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Abstract: The frequent occurrence of rockburst and the difficulty in predicting were considered in deep engineering and
underground engineering. In this work, laboratory experiments on rockburst under true triaxial conditions were carried
out with granite samples. Combined with the deformation characteristics of granite, acoustic emission (AE) technology
was well applied in revealing the evolution law of micro-cracks in the process of rockburst. Based on the comprehensive
analysis of acoustic emission parameters such as impact, ringing and energy, the phased characteristics of crack
propagation and damage evolution in granite were obtained, which were consistent with the stages of rock deformation
and failure. Subsequently, based on the critical point theory, the accelerated release characteristics of acoustic emission
energy during rockburst were analyzed. Based on the damage theory, the damage evolution model of rock under different
loading conditions was proposed, and the prediction interval of rock failure time was ascertained concurrently. Finally,
regarding damage as an intermediate variable, the synergetic prediction model of rock failure time was constructed. The
feasibility and validity of model were verified.
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1 Introduction

The deeper the mining depth of underground

engineering, the greater the probability of mine

disasters with the influence of complicated
environment. Affected by engineering disturbances
during the production process, local areas in deep
engineering exhibit a high stress state. Accompanied
by the rapid release of a large amount of elastic
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strain energy, a rockburst disaster occurs along with
severe damage [1 − 4]. Rockburst, which has the
characteristics of violent destruction, releasing large
amounts of energy and being unpredictable, mostly
occurs in hard-brittle rocks, such as granite, marble,
and sandstone [5]. This disaster can cause damage
to equipment, casualties, and partial collapse of
roadways. Obviously, it has a profound impact on
the safety and efficient development of deep
engineering [6, 7]. The recent years have witnessed
that more and more scholars pay special attention to
rockburst [8]. Investigating rockburst mechanisms
and predicting rockburst has become important
research topics in existing research [9, 10].

Acoustic emission (AE) is an associated
phenomenon that occurs in the process of rock
deformation and failure, and its data contain
information about the internal structural changes of
rocks [11−13]. As a non-destructive testing method,
AE technology has been well applied in the field of
rockburst monitoring and prediction [14, 15]. Based
on AE tests, the relative quiet period of AE was
defined as the precursor of rock failure under
uniaxial loading [16, 17]. The AE signal information
was found to be consistent with the fracture damage
evolution process of rock materials through AE tests
and EME tests [18]. The laboratory test on samples
with rockburst tendency showed that the lower the
AE frequency, the higher the corresponding energy
and the more severe the rockburst [19, 20].
Combined with the evolution characteristics of AE
energy of granite, the relationship between AE
characteristics and actual rockburst events was
investigated to propose an AE-based rockburst
criterion [21−23].

Nowadays, the prediction and evaluation of
rock failure time are mainly based on damage
theory, load−unload response ratio theory, catastrophe
theory and accelerated energy release theory. Many
scholars have conducted extensive research and
presented many results. Based on the Murakami-
Ohno creep damage theory, the basic damage
relationship of jointed rock mass was derived and
the meso-scale initial damage tensor was calculated
[24 − 27]. The grey cusp catastrophe model of AE
parameters [28] was established by using grey
theory and catastrophe theory, and the identification
and prediction of rockburst can be realized through
the AE mechanism of the stress loading process.

Based on seismic dynamics theory, the Omori-Utsu
power pattern model for time series was obtained by
cyclic loading AE tests [29]. The processes and
precursory characteristics of a series of earthquakes
were researched based on the theory of loading-
unloading response ratio [30, 31], which provided a
new prediction assessment method for earthquakes.
By analyzing the power-law relationship between the
number of AE events and the failure time, an
evaluation method for rock instability was obtained
[32]. The characteristics of AE event rate at unstable
crack propagation stage were investigated and the
interevent time (IET) function F(τ) was adopted to
interpret the AE time-series from damage to
ultimate failure [33]. Based on the theory of
accelerated energy release, the failure time method
was well applied to earthquake prediction in
Taiwan, China and the accelerated energy release
model was obtained to research the seismic
activity [34].

However, the above-mentioned research only
used AE technology to qualitatively analyze the
precursory characteristics of rockburst and the
process of internal crack propagation. Few
attentions were paid to the coupling relationship
between mechanical parameters, AE parameters and
failure time in rockburst. Therefore, the AE
characteristics of granite under true triaxial loading−
unloading conditions were analyzed by AE
experiments. Moreover, based on the critical point
theory, the evolution law of AE energy and the
precursory information of rockburst were analyzed.
Based on the damage theory, a synergistic
prediction model of rock failure time was
constructed to improve the accuracy of rockburst
prediction.

2 Materials and methods

2.1 Experimental materials
Rock samples were collected from the quarry

in Lingshou County, Shijiazhuang City, Hebei
Province, China. The materials were natural water-
bearing granite, obtained from the same rock mass.
Before experiments, these granite samples were
processed into standard square specimens with size
of 100 mm×100 mm×100 mm and 150 mm×150 mm×
150 mm, and were divided into A and B groups. To
improve the accuracy of experiment results, the

1263



J. Cent. South Univ. (2022) 29: 1262－1273

specimens were polished to obtain parallelism less
than 0.05 mm and the vertical direction accuracy
less than 0.25° . The physical and mechanical
parameters of granite samples are shown in Table 1.

2.2 Experimental equipment
True triaxial compression tests were carried out

on the rock mechanics servo testing machine.
Meanwhile, a PCI-II full-digital AE system
manufactured by the PAC company was used to
monitor and collect AE signals in the whole process.
The AEwin software with hit‐based mode was used
for the acquisition of AE parameters [35, 36]. The
sampling frequency was 1 MHz and the
preamplifier parameter was 40 dB [37, 38]. Specific
parameter setting and preliminary preparation of the
experimental can be referred to Ref. [39].

2.3 Experimental methods
During the experiment, the loading system and

the AE monitoring system were always carried out
synchronously. Through the loading control
methods, three directions were loaded at the same
time. The loading path is shown in Figure 1(a). In
stage I, a set of pressure thresholds were set to
simulate the in-situ stress where the specimens were
located. We simplified the in-situ stress state by
setting σ1 to 15 MPa, σ2 to 10 MPa and σ3 to 5 MPa,
according to the field stress test. The loading rates
of σ1, σ2 and σ3 were set to 300, 200, and 100 N/s,
respectively. In stage II, when σ1, σ2 and σ3 were
simultaneously reached the in-situ stress, σ3 was
suddenly released and the stress was maintained in
all three directions. In stage III, the maintained

stress σ2 was constant. In order to better simulate
rockburst, the loading rate of σ1 was set to 2000 N/s
until the rock failed. The loading direction and AE
sensors layout are shown in Figure 1(b).

3 Theory basis

3.1 Accelerated release model of AE energy
Many scholars have conducted a lot of research

on the phenomenon of accelerated release of
seismic activity. Among them, the failure time has
become an important method to quantitatively
describe the seismicity before earthquakes. Based
on crack propagation and damage mechanics
models, the accelerated release model of seismicity

Table 1 Physic-mechanical parameters of granite samples

No.

A1

A2

A3

A4

A5

A6

B1

B2

B3

B4

B5

Length/mm

101.07

103.89

104.07

100.80

100.33

102.46

154.17

152.66

153.69

153.28

152.99

Width/mm

100.43

100.50

100.55

100.64

100.61

101.21

155.39

155.85

154.83

155.31

153.74

Height/mm

103.51

100.70

100.52

103.41

103.12

100.09

154.45

155.17

154.47

154.83

155.45

Mass/g

2941.00

2955.00

2966.00

2939.50

2930.00

2893.00

10420.00

10425.00

10432.00

10445.00

10386.00

Density/(g·cm–3)

2.80

2.81

2.82

2.80

2.82

2.79

2.82

2.82

2.84

2.83

2.84

σ1/MPa

189.05

178.18

222.18

232.99

239.17

189.79

197.36

197.37

193.93

194.50

195.75

Figure 1 Experimental methods: (a) Loading path; (b)
AE sensors layout (Length unit: mm)
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was derived, which could be expressed as [40−42]:

(∑Ω ) t = A + B ( tf - t ) z

(1)

where Ω is the measurement parameter of seismic
activity, tf is the failure time, A and B are constants,
and z is the critical exponent.

Under true triaxial conditions, the internal
crack propagation of rock is greatly similar to those
during natural earthquakes. And AE events caused
by rock microcracks could be regarded as small-
scale earthquakes. Therefore, based on the critical
point theory, AE energy was used to investigate the
accelerated release process of AE signals before
rockburst. The accumulated AE energy W and time t
were substituted into Eq. (1), and the accelerated
release model of AE energy could be expressed as
follows:

W = A + B ( tf - t ) z

(2)

3.2 Synergetic prediction model of rock failure
time

3.2.1 Synergetic prediction model under equal-
loading conditions

Based on the generalized Hooke model and the
hypothesis of strain equivalence [43], the damage
constitutive relation of rock was constructed as
follows:

[ σ ] = [ σ * ] ( I - D) = [ C ] [ ε ] (1 - D) (3)

where σ is the stress, σ * is the effective stress, I is
the identity matrix; D is the damage variable and ε
is the strain.

Substituting σ1, σ2, and σ3 into Eq. (3), the
damage constitutive relation of rock under triaxial
conditions could be expressed as follows:

σ1 = E0ε1(1 - D) + μ (σ2 + σ3 ) (4)

where E0 is the elastic modulus, ε1 is the axial strain,
and μ is Poisson ratio.

The damage evolution of rock follows the
statistical distribution of Weibull [44]. Thus,

D ( t ) = 1 -
N ( )t

N0

(5)

where D ( t ) is the damage variable at time t; N ( t ) is

the number of micro-units that were not destroyed at
time t; and N0 is the total number of internal micro-
units in rock.

The applied stress under equal-loading
conditions changed linearly with time, as follows:

σ ( t ) = kt (6)

where σ ( t ) is the stress applied to rock at time t; k is

the loading rate.
Substituting Eqs. (5) and (6) into Eq. (3), the

effective stress was as follows:

σ *( t ) =
N0

N ( )t kt (7)

where σ *( t ) is the time-dependent effective stress.

Based on the definition [45], the failure rate
could be expressed as follows:

ν ( t ) =
[ ]N0 - N ( )t ′

N ( )t (8)

where ν ( t ) is the failure rate of rock.

The power-law relation between the failure rate
and the effective stress in the process of rock failure
was proposed by COLEMAN [45]:

ν ( t ) = νf

é

ë

ê
êê
ê
ê
ê σ *( )t
σ ( )tf

ù

û

ú
úú
ú
ú
ú
ρ

(9)

where σ ( tf ) is the applied stress of rock failure; νf is

the failure rate in the process of rock failure; and ρ

is the failure index of rock.
Substituting Eqs. (6) and (7) into Eq. (9), the

failure rate of rock could be expressed as follows:

ν ( t ) = νf

é

ë

ê
êê
ê N0t

N ( )t tf

ù

û

ú
úú
ú
ρ

(10)

Then, Eq. (5) and Eq. (8) were substituted into
Eq. (10), and the damage evolution model of rock
was as follows:

D ( t ) = 1 -
é

ë

ê
êê
ê
ê
ê
1 - ( t

tf ) ρ + 1ù

û

ú
úú
ú
ú
ú

1
ρ

(11)

Through the research, the relationship between
the principal strain and the loading time could be
determined as follows:

ε ( t ) = A1exp ( B1t ) + ε0 (12)

where A1, B1, and ε0 are constants, which could be
determined by fitting curve.

Substituting Eqs. (11) and (12) into Eq. (4), the
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damage constitutive equation of rock could be
expressed as follows:

σ1 = E0[ A1exp ( B1t ) + ε0 ]
é

ë

ê
êê
ê
ê
ê
1 - ( t

tf ) ρ + 1ù

û

ú
úú
ú
ú
ú

1
ρ

+

μ (σ2 + σ3 ) (13)

Combined with the above analysis, a synergetic
prediction model of rock failure time under equal-
loading conditions was constructed as follows:

ì

í

î

ï

ï

ï

ï

ïïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

σ1( )t = E0[ ]A1exp ( )B1t + ε0

é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú

1 - ( )t
tf

ρ + 1
1
ρ

+

μ ( )σ2 + σ3

D ( )t = 1 -
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú

1 - ( )t
tf

ρ + 1
1
ρ

W ( )t = A + B ( )tf - t
z

(14)

3.2.2 Synergetic prediction model under equal-
displacement conditions

In the research of rock damage evolution, rocks
were considered frequently to be composed of
multiple micro-units. In this paper, it was assumed
that the intensity of micro-units in rock conforms to
the Weibull distribution, and its probability density
could be expressed as follows:

Φ ( F ) =
m
F0 ( F

F0 ) m - 1

exp
é

ë

ê
êê
ê
ê
ê
- ( F

F0 ) mù

û

ú
úú
ú
ú
ú

(15)

where F0 is the Weibull distribution parameter of
micro-units’ intensity, and m is the degree of non-
uniformity of Weibull distribution.

Therefore, the destroyed number of micro-units
could be expressed as follows:

NF = ∫0

F

N0Φ ( )F dF = N
ì
í
î

ïï

ïï
1 - exp

é

ë

ê
êê
ê
ê
ê
- ( F

F0 ) mù

û

ú
úú
ú
ú
úü
ý
þ

ïïïï

ïï
(16)

where NF is the destroyed number of micro-units, N0

is the total number of micro-units.
In this paper, the axial principal strain ε1 was

used to represent the intensity of micro-units F.
Therefore, the damage variable D was as follows:

D =
Nf

N0

= 1 - exp
é

ë

ê
êê
ê
- ( ε1

α ) mù

û

ú
úú
ú (17)

where α is the relative parameter of rock.

Substituting Eq. (17) into Eq. (4), the statistical
damage constitutive relation of crack propagation
under triaxial loading conditions could be expressed
as follows:

σ1 = E0ε1exp
é

ë

ê
êê
ê
- ( ε1

α ) mù

û

ú
úú
ú + μ (σ2 + σ3 ) (18)

The relationship between the axial strain and
time series under equal-displacement conditions
was as follows:

ε ( t ) = ε̇t + ε0 (19)

where ε̇ is strain rate and ε0 is the initial axial strain.
Substituting Eq. (19) into Eq. (17), the damage

evolution of rock could be expressed as follows:

D ( t ) = 1 - exp
é

ë

ê
êê
ê
- ( ε̇t + ε0

α ) mù

û

ú
úú
ú (20)

Substituting Eq. (19) into Eq. (18), the damage
constitutive equation of time variable could be
expressed as follows:

σ1 = E0( ε̇t + ε0 ) exp
é

ë

ê
êê
ê
- ( ε̇t + ε0

α ) mù

û

ú
úú
ú + μ (σ2 + σ3 )

(21)

Combined with Eq. (2), a synergetic prediction
model of rock failure time under equal-displacement
conditions was constructed as follows:

ì
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ï
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ï
ïï
ï

ï

ï

ï
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ï
ïï
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ï

σ1( )t = E0( )ε̇t + ε0 exp
é

ë

ê
êê
ê ù

û

ú
úú
ú

-( )ε̇t + ε0

α

m

+ μ ( )σ2 + σ3

D ( )t = 1 - exp
é

ë

ê
êê
ê ù

û

ú
úú
ú

-( )ε̇t + ε0

α

m

W ( )t = A + B ( )tf - t
z

(22)

4 Results

The AE monitoring system was used to obtain
the data of AE characteristic parameters related to
rockburst under true triaxial conditions, such as the
count of impact, ringing, and energy. As shown in
Figures 2 and 3, the AE time series characteristics of
typical granite samples were indicated.

The time series characteristics of AE
parameters of sample A3 are shown in Figure 2. In
stages I and II, only small amounts of AE signals
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were generated due to the gradual closure of the

original cracks inside the rock. Part of AE signals

were generated during the beginning and end of

stage II, but in general, the cumulative value of AE

parameters did not change significantly. In stage III,

AE activities were relatively rare near the peak

stress of 7%−56%, and the values of AE parameters

remained unchanged. The AE events were relatively

active near the peak stress of 56% − 89%. In this

stage, the internal cracks of rock propagated steadily

under the action of stress. Near the peak stress of

89%−100%, large number of cracks expanded and

penetrated into a rupture zone, and the macroscopic

failure was eventually formed. In the meantime, the

AE energy was released at a fast rate and reached

the maximum value in an extremely short time near

the peak stress. And then, the stress and the AE

energy decreased sharply.

Figure 2 AE characteristics of granite sample A3: (a) AE impact count; (b) Accumulated AE impact count; (c) AE
ringing count; (d) Accumulated AE ringing count; (e) AE energy count; (f) Accumulated AE energy count
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5 Analysis and discussion

5.1 Accelerated release characteristics of AE

energy

According to Eq. (2), the release process of AE

energy during rockburst was fitted by the power-law

relationship. The fitting curve and the nonlinear

regression equation of AE energy are shown in

Figure 4. Meanwhile, the fitting parameters are
shown in Table 2. Obviously, the parameters z and r,
which represent the accelerated release process of
AE energy, are less than 1, and the critical
exponents z of A1, A4 and A5 are all less than 0.2. It
shows obviously that AE energy has an accelerated
release characteristic in the process of rockburst.
This conclusion was consistent with the previous
results of the z-value range of seismic data [23].

Figure 3 AE characteristics of granite sample B2: (a)AE impact count; (b) Accumulated AE impact count; (c) AE ringing
count; (d) Accumulated AE ringing count; (e)AE energy count; (f) Accumulated AE energy count
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Combined with high-speed camera technology,

the accelerated release process of AE energy was

analyzed. In the initial loading stage, the release rate

of AE energy was relatively low due to the slow

development of cracks in rock, and there was no

obvious accelerated release phenomenon. With the

increase of load stress, new cracks were generated

and AE energy increased gradually. In the vicinity

of the peak stress, the release rate of AE energy

increased rapidly and reached the maximum value

in an extremely short time. Therefore, the

accelerated release characteristics of AE energy

could be used as the precursor information for

rockburst prediction.

5.2 Verification of synergetic prediction model of

rock failure time

5.2.1 Verification under equal-loading conditions

The synergetic prediction model of rock failure

time Eq. (14) was verified by sample A3. The basic

mechanical parameters are as follows: E0=81.20 GPa,

μ=0.18, σ2=10 MPa and σ3=5 MPa.

Figure 4 Fitting curve of relationship between AE energy and time: (a) A1; (b) A2; (c) A3; (d) A4; (e) A5; (f) A6
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1) Calculating the parameters A1, B1 and ε0. As
shown in Figure 5, the fitting curve of strain− time
was obtained by Eq. (12). The values of the fitting
parameters are A1=1.02×10−5, B1=1.44×10−3, and ε0=
0.0097.

2) Calculating the parameters ρ and tf. As
shown in Figure 6, the damage variable was fitted
by Eq. (11), and the fitting parameters are ρ=0.27
and tf=2136.

3) Verification. The experimental parameters of
the synergistic prediction model under equal-
loading conditions are shown in Table 3.
Substituting the peak principal stress into Eq. (14),
the failure time of sample A3 was calculated to be
2124.56 s. In addition, the failure time of sample A3
calculated by Eq. (2) was 2136.16 s. Therefore, the
failure time interval of rock obtained by the
synergetic prediction model was 2124.56−2136.16 s,
which included the actual failure time of 2136.00 s.
To sum up, this synergetic model can effectively
predict rockburst disasters under equal-load
conditions.
5.2.2 Verification under equal-displacement conditions

The synergetic prediction model of rock failure
time Eq. (22) was verified by sample F2 at a loading
rate of 0.002 mm/s. The basic mechanical
parameters are as follows: E0=61.10 GPa, μ=0.17,
σ2=σ3=0 MPa.

1) Calculate the parameters ε0, m and F0. The
experimental parameters are ε0=0.00018, m =8.24,
and F0=16.14.

2) Calculate the parameter tf. As shown in
Figure 7, the AE energy of sample F2 was fitted by
the acceleration release model Eq. (2). According to

the fitting curve, the failure time of rock is 938 s.
3) Verification. The experimental parameters of

the synergetic prediction model under equal-
displacement conditions are shown in Table 4.
Substituting the peak principal stress into Eq. (22),
the failure time of sample F2 was calculated to be
924.38 s. Therefore, the failure time interval of rock
obtained by the synergetic prediction model was
924.38−938 s, which included the actual failure time
of 931.60 s.

In summary, the rock failure time calculated by
the synergistic prediction model is greatly similar to
the actual failure time. It is indicated that the
synergistic prediction model of rock failure time
could provide theoretical guidance for rockburst

Table 2 Fitting parameters of AE cumulative energy

No.

A1

A2

A3

A4

A5

A6

R2

0.85

0.92

0.92

0.93

0.93

0.88

A/106

5.68

6.51

60.3

98.3

63.4

9.37

B/106

−1.52

−1.19

−2.88

−34.9

−25.9

−1.85

tf/s

2284

2292

2136

2249

1892

1760

z

0.18

0.26

0.45

0.15

0.13

0.22

r

0.21

0.31

0.36

0.13

0.28

0.30

Figure 5 Fitting curve of strain-time

Figure 6 Fitting curve of damage-time

Table 3 Experimental parameters of synergetic prediction model under equal-loading conditions

Specimen

A3

Mechanical parameter

σ2 /MPa

10

σ3 /MPa

5

E0 /MPa

81,200

μ

0.24

Fitting parameter

A1/10−5

1.02

B1/10−3

1.44

ε0

0.0097

ρ

0.27

tf/s

2136
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prediction. Moreover, the calculated time interval of
rock failure could be used as the reference time for
rockburst prediction.

6 Conclusions

Based on the experimental investigation, the
AE characteristic parameters in the process of rock
failure were obtained. Based on the critical point
theory and damage theory, the relationship between
rock failure time and different warning parameters
was analyzed, and the synergistic prediction model
of rock failure time was constructed preliminarily.
The main conclusions can be summarized as
follows:

1) The time series characteristics of AE
parameters well reflect the stage characteristics of
internal crack propagation and macroscopic failure
of granite sample. Under true triaxial conditions, the
AE energy has a relatively obvious accelerated
release characteristic near the peak stress, which
could be regarded as a precursory information of
rockburst.

2) Based on the critical point theory, the
accelerated release model of AE energy is
established. Furthermore, based on the damage
theory and the hypothesis of strain equivalence, the
statistical damage constitutive equation of crack

propagation is constructed, which explores the
damage evolution process under different loading
conditions.

3) Different warning parameters, such as stress,
damage and AE parameters are taken into account to
predict the failure time of rock, and the synergistic
prediction model of failure time was preliminarily
constructed. Moreover, the validity and feasibility of
the model are verified by experimental data. Thus,
the synergistic prediction model of rock failure time
provides a meaningful method for predicting
rockburst.
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(Edited by FANG Jing-hua)

基于岩石破裂时间与声发射能量的花岗岩岩爆协同预警试验研究

摘要摘要：：在深部岩土工程和地下工程中，岩爆等动力灾害频繁发生且难以预测。本文以花岗岩为试验对

象开展真三轴岩爆室内试验研究。结合花岗岩变形特征，采用声发射(AE)技术可以很好地揭示岩爆过

程中微裂纹的演化规律。对撞击计数、振铃计数和能量等声发射特征参数进行综合分析，获得了花岗

岩裂纹扩展和损伤演化的阶段性特征，与岩石变形破坏过程具有较好的一致性。随后，基于临界点理

论，分析了岩爆过程中声发射能量的加速释放现象。基于损伤理论，提出了不同加载条件下岩石的损

伤演化模型，同时确定了岩石破裂时间的预测区间。最后，以损伤为中间变量，构建了岩石破裂时间

协同预测模型，并对模型的可行性和有效性进行了验证。

关键词关键词：：岩爆；声发射能量；损伤；破裂时间；协同预警

中文导读中文导读

1273


