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To further refine the rationality of pressure relief measures, the pressure relief measures are transformed from engineering scale to
laboratory scale. In this paper, the static load is applied by uniaxial compression, and the difference in the energy evolution process
of loaded coal samples is compared using pressure relief at an indoor scale. The test results show that the pressure relief state of
water injection can meet the conditions well and reduce the impact tendency of the whole coal samples. In addition, try to analyze
the reasons why it is difficult to accurately predict the formation of rockburst in coal roadway by analytical means. Due to the
special structure of coal, it can be found that both natural and saturated conditions can meet the conditions in the state of
water injection and pressure relief, while in the dry state, the conditions cannot be met; that is, the precursor signals of disaster
cannot be accurately picked up, and finally, the failure of coal samples cannot be accurately predicted. However, on the
laboratory scale, the natural coal samples are in the state of adsorption in the air after sampling, and the coal bodies near the
deep underground working face tend to have low water content due to the development of pores and fissures and the influence
of self-weight of mining disturbance. The research in this paper provides theoretical support for the subsequent determination
of pressure relief parameters, and the related research conclusions are of great significance.

1. Introduction

According to the authority forecast, in the future, for quite a
period, coal resources in China’s energy consumption struc-
ture still occupy an extremely important position [1]. With
the deep mining of coal resources in China, frequent
dynamic disasters seriously restrict the safe mining and sta-
ble supply of coal [2–3], of which rock bursts are the most
prominent [4–5]. Scholars at home and abroad have carried
out extensive research to solve this worldwide problem,
mainly focusing on the following three aspects [6–9]: firstly,
while improving the current mechanism of rockburst, new
theories are still deeply excavated to attempt to reliably
describe the formation mechanism of rockburst and to
inversion the whole process characteristics of rockburst ges-
tating. Secondly, taking into account the formation of rock-
burst and high-stress concentration has an inevitable

connection, by studying the stability of surrounding rock
under various pressure relief measures and through a variety
of commonly used monitoring equipment to evaluate a
variety of pressure relief measures. Thirdly, the failure of
coal-rock samples is a highly nonlinear process, and a single
evaluation index is often unable to effectively invert the
whole failure process. It is bound to require methods such
as big data, cloud mining, and artificial intelligence. At the
same time, the reliable pregnant disaster signals that identify
the damage precursors are mainly concentrated in the
collection of multiple physical quantities, which provides
the basis for further study of pregnant disaster signals. The
application of mature theory to the actual underground
engineering scale also provides strong evidence for on-site
disaster prevention and prediction. However, a rock burst
involves many factors and its mechanism is complex.
[10–11]. It brings unprecedented challenges to deep mineral
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resource mining and underground engineering mainte-
nance, which needs further research.

The essence of rockburst is the differential distribution of
energy caused by mining disturbance and the inevitable
result of the dynamic adjustment in the process of quantita-
tive change [12–13]. The existing energy priming theory
shows [14–17] that the formation of rockburst is often
highly correlated with the dynamic-static combination.
Combined with the actual working conditions, it can be
divided into static load-oriented and dynamic load-
oriented. The energy start-up type of rockburst dominated
by the static load is as follows: the stress of coal near the
working face is highly concentrated and reaches the critical
stable value. At this time, a slight disturbance can induce a
rockburst. The energy start-up type of rockburst dominated
by the dynamic load is shown as follows: the coal near the
working face is in the normal ground stress support area.
At this time, a large dynamic load is needed, which often
corresponds to the fracture of the hard roof. According to
the above two types of rockburst energy start-up, targeted
rockburst prevention measures are proposed, which effec-
tively guide the pressure relief measures in the project.

Considering that all the occurrence conditions of rock
burst have the participation of static load, to clarify the
determinants of static load, firstly, this paper applies the
static load through uniaxial compression and reveals the dif-
ference in the energy evolution process of coal samples
under different water injection softening and pressure relief
conditions and tries to analyze the reason that it is difficult
to predict the rockburst of coal roadway under the analysis
method. It provides a basis for the subsequent reasonable
setting of pressure relief measures and the ultimate preven-
tion of rock bursts.

2. Experimental Scheme

The existing theoretical and practical studies have proved
that water injection, blasting, and large-diameter pressure
relief can effectively release the stress concentration of sur-
rounding rock and further transfer it to the deep [18–21].
The above different measures have been optimized in the
continuous practice process, and certain theoretical results
have been achieved. Now, China has formed more system-
atic rockburst prevention measures; the prevention of rock-
burst has played a vital role. However, many analysis
methods lack a strong theoretical basis, and coal mines often
rely more on experience to determine specific implementa-
tion parameters in the process of field practice [22–25].

2.1. Description and Preparation of Coal Samples. The sam-
pling sites of coal samples used in this experiment were all
from Maiduoshan Coal Mine. According to the ISRM test
standard, we processed 50mm × 50mm × 50mm square
coal samples. The surface of the coal sample is smooth with-
out obvious cracks, and the cut coal sample is polished with
fine sandpaper to ensure that both ends are parallel.

2.1.1. Water Injection Pressure Relief (Different Moisture
Contents). To simulate the actual working conditions of

water injection pressure relief, coal samples with different
water contents were artificially set in the laboratory by
changing the immersion time. According to different soak-
ing times, coal samples in the dry state, natural state, and
saturated state were prepared. The sample number and dif-
ferent water content states are shown in Table 1.

2.2. Experimental Equipment and Methods. This experiment
selects an RMT-150B rock mechanics experiment machine
to provide static load. The axial strain is measured by con-
necting the strain gauge to the DH3823 distributed signal
test and analysis system. To invert the whole failure process
of the loaded coal sample, the acoustic emission instrument
was also used in this experiment to collect the acoustic emis-
sion signals of the whole loading process of the coal sample
in real time. For the convenience of analysis, all devices in
this experiment need to ensure time synchronization. To
ensure that the rock sample was suddenly broken, the rock
sample was stably loaded by controlling the stress in this
experiment, and the loading rate was constant at 0.2 kN/s.

The testing machine is mainly composed of four parts:
host, hydraulic source, DTC controller, computer data pro-
cessing system, etc. The testing machine adopts an electro-
hydraulic servo control system, and the driving program is
a motor-hydraulic pump-servo valve-main cylinder piston-
polished rod/test bench/compression fixture. The testing
machine can test the basic parameters of rock mechanics
such as compression, splitting, shearing, and bending
(three-point bending) of rocks, coal, and concrete. The cor-
responding curves of stress, displacement, deformation, and
time can be recorded in real time.

3. Mechanical Properties of Bearing Coal
Sample Underwater Injection Softening

3.1. Mechanical Parameters of Coal Samples with Different
Water Injection Softening States. In this experiment, uniaxial
compression tests were conducted on coal samples under
different water injection softening pressure relief measures.
The authors processed and counted the mechanical parame-
ters, as shown in Table 2.

3.2. Stress-Strain Curves of Coal Samples with Different
Water Injection Softening States. To grasp the difference
between different water injection softening pressure relief
measures, this paper takes the following steps. Firstly, the
stress-strain curves of typical bearing coal samples under
natural conditions are analyzed (Figure 1). Secondly, based
on the actual engineering background, the stress-strain
curves of typical bearing coal samples before and after the
implementation of different water injection softening and
pressure relief measures are compared and analyzed.

3.2.1. Typical Natural State. The stress-strain curves of uni-
axial compression tests of coal samples under the same state
have good self-similarity. The loading process of coal sam-
ples analyzed in this paper experienced five stages: initial
compaction stage, elastic deformation stage, plastic deforma-
tion stage, yield failure stage, and late failure stage.
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3.2.2. Water Injection Softening Pressure Relief. Figure 1 is
the stress-strain curve of coal samples under different water
injection softening and pressure relief (changing water con-
tent). The test results show that the prepeak stress-strain
curves of coal samples under different water injection soften-
ing control conditions have good similarity, while the char-
acteristic parameters change. Specifically, the slope of the
linear section before the peak is reduced, and the stress-
strain curve after the peak is also different. The range of
postpeak strain interval was positively correlated with water
content. Figure 1 is reproduced from Zhang [26].

When the average moisture content of the coal sample is
0, 2.64%, and 5.14%, respectively, the average peak strength
is 34.72MPa, 21.33MPa, and 19.16MPa, respectively. The
average peak strain is 0.03618, 0.02531, and 0.02791, respec-
tively. The average elastic modulus is 4.25GPa, 1.81GPa,
and 1.09GPa, respectively. Compared with completely dry
rock samples, the average peak strength decreased by
28.7% and 34.4%, respectively. The average peak strain
decreased by 21.5% and 19.0%, respectively; the average elas-
tic modulus decreased by 53.7% and 67.9%, respectively.

Comparing the test results, it can be seen that with the
increase of water content, the peak strength of coal samples
decreases, the peak strain decreases, and the elastic modulus
decreases. However, the decreased amplitude decreased sig-
nificantly with the increase in water content.

4. The Inversion of the Failure Process of Coal
Sample Bearing Pressure Relief Measures
Based on Energy Index

Based on the wide consensus of rockburst induced by energy
release, the energy principle is generally used to analyze the
energy evolution law of bearing rock. Simply through the
calculation of energy theory, there is certain unity [24]. In
this paper, the failure process of the bearing coal sample is
inversed by the “true energy” index of the whole process of
acoustic emission failure. The final mutual verification can
illustrate the feasibility of the inversion of the failure process
of the coal sample loaded by the pressure relief measures
based on the energy index.

4.1. Energy Theorem. Take the uniaxial compression test of
standard rock samples as an example. It is assumed that
there is no heat exchange in the whole process; that is, the
work done by the compression load on the rock sample is
absorbed by the rock sample itself, and the total absorbed
strain is denoted as U . In addition, the energy storage prop-
erties of rock samples have also been experimentally verified

by many scholars. Therefore, most of the energy is stored in
a releasable elastic strain energy U . The small part of resid-
ual energy is dissipated in the form of dissipated strain
energy Ud, and the damage deformation is generated by
bearing rock samples at the macrolevel. Its expression is

U =Ue +Ud: ð1Þ

The total strain energy absorbed by the bearing rock
sample can be expressed as

U =
ð
σ1dε1 = 〠

n

i=0

1
2 ε1i+1 − ε1ið Þ σ1i + σ1i+1ð Þ, ð2Þ

Ue = 1
2σ1ε

e
1: ð3Þ

According to Hooke’s law,

Ue = 1
2σ1ε

e
1 ≈

σ21
2E0

: ð4Þ

In the formula, σ1 and ε1 are principal stress and strain
values; σ1i and ε1i are the principal stress and strain corre-
sponding to the i state curve; i is the data points; n is the
total number of data points; εe1 is the elastic strain value;
and E0 is the initial elastic modulus.

4.2. Energy Distribution Characteristics of Coal Samples
under Different Water Injection Softening Pressure Relief
Measures. In this experiment, uniaxial compression tests
were conducted on coal samples under different water
injection softening and pressure relief conditions, and the
energy evolution law was analyzed. Firstly, the energy distri-
bution characteristics of coal samples in a natural intact state
are drawn. In addition, to compare the differences between
different water injection softening mechanisms, this paper
analyzes the pressure relief measures of different water injec-
tion softening.

4.2.1. Typical Natural Integrity State. Figure 2 shows the
relationship between stress, energy, and strain of natural coal
samples under uniaxial conditions. The loading process of
bearing coal sample experienced five stages: initial compac-
tion stage (OA), elastic deformation stage (AB), plastic
deformation stage (BC), yield failure stage (CD), and late
failure stage (DE).

4.2.2. Water Injection Softening Pressure Relief. Figure 3 shows
the relationship between stress, energy, and strain of coal sam-
ples under uniaxial drying and saturated conditions and sum-
marizes the energy evolution curves under different conditions.

Compared with the typical natural state curve, the
energy components of rock samples with different moisture
contents also show corresponding changes in different stages
of the stress-strain curve (initial compaction stage (OA),
elastic deformation stage (AB), plastic deformation stage
(BC), yield failure stage (CD), and late failure stage (DE)).
The composition of the energy dissipation curve of rock

Table 1: The sample number and state.

Sample state
Sample
name

Sample
number

Average moisture
content

Dry state Coal samples C0-1,2,3 0.00%

Natural state Coal samples C1-1,2,3 2.64%

Saturated
state

Coal samples C2-1,2,3 5.14%
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samples in the dry state is essentially different from that in
the natural and saturated state: the energy dissipation den-
sity curve rises throughout the drying state. Under natural
and saturated conditions, the dissipation energy density
curve showed an obvious or nonobvious downward trend
and then increased.

4.3. Inversion of True Energy Acoustic Emission Parameters
of Coal Samples under Different Water Injection Softening
Measures. Due to the limited space, this paper only analyzes
the failure process of “true energy” acoustic emission param-
eter inversion of coal sample underwater injection pressure
relief. Figure 4 is the “true energy” acoustic emission evolu-
tion diagram of coal samples under dry state, natural state,
and saturated state.

From the above images, it can be seen that the existence
of water causes the “true energy” parameter to lag obviously.
Due to the special structure of the coal sample, the influence
of water on the coal sample affected the initial, middle, and
late stages of loading and ran through the whole process.

4.4. Difference Analysis of Energy Evolution of Coal Samples
under Different Water Injection Softening Measures. In this

section, based on the energy distribution characteristics of
coal samples under different water injection softening and
pressure relief measures and the inversion of “true energy”
acoustic emission parameters of coal samples under the
same state, the energy evolution difference of coal samples
under different water injection softening and pressure relief
measures is comprehensively analyzed.

In the dry state, due to the natural pore-fracture dual-
development structure of coal samples, the whole uniaxial
loading process occurs at different scales (large, medium,
and small) of pore-fracture closure, initiation, and expan-
sion, accompanied by the disintegration and ejection of
small blocks of coal samples. When it is in the low loading
stress level stage, the pore-fracture closure occurs mainly
(corresponding to the initial compaction stage). With the
continuous increase of loading stress, the initiation and
expansion of medium pores-cracks are dominant (corre-
sponding to the elastic deformation stage and plastic defor-
mation stage). There are occasional small pores and cracks
closed during the plastic deformation stage, corresponding
to the stress curve microadjustment time. After reaching
the yield point, due to the extremely high loading stress,
the pores and fractures at different scales in the previous

Table 2: Average mechanical parameters of coal samples under different water injection softening measures.

The corresponding working
conditions

Sample state Processing state
Sample
number

Average peak
strength (MPa)

Average peak
strain

Average elastic
modulus (GPa)

Blank experiment Natural state Blank untreated C0-1,2,3 21.33 0.02531 1.81

Water injection softening
Dry state Complete drying C1-1,2,3 34.72 0.03618 4.25

Saturated state Fully saturated C2-1,2,3 19.16 0.02791 1.09
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Figure 1: Stress-strain curves of rock samples in different water-bearing states.
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sequence expand rapidly, the complete coal matrix is rapidly
loaded and destroyed, and the dissipation energy increases
rapidly in a short time (corresponding to the yield failure
stage). After reaching the peak strength point, large-scale
cracks penetrate directly, and the loading stress drops rap-
idly, forming a tensile-shear mixed failure mode, and the test
ends (corresponding to the later stage of failure).

In the saturated state, water easily enters the natural ini-
tial internal structure of coal samples, forming a water-pore-
fracture coupling medium. Water is filled in many large and
medium pores-fractures and further coupled into a specific
structure, which occupies a dominant position. There are
still some pores-fractures at different scales alone. In this
state, the closure, initiation, and expansion of pores and
cracks at different scales still occur in the whole process of
uniaxial loading. However, due to the participation of water,
it shows special properties and occasionally the collapse and
ejection of small blocks of coal samples. When it is in the
stage of low loading stress level, due to the water-pore-
fracture coupling medium and, at the same time, due to
the incompressible water, only part of the macropore-
fracture closure occurs mainly (corresponding to the initial
compaction stage); with the continuous increase of loading
stress, the water-pore-fracture coupling medium and the
intact coal matrix form a relatively stable elastic body, which
is characterized by the slow increase of stable storage elastic
strain energy and dissipation strain energy (corresponding
to the elastic deformation stage). When the loading stress
reaches a higher stress level, the water in the pore-fracture
shows a certain stiffness and can store more elastic strain
energy. On the other hand, by increasing the pore water
pressure and transferring the high stress to the complete coal
matrix, the dissipation strain energy continues to decrease

(corresponding to the plastic deformation stage). After
reaching the yield point, the existence of high loading stress
and high pore water pressure and the lubrication of water on
the coal matrix greatly promote the rapid expansion of pores
and fractures. The phenomenon of rapid rebound and rise of
dissipative strain energy in a short time (corresponding to
the yield failure stage) occurs. After reaching the peak
strength point, larger cracks run through directly. At this
time, the loading stress drops rapidly, forming a tensile-
shear mixed failure mode, and the test ends (corresponding
to the later stage of failure).

5. Analysis of the Shock Tendency Difference of
Coal Samples under Different Water
Injection Softening Measures and the Failure
Reason of Failure Precursor Identification

5.1. Difference Analysis of Energy Evolution of Coal Samples
under Different Water Injection Softening Measures. Based
on the existing shock tendency criterion of coal samples,
the shock difference of coal samples under different water
injection softening measures was analyzed. The criterion
requires the standard shape. In this paper, the square sample
is used, which cannot be analyzed according to the correla-
tion index. However, according to the increase or decrease
trend of the four indicators, the results of shock tendency
are comprehensively evaluated. Table 3 lists the shock indi-
cators of coal samples under different conditions.

From the final impact results (Table 3), the water injec-
tion pressure relief state can well meet the conditions and
reduce the impact tendency of the overall coal sample. This
meets the concept of rockburst prevention.
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Figure 2: Natural state coal sample energy density curve.
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5.2. Credibility Analysis of Failure Precursor Discrimination.
The overall water injection pressure relief conforms to the
concept of rockburst prevention, which can effectively weaken
the impact tendency of coal samples. However, impact ten-
dency is only an indicator of rockburst, and other influencing
factors are also very important. Therefore, we need to accu-
rately identify the characteristic parameters in the process of
pregnant disaster signals from the perspective of prediction.

It can be seen from the variation trend of the stress-strain
whole process that the refined calculation of the yield failure
stage is a necessary condition for accurately predicting the fail-
ure of bearing coal samples at the laboratory scale. Other
domestic scholars have studied the curves of the whole process
of energy evolution of a large number of rocks and obtained
more consistent discriminant conditions. Dissipative strain
energy is in a stable fluctuation or rapid decline range, which
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Figure 3: Relationship between stress, energy, and strain of rock samples under uniaxial conditions of different water-bearing states.
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means that the rock enters the yield failure stage. Accurate
early warning of the yield stage can be attempted by identify-
ing other sensitive parameter signals in this region.

Coal has a special structure. We found that both natural
coal samples and saturated coal sample underwater injection
pressure relief met the prediction conditions. The dry coal
sample does not meet the prediction conditions; that is, it
is unable to accurately pick up the precursor signal of preg-
nancy, so it is unable to accurately predict the coal sample
damage. The natural coal samples on a laboratory scale are
in the state of adsorption in the air after sampling. Due to
the influence of self-weight or mining disturbance, the coal
pore-fracture near the deep working face tends to have low
water content, so it is difficult to predict and prevent, which
has a great influence on the reasonable control of water
injection pressure relief parameters.

6. Conclusions

In this paper, the difference in the energy evolution process
of bearing coal samples under different water injection soft-
ening and pressure relief conditions is revealed through uni-

axial compression experiments. In addition, it is attempted
to analyze the reasons why it is difficult to accurately predict
the occurrence of rockburst in coal roadways with research
methods. This provides a theoretical basis for the subsequent
scientific and reasonable pressure relief measures and
parameters and ultimately achieves the purpose of prevent-
ing rock bursts. The main conclusions are as follows:

(1) Water injection softening can significantly affect the
mechanical parameters of coal samples. Compared
with fully dry coal samples, when the average mois-
ture content of coal samples was 0, 2.64%, and
5.14%, the average peak strength decreased by
28.7% and 34.4%, respectively. The average peak
strain decreased by 21.5% and 19.0%, respectively.
The average elastic modulus decreased by 53.7%
and 67.9%, respectively

(2) The whole process stress-strain curves of coal sam-
ples under different water injection softening mea-
sures also experienced the initial compaction stage,
elastic deformation stage, plastic deformation stage,
yield failure stage, and late failure stage. In this paper,
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Figure 4: The whole evolution of “true energy” acoustic emission of coal samples under different conditions.

Table 3: Comparison of shock tendency index criterion of coal samples under different water injection conditions.

Sample state
Dynamic failure

time
Shock energy

index
Elastic energy

index
Uniaxial compressive

strength
Results of the comprehensive

evaluation

Dry state 926 28.440 1.048 32.040 High

Natural state 818 2.830 1.580 22.848 Mid

Saturated state 1440 2.008 6.135 21.016 Low
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the failure process of the bearing coal sample is
inversed by the “true energy” index of the whole pro-
cess of acoustic emission failure, forming a theoretical
basis for mutual support. This shows the feasibility of
the failure process inversion of different bearing coal
samples based on the “true energy” index

(3) Coal has a special structure. We found that both nat-
ural and saturated water injection softening unload-
ing coal samples can meet the failure prediction
conditions. The water injection pressure relief coal
sample under dry conditions is not satisfactory; that
is, it is unable to accurately pick up the precursor sig-
nal of pregnancy disaster and accurately predict the
failure of coal samples. The natural state of coal sam-
ples at the laboratory scale is in the state after sam-
pling and adsorption in the air, while the coal near
the deep working face of the mine is often in the
state of low water content due to the development
of pores and fissures and affected by gravity or min-
ing disturbance. Therefore, the prediction and pre-
vention of rockburst are difficult, which has a great
influence on the reasonable control of water injec-
tion pressure relief parameters
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