition and
analysis system use USB8516 data acquisition instrument
and DasView2.0 analysis software.

2.2. Specimen Preparation. The coal sample processing was
strictly in accordance with the national rock mechanics test
standards, the sample size was @50 mm X% 100 mm, and the
upper and lower surface roughness was not more than
+0.05mm. In order to ensure the gas tightness, the prepared

samples were packaged by sealing ring and heat shrink tube,
and the packaged sample was shown in Figure 2.

2.3. Test Procedure

(1) The loading rates were set to 0.5mm/min, 1 mm/
min, and 1.5mm/min; the gas pressures were set to
0.5 MPa, 1 MPa, and 1.5 MPa; and the effective con-
fining pressures were set to 0.75MPa, 1.5 MPa, and
2 MPa;

(2) Connect the device and pipeline, check the air tight-
ness of the device, put the encapsulated sample into
the test chamber, seal the chamber, and vacuum for
4 hours;

(3) Prestressed force 200N was applied to the starting
press so that the sample was fixed, and then, nitro-
gen was filled according to the designed confining
pressure;

(4) Open the adsorption gas intake valve, and keep the
design pressure value to make the sample adsorb
for 4 hours;



(5) Start the press for axial loading, and open the flow-
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FIGURE 6: Rate curves of stress and gas seepage volume under different loading rates.

meter pipe valve to monitor gas flow.

The control variable method was used to design the test
scheme, and the variables were loading rate, confining pres-
sure, and gas pressure. The specific experimental scheme

was shown in Table 1.

3. Experimental Results

3.1. Mechanical Characteristics under Different Loading
Conditions. Figure 3 was based on the test results of axial
stress with time under different loading conditions. It could
be seen that the axial stress had a similar change rule with
time under different loading conditions: increasing with
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FIGURE 7: Rate curves of stress and gas seepage volume under different gas pressures.

the increase of loading time. According to the experimental
results, the loading rate had a strengthening effect on the
strength of coal. When the loading rate was lower, the inter-
nal cracks of coal samples had sufficient development time,
resulting in an increase in deformation and a decrease in
the bearing capacity of coal samples, and the peak strength
was smaller. The gas was mainly stored in the coal body in

the adsorption and free states. The adsorbed gas caused the
expansion deformation of the coal matrix. The adsorbed
gas caused the expansion deformation of the coal matrix.
The free gas had an expansion effect on the coal body, and
the gas’s erosion effect weakened the coal body’s ability to
resist the external load. Therefore, the greater the gas pres-
sure, the smaller the strength of the sample. Due to the
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FIGURE 8: Rate curves of stress and gas seepage volume under different confining pressures.

confining pressure, the closure of pores and cracks in the
coal body increased. When entering the later stage of load-
ing, tiny pores and cracks began to merge and form macro-
scopic cracks, and the coal body began to expand. However,
due to the existence of confining pressure, the development
of pores and cracks was hindered, and the expansion effect

was constrained. With the increase of confining pressure,
this constraint was more obvious, so the strength of coal
was larger.

3.2. Variation Characteristics of Gas Seepage Volume under
Different Loading Conditions. It could be seen that almost
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all the gas seepage volume decreased firstly and then
increased rapidly with the increased time, as shown in
Figure 4. In the early stage of loading, the internal pores of
coal samples were compacted, the gas seepage ability was
weakened, and the gas seepage volume was reduced. With
the loading, the samples began to appear with a large num-
ber of unrecoverable deformation, the original crack propa-
gation produced large cracks, and the volume of coal
expanded, resulting in a large number of gas gushing and
the gas seepage volume increasing rapidly. However, there
were some special changes: the gas seepage basically
remained stable during the loading process and increased
rapidly in the later stage of loading, such as a loading rate
of 1.5 mm/min, gas pressure of 1.5 MPa, and confining pres-
sure of 1.5MPa.

Before the overall failure of the specimen occurred,
under the condition of constant confining pressure and
gas pressure, the loading rate had a negative linear relation-
ship with the change of gas seepage volume, in which the
gas flow decreased with the increase of loading rate, as
shown in Figure 5(a). The gas seepage volume of coal sam-
ples decreased first and then increased with the increase of
gas pressure, in which the relationship between gas seepage
volume and gas pressure conformed to the quadratic poly-
nomial, as shown in Figure 5(b). The gas seepage volume
and confining pressure show a negative quadratic polyno-
mial relationship, as shown in Figure 5(c), and there was
a critical confining pressure. When the confining pressure
was less than this value, the gas seepage volume increased
with the increase of confining pressure, and when it
exceeded this value, the volume decreased with the increase
of confining pressure.

Stress(MPa)

C T T T T T T
10 20 30 40 50 60

Time(s)
—— Stress(MPa)

FIGURE 10: Variation curve of loading stress.

3.3. The Variation Rate Laws of Stress and Gas Seepage
Volume of Gas-Bearing Coal. The peak stress of coal samples
changed regularly with the change in loading conditions,
which was consistent with the theoretical change law. How-
ever, the gas seepage volume did not necessarily change reg-
ularly, and the gas seepage volume reflected the pores and
cracks of the sample. When the specimen underwent large
deformation, it did not mean that the sample produced large
cracks, but it might be that the original pores inside the sam-
ple were compacted or the cracks were compacted. At this
time, the gas seepage volume might decrease or remain sta-
ble, so the stress mutation of the sample did not mean that
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TABLE 2: Gas-bearing coal parameters.

Parameter name Numerical value Unit
Initial permeability (k) 35x107° mD
Initial porosity (¢,) 0.15 —

Elastic modulus (E;) 2000 MPa
Peak stress (0,) 10 MPa
Yield stress (o) 7 MPa
Peak permeability (k,,,,.) 10x107° mD

the gas seepage volume at this moment would also change.
Therefore, the analysis of stress rate and gas seepage volume
rate could more specifically reflect the deformation and
damage of the sample.

According to Figures 6-8, with the increase in loading
time, the deformation of the samples was also increased,
the structures of the samples became denser and denser,
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and the gas seepage volume was gradually reduced. The
same deformation required greater stress, and the stress rate
increased. Subsequently, cracks and holes in the sample were
gradually compacted, and the sample entered the elastic
stage, in which the stress rate remained stable, and the gas
seepage rate was close to 0. When the specimen was com-
pressed more than the elastic deformation that the specimen
could withstand, the specimen entered the crack propaga-
tion stage, in which the small cracks penetrated to produce
new large cracks and induced the overall instability failure
of the specimen, the gas seepage volume increased rapidly,
and the rate increased gradually. At this time, the solid mod-
ulus of the specimen decreased, in which the same deforma-
tion required smaller stress, and the stress rate decreased
rapidly.

The ratios of crack propagation time to the total loading
time of coal samples under different loading rates, gas pres-
sures, and confining pressures were analyzed, as shown in
Figure 9, and the I, II, and IIT symbols in the graphs repre-
sented the stress from small to large. It could be seen from
the figure that with the increase of loading rate or gas pres-
sure, the percentage of crack propagation duration almost
showed an increasing trend, especially under the condition
of changing confining pressure. For example, when the con-
fining pressure was 1.5 MPa, the percentage of crack propa-
gation duration of stress rate was 5.04% and that of gas
seepage volume rate was 7.19%, and when the confining
pressure was 2MPa, the percentage of crack propagation
duration of stress rate was 18.45% and that of gas seepage
volume rate was 25.64%. However, the gas seepage volume
rates first decreased and then increased with the increase
of gas pressure, and when the gas pressure was 1 MPa, the
gas seepage volume rate was the smallest, 0.79%. This might
be due to the adsorption gas expansion stress being greater
than the free gas pressure, resulting in less change in seepage
volume. At the same time, it was also found that under the
same stress state, the stress rate and gas seepage volume rate
of coal samples had different proportions during the dura-
tion of crack propagation. For example, when the loading
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FIGURE 14: The variation curve of the F value under different loading rates.

rate was 1.5 mm/min, the percentage of crack propagation
duration of stress rate was 15.22%, and that of gas seepage
volume rate was 23.91%. Therefore, it could be known that
under the same conditions, the time of the gas seepage vol-
ume rate and stress rate entering the crack propagation stage
was different, and under different stress conditions, the
response characteristics of the gas seepage volume rate and
stress rate to the crack propagation stage were different.
Therefore, only based on the change rule of the stress rate
or the gas seepage volume rate to determine whether the
specimen was in the crack propagation stage might cause
the result of early warning time delay.

4. Discussion

4.1. Theoretical Model of Stress Rate-Gas Seepage Volume
Rate under Triaxial Pressure. Coal is a pore medium; the
presence of gas will reduce the strength of coal. According
to the Terzaghi effective stress principle, the constitutive
equation of gas-bearing coal is as follows:

0°=0-apd;;, (1)

where o¢ is effective stress, o is total stress (pressure is pos-
itive), « is effective stress coeflicient, p is gas pressure, and
8;; is Kronecker symbol (i=j, §;=1;i#j, §;;=0).

Because there are two kinds of gas occurrence forms in
coal, free gas mainly exists in coal cracks, which plays an
expansion effect on coal, and the adsorbed gas mainly exists
in the pores of the coal matrix, which has an adsorption
expansion effect on coal. The expansion stress can be calcu-
lated by the following formula:

o - 2apR,T(1 -2v)In(1 + bp)
sw T 3‘/m

, (2)

where a and b are gas adsorption constants; p is gas pressure;
v is Poisson’s ratio of coal sample; p is density; R, is the
molar gas constant, equal to 8.31; T is absolute temperature;
and V_ is molar volume, equal to 22.4 x 10~ m*/mol.

Due to the damage effect in the deformation process of
gas-bearing coal, the damage variable should be considered
when calculating the effective stress. Assume that under iso-
tropic damage conditions, the calculation formula of effec-
tive stress is

Ge, _ o- 8ij(q)p + ((2apRyT(1 - 2v)In(1 + bp))/3V ) ,

1-D
(3)

where ¢ is the equivalent porosity of coal containing gas and
D is the damage variable.
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When the coal sample is subjected to three-dimensional
stress loading, the calculation formula of axial total stress is
as follows:

!
e _
0, =0,-Vv0,— V0, (4)
where o is axial stress; 0, and o, are transverse stress. And

- 2vo
Then, the calculation formula of axial strain is

e/
when o, equals 0, 07 =0, "

e 02" 2vo, = 8;(pp + ((2apRyT(1 - 2v)In(1 + bp))/3V,,)) .

‘ (1 - D)Es
(5)

The formula of volume strain is
.- 0,—-0,— 6ij((;)p + ((2apRyT(1 - 2v)In(1 + bp))/3V ) .

V (1-DJE,

(6)

The relationship between damage variable and stress can
be expressed as D=mo", and m and n are coal sample
parameters.

According to the effective stress and the strain equiva-
lence principle proposed by Lemaitre, stress acting on dam-

aged materials will cause strain equivalence, and the
calculation formula is as follows:

!

0 =E(1-D)e. (7)

In the crack propagation stage, the stress and strain are
no longer linear, assuming that the relationship between
stress and strain is as shown:

o =10 log,,(1000¢). (8)

With the increase of deformation, the permeability of
gas-bearing coal will change. According to the Kozeny-
Garman equation of seepage mechanics and the study of
Wang [46], the calculation formula of permeability is as fol-
lows:

_ kO 1 sv
© l+te, o

elastic stage,

(ApIKs)(1 - §,)]?
S ]

e
(Kmax — k) (Z — :s> + k, crack propagation stage,

k.. failure stage,

)
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where k is the permeability of coal containing gas; k, is the
permeability in the elastic stage; k, is the initial permeability
of coal containing gas; ¢, is the volumetric strain; ¢, is the
initial porosity; Ap is the Gas pressure increment; o, is the

. is the peak stress intensity; and
max 1 the permeability at peak stress.

It could be seen that the permeability of the sample
increased with the increase of the stress of the loaded gas-

yield stress intensity; o

k
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bearing coal; thus, it was considered that there was a certain
internal relationship between the change of stress and gas
permeability in the process of loading. Assuming that the
gas-bearing coal in unit time t would generate stress Ao,
accompanying gas seepage volume Ak, the damage state of
coal samples could be judged by the ratio of stress increment
to permeability increment. Because the permeability was
small, log 10(k) was calculated, and supposing the decision
value was F, the calculation formula was as follows:

P27 __ 10
~ Alog 10(k) (10)

Since this experiment was a loading test on coal body by
changing axial stress under fixed confining pressure and gas
pressure, confining pressure and gas pressure were consid-
ered as fixed values. Assuming that the axial loading strain
was linearly loaded with time, as shown in Figure 10, the
theoretical values of stress and gas permeability of coal sam-
ples under constant gas pressure and confining pressure
were calculated according to the formula; the results are
shown in Figures 11 and 12, and the parameter settings of
gas-bearing coal model are shown in Table 2. At the same
time, the F value was calculated and its variation with the
loading time was obtained, as shown in Figure 13.

It was found from the theoretical model and Figures 11
and 12 that with the increase of effective strain, stress and
permeability increased gradually, in which the increasing
trend gradually increased. According to Figure 13, it could
be seen that the F value of gas-containing coal remained sta-
ble at the early stage of loading. With the increase in loading
time, the F value began to decrease rapidly until the overall
failure of the specimen occurred. Therefore, it was feasible to
use the rapid decline time of the F value as the starting time
for the sample to enter the crack propagation stage.

4.2. Presentation of Early Warning Index. Based on the F
value, the instability early warning of loaded gas-bearing
coal was studied, and the variation laws of the F value of
gas-bearing coal under different loading rates, confining
pressures, and gas pressures loading conditions were ana-
lyzed. The results are shown in Figures 14-16.

According to Figures 14-16, it was seen that when the spec-
imen entered the crack propagation stage, the F value changed
significantly, from a stable state to a rapid decrease. When the
minor local instability occurred, the F value also had the corre-
sponding response characteristics, such as a'~d' in Figures 15
and 16, in which the F value mutated and then restored to sta-
bility. These showed that the F value had an excellent response
effect on the damage state of the sample, so it was feasible and
had a good early warning effect to use the F value as an early
warning index of instability and failure of gas-bearing coal.
The above conclusions were also well confirmed on site. In
order to prevent and control coal and gas outbursts, measures
such as coal seam water injection and water conservancy
punching were often adopted to reduce the effective stress in
coal and improve the permeability of the coal seam. When the
absolute value of F was small and remained stable, it could be
considered that the possibility of coal and gas outburst in the
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coal seam was slight, and the risk was low. When the absolute
value of F increased rapidly, it indicated that at this time, the
pressure increment or the gas seepage increment was large,
and it was likely that the coal body was ruptured, in which the
prevention and control measures needed to be taken in time.

The ratios of the crack propagation stage to total defor-
mation time of the coal samples under different stress states
were analyzed, and the results are shown in Figure 17. The
ratios of the crack propagation stage of early warning index
F value were generally greater than those of stress rate and
gas seepage rate, indicating that the F value had higher sen-
sitivity and time advance characteristics for the specimen
entering the crack propagation stage. Therefore, it was of
great significance to use the F value as the early warning
index of instability of gas-containing coal specimens.

5. Conclusions

Based on theoretical analysis and laboratory tests, the varia-
tion laws of stress rate and gas seepage volume rate with the
coal deformation and damage state were studied, and the
results provided an important theoretical basis for the early
warning of coal and gas outburst. The main conclusions
were as follows:

(1) From the perspective of gas seepage flow and stress,
the influences of adsorption gas expansion stress
and gas pressure on coal strength were considered
and the influences of loading rates, confining pres-
sures, and gas pressures on coal strength were ana-
lyzed. The variation laws of stress rate and gas
seepage volume rate of gas-bearing coal in different
loading stages were studied, and the precursor char-
acteristics of coal instability were revealed

(2) The dynamic evolution model of the stress rate and
gas seepage rate of gas-bearing coal in the elastic
stage and crack propagation stage under the triaxial
stress state was established. The theoretical model
calculated the ratio F of the two. It was found that
the F value maintained low-value stability in the
elastic stage. The absolute value of the F value
increased rapidly when the specimen entered the
crack propagation stage. Therefore, the F value was
used as an early warning index to evaluate the dam-
age state of the specimen. The experimental verifica-
tion showed that the model of stress rate-gas seepage
volume rate had good applicability, which could
reflect the evolution trend of the damage degree of
the specimens

(3) The variation law of early warning index F in the load-
ing experiment of gas-containing coal was analyzed. It
was found that the F value had obvious response char-
acteristics when the specimen entered the crack prop-
agation stage, and its response time was earlier than
the stress rate or the gas seepage volume rate. There-
fore, the F value was used as the early warning index
of gas-containing coal instability failure, with a posi-
tive reference value for disaster warning
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