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The evolution pattern of rock damage is a progressive failure process of rock materials. It is the basis for predicting failure time of
rock materials. By theoretical and experimental analysis, the acoustic emission (AE) precursor characteristics of rock fracture and
the gradual evolution pattern of rock damage were analyzed detailedly. Then, the time-to-failure of red sandstone was predicted
and compared by several different methods. The results demonstrated that the failure process of red sandstone can be divided into
the stable deformation stage and the critical acceleration failure stage. In the critical acceleration failure stage, the AE precursor of
rock failure was easy to be observed, and the AE event rate occurred as jump-like increase phenomenon. Moreover, the gradual
evolution pattern of rock damage obeyed an exponential function, and the damage acceleration phenomenon existed in the critical
failure stage. Furthermore, the higher values of the average of rock damage was, the more obvious linear evolution pattern will be,
which was beneficial to improve the prediction accuracy of time-to-failure of rocks. Clearly, the linear prediction results of rock
failure time, after taking average values of five rock damage variables, had more higher accuracy when damage variable exceeded
D =0.5. The predicting result of specimen R1 was 0.2 s ahead of its actual failure time, and the predicting result of specimen R6
was 8.1s ahead of its actual failure time. Therefore, this method is meaningful and it can be used for the early warning of

rockburst.

1. Introduction

The crack initiation to rock fracture is accompanied by
acoustic emission (AE) phenomenon. It is very useful for
revealing the failure mechanism of rock materials [1], and
it is particularly effective for monitoring the physics precur-
sor of natural events such as earthquake and rockburst. Typ-
ically, the accelerating phenomenon of AE monitoring
signals is observed before the failure of rock materials
[2-5]. It means that there is a critical failure stage of rocks,
and it is very important to make full use of the critical AE
precursor to elucidate the failure mechanism of rock mate-
rials. Therefore, it is an important challenge to present a
quantitative method for forecasting time-to-failure of rocks.

Rockburst always occurs in the excavation process of
tunneling and mining, which seriously endangers the safety
of engineering structures [6, 7]. In many cases, the precursor
of seismic activity showed acceleration phenomenon which
can be used as a robust precursor of volcanic eruptions [8].
Meanwhile, many rockbursts were preceded by increases of
AE monitoring signals [2-5, 9]. A range of different models
have been proposed to relate the evolution of AE monitoring
signals to the onset time of rockburst. Fukuzuno [10] used
an empirical power law to model the evolution of surface
displacements prior to slope failure. Later on, Voight [8]
proposed a general material failure law to characterize the
evolution pattern of rock deformation and AE signals. Nev-
ertheless, Voight’s model required that the failure pattern of
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materials must conform to a power-law relationship, which
was not friendly to the non-power-law evolution pattern of
rock failure. Boué et al. [11] presented an approach for
real-time monitoring volcano-seismic precursors. It can
forecast the eruption time before it erupting. However, the
time scale of this method was relatively large and inaccurate,
and the accuracy of predicting time-to-failure of rock mate-
rials was still unclearly.

Rock fracture is driven by the stress and the time-
dependent cracking process [12]. The time-dependent frac-
ture behavior is particularly important for rock engineering
structures for long-term stability [13]. However, the turning
point of the stable and unstable deformation stage of rocks
has not been quantitatively distinguished [13]. The time
series of daily seismic event rate for Kilauea Volcano from
1959 to 2000 was analyzed by Chastin et al. [14]. It showed
that an accelerating behavior of the mean seismic event rate
emerged 10-15 days before the eruption. Still, the predicting
time scale was measured in days, and it was relatively large
and fuzzy [14]. The determined accelerating behavior of
average seismic events seems to give us some insights for
the time-to-failure of sudden disasters such as volcanic erup-
tion and rockburst. The onset time of acceleration phenom-
enon is the better evaluation indicator for materials failure
prediction [15]. Despite the widespread interest in predict-
ing failure time of rocks, the starting point of damage accel-
eration was not reliably identified. This usually resulted in a
lag in predicting time-to-failure of rock materials. It can
decrease the possibility of false alarms of rockburst by accu-
rately identifying the starting point of rock damage acceler-
ation stage [2-5, 9]. Therefore, a credible method is still
required to identify the starting point of damage acceleration
process for predicting time-to-failure of rocks.

The AE signals monitoring technology has been verified
as an effective, nondestruction, and real-time monitoring
tool, which reliably reflects the nucleation and propagation
of irreversible microcracks before rock failure. In this study,
we focused on methods for forecasting the time-to-failure of
a forthcoming rockburst based on damage accelerating phe-
nomenon of AE signals. Firstly, the internal damage evolu-
tion model of rocks was revealed by theoretical derivation.
Then, the red sandstone specimens were subjected to the
uniaxial compression test. The AE precursor of rock failure
and the evolution pattern of rock damage were analyzed
based on AE event rate. Moreover, the time-to-failure of
rocks was further predicted and compared by linear and
exponential function methods.

2. Theoretical Basis

The damage acceleration behavior exists in the critical fail-
ure stage of rock materials, and it is very meaningful for bet-
ter identifying the damage evolution pattern and predicting
time-to-failure of rock materials [15]. Before analyzing and
calculating rock damage variables, the following assump-
tions are made for simplification: (i) rock materials are iso-
tropic, homogenous, continuous, and brittle materials with
preexisting microcracks on a macroscale; (ii) the elastic
damage constitutive law is applicable to each mesoscopic
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element; (iii) rock damage is continuously developed and
gradual accumulation in mesoscopic elements; (iv) the
strength of mesoscopic elements is observed following Wei-
bull distribution function [16-18].

P(F) - Fﬂ(ki)p &)L

F<0,
0

where F is an elemental strength parameter or stress level,
F, is its mean value, and m is the shape parameter (Weibull
modulus) or a homogeneous index of rock materials which
measures the concentration of F.

Then, let N denotes the number of all mesoscopic ele-
ments, and N denotes the number of all failed mesoscopic
elements. The damage variable (D) can be directly defined
as the following equation.

:&.
N

D (2)

When the stress level F increases to F + dF, the number
of failed mesoscopic elements increases by NP(F)dF. If
external force increases from zero to F, from equation (1),

the total number of failed mesoscopic elements is calculated
by the following equation.

0= weyay-x{1en |- ()]}

Then, from equations (2) and (3), the following equation

can be obtained.
F m
D=1-exp {— (F—O)] . (4)

It is assumed that the ultimate principal stress for rock
failure meets the Hoek-Brown strength criterion [19].

I: n 0
F(o)= nacgl +4J; cos’6, +no\/J; (cos 0, + Smﬁ) =507,

where o is the uniaxial compressive strength, n and s are the
material constants, 0, is Lode’s angle, I7 is the first invariant
of effective stress, and J; is the second invariant of effective
stress deviators.

For the uniaxial compression, o, =05 =0, 0, = 30°, there
are the following determinate relationships.

I = Ee,, (6)

_ Eg
2 \/g’

where E is the modulus of elasticity and ¢, is the axial strain.

(7)
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FIGURE 1: Schematic diagram of AE sensors distribution.

Substituting equations (6) and (7) into (5), the following
equation can be obtained.

F(0) = no Ee, + (Ee,)*. (8)

According to equations (4) and (8), the mechanical dam-
age (D) caused by the compression stress is as the following

equation.
no Ee, E%e}]°
D=1—exp{—{ ‘£ 1+—1} } 9)
Fy Fy

This is the damage evolution equation of mesoscopic ele-
ments in the statistical constitutive model of rock materials.
Equation (9) can be simplified as the following equation.

D=1-exp [—((xsl + ﬁsf)a} , (10)

where a = no E/F, and 8= E*/F,,.

Then, assuming that rock materials have no initial dam-
age, the cumulative number of AE events is Ny, when rock
is completely broken. For any deformation time ¢, the cumu-
lative number of AE events is N ,(¢). Then, the following
damage equation can be defined by AE events.

D= I\Ii;;(fv). (11)

3. Experimental Investigation

3.1. Experimental Equipment. The Instron 5985 compression
testing machine was used in this study, which had a maxi-
mum load capacity of 250 kN and the minimum loading rate
of 0.000l mm/min. The AE monitoring equipment
employed PCI-II, which was an AE signals acquisition and
analysis system. To improve the spatial positioning accuracy
of AE events, six AE sensors were used in this test and they
were placed 20 mm away from both ends of rock specimens,
as shown in Figure 1. In addition, the AE sensors were dis-
tributed at an angle of 90° to ensure they were not coplanar.

100 mm

FIGURE 2: The prepared red sandstone specimens.

The threshold value of the AE monitoring system was set to
45dB, the preamplifier gain was set to 40 dB, and the sam-
pling frequency was set to 1 MHz.

3.2. Specimen Preparation. The same raw rock sample was
used for preparing rock specimens to ensure the physical
and mechanical parameters of specimens had the same level
of magnitude. Then, the specimens were prepared as cylin-
der with a height-diameter ratio of 2:1 (with the size of
100:50 mm). After preliminary preparation, the specimens
were carefully polished to ensure both ends were ground flat
without significant damage, as shown in Figure 2.

3.3. Experimental Method. For verifying the rationality of the
damage evolution model and the method of predicting time-
to-failure of rocks, six red sandstone specimens were used
for this study. For specimens R1~R3, their loading rate was
0.1 mm/min, and for specimens R4~R6, their loading rate
was 0.03 mm/min. The loading process was monitored syn-
chronously with AE signals monitoring process. Beyond
peak stress, the loading process was stopped after the stress
dropped to 80% of its peak value to ensure rock specimens
had been completely destroyed. In particular, the representa-
tive results of specimens R1 and R6 were used to analyze in
this study.

4. Results

4.1. The Evolution Characteristics of AE Signals of Red
Sandstone. Figure 3 shows the evolution characteristics of
AE events with the increasing axial loading. To illustrate,
Figure 3(a) is the result of specimen R1, and Figure 3(b) is
the result of specimen R6. The results showed that the failure
process of red sandstone needed to experience stable elastic
deformation firstly, the stress increased steadily, and the
stress curve was smooth. Subsequently, rock specimens
entered the critical fracture stage, the stress was fluctuating
and unstable, and the peak stress will be reached in a short
time. Then, the stress decreased slightly in steps which was
followed by the complete penetration of cracks. During the
elastic deformation stage (Stage I), the AE events had rela-
tively lower values and fewer numbers, and its variation
was relatively stable and smooth. In the critical acceleration
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FiGure 3: The evolution characteristics of AE signals. (a) The result of specimen R1. (b) The result of specimen R6.

failure stage (Stage II), the evolution characteristics of AE
events were obviously different from the previous stage.
The jumping spurt of AE events occurred with each large
fracture (crack) inside rocks. Due to the frequent occurrence
of rock fractures, the AE events increased with multiple
jumps. Moreover, AE events had relatively larger values,
larger numbers, and more frequent fluctuation. Due to dif-
ferent characteristics of AE events in Stage I and Stage II,
Stage I was defined as the stable deformation stage, and
Stage II was defined as the accelerated failure stage. In addi-
tion, an obvious acceleration phenomenon for cumulative
AE events, generated from microcrack propagation, was
clearly observed nearby the failure point. The typical evolu-

tion pattern of AE events can be used as a precursor for rock
failure.

Figure 4 shows the localization of AE events inside rocks
in the critical failure stage, and Figure 4(a) is the result of
specimen R1 when D = 0.5, Figure 4(b) is the result of spec-
imen R6 when D = 0.5, Figure 4(c) is the result of specimen
R1 when D =1, and Figure 4(d) is the result of specimen R6
when D =1. Moreover, the corresponding failure time is
655 s for specimen R1 in Figure 4(a), and the corresponding
failure time is 2018 s for specimen R6 in Figure 4(b). It can
be seen that before the critical acceleration failure stage,
the high-energy AE events inside rocks were relatively few
and scattered. It demonstrated that the main cracks inside
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F1GURE 4: The fracture characteristic of red sandstone by AE events. (a) The result of specimen R1 when D = 0.5. (b) The result of specimen
R6 when D =0.5. (c) The result of specimen R1 when D = 1. (d) The result of specimen R6 when D = 1.

rock specimens had not penetrated. When rocks were
completely destroyed, the distribution and morphology of
main fractures (cracks) can be clearly observed. It indicated
that the fracture behavior was more frequent and significant
in the critical acceleration failure stage.

4.2. Identification of the Damage Acceleration Point of Red
Sandstone. From equation (10), it can be seen that the dam-
age evolution pattern of rocks is in line with the growth pat-
tern of exponential function. Based on equation (11), the
damage evolution curve of rock specimen can be calculated
and plotted by AE events. Since it had been assumed that
the growth pattern of rock damage obeyed the exponential
law, the function (D=y,+ A exp (—x/t;)) was used as the
fitting function to analyze the damage evolution pattern of
rock specimens. The fitting results indicated that this func-
tion can accurately characterize the damage evolution pat-
tern of rocks. Furthermore, rock damage had a low-rate
steady growth stage and an accelerated growth stage. From
Figure 5 (Figure 5(a) is the result of specimen RI1, and
Figure 5(b) is the result of specimen R6), it can be known
that there is a significant difference for damage growth of
rock specimens before and after D = 0.375. Before this dam-
age point, rock damage growth rate was relatively low and
rock specimen was still in the stable deformation stage. After
this damage point, rock damage growth rate began to accel-
erate significantly, and the damage curve became steeper.
Therefore, the damage point (D=0.375) can be taken as
the first turning point of rock damage curve, since the turn-
ing point of stable deformation stage and the critical acceler-
ation failure stage occurred at damage variable reaching 0.5
(D=0.5). This also can be confirmed by the AE precursor
in Figures 3 and 4. Therefore, for further distinguishing the
evolution characteristics of rock damage, the second damage
point (D = 0.5) can be taken as another turning point of rock
damage curve. In fact, the second damage point (D =0.5)
was the turning point of accelerating deformation rather
than the accelerating turning point of damage variables.

4.3. The Method for Predicting Time-to-Failure of Red
Sandstone. As shown in Figure 5, it can be learned that rock
damage has accelerated behavior in the critical failure stage.
From Figure 6 (Figure 6(a) is the result of specimen R1, and

Figure 6(b) is the result of specimen R6), the damage evolu-
tion characteristics, from D =0.375 and D = 0.5 to rock fail-
ure, were further analyzed detailedly in the critical failure
stage. It can be found that rock damage approximately con-
formed to the linear growth in the critical acceleration fail-
ure stage. Certainly, from D=0.375 and D=0.5 to the
complete failure of rocks, the accuracy degree of linear fitting
of rock damage was different. The results demonstrated that
the linear evolution pattern of rock damage was more obvi-
ous and clearly when the fitting data from D= 0.5 to rock
failure. From Figure 6, it can be seen that rock damage is
not uniform, but it is grouped in several intervals. Since
there are many groups of damage variables from D =0.375
to rock failure, the distribution of rock damage variables
was relatively discrete. Therefore, for improving the effect
of linear fitting, rock damage variables were averaged from
D =0.5 to rock failure.

Based on the method of ordinary least squares [20], the
linear fitting equation for predicting time-to-failure of rocks
can be obtained. The linear fitting equation (y = a + bx) was
used to fit the evolution curve of rock damage. For specimen
R1, its actual failure time is 787.2s (D = 1) in this study. For
specimen R6, its actual failure time is 2432.0 s (D = 1) in this
test. To illustrate, the negative data indicated the forecast
time was advanced than the actual failure time, and the pos-
itive data indicated the forecast time was lagging behind the
actual failure time. The precision of the slope for the fitting
curve was only accurate to 4 digits after decimal point.
Although these two fitting curves had the same slope after
approximation (Figure 7(a), Line 1 and Line 2), the slopes
of these two fitting curves were actually slightly different.

Table 1 compares the prediction results, by different fit-
ting equations, with the actual failure time (D = 1), and it can
distinguish the prediction accuracy of time-to-failure of
rocks. It can be known that the fitting equations (1)~(4)
(Nos. 1~4) are the results of specimen R1 and equations
(5)~(8) (Nos. 5~8) are the results of specimen R6. Obvi-
ously, the fitting result of specimen R1 was better than spec-
imen R6. The exponential growth pattern of specimen R1
was more obvious and matched, and its predicted time-to-
failure of rocks was only advanced 0.7 s than the actual fail-
ure time. However, the predicted time-to-failure of specimen
R6 was quite different from the actual failure time,
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F1GURE 5: The damage evolution curve of red sandstone under compression. (a) The result of specimen R1. (b) The result of specimen R6.

approximately delayed 70.7 s. It demonstrated that the accu-
racy of predicting time-to-failure of rocks by the exponential
fitting function was unstable. Then, compared with D =0.5
to rock failure, the distribution of damage variables (from
D =0.375 to rock failure) was more scattered, and they were
grouped obviously in several intervals. Then, the prediction
accuracy of rock failure time was mainly analyzed from D
=0.5 to rock failure. Fitting equations (2) (No. 2) and (6)
(No. 6) were the linear fitting equations for specimens R1
and R6 from D = 0.5 to rock failure, respectively. Therefore,

it can be seen that the linear evolution characteristics of rock
damage (from D=0.5 to D=1) were more obvious and
clearly.

Subsequently, two different damage processing methods
were used to fit damage variables, and the predicting accu-
racy of time-to-failure of rocks was compared. In Figure 7
(Figure 7(a) is the result of specimen R1, and Figure 7(b) is
the result of specimen R6), the blue line (Line 1) was
obtained by taking average of each two original damage var-
iables. Similarly, the red line (Line 2) was obtained by taking
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F1GURE 6: The damage evolution characteristic from D =0.375 and D = 0.5 to rock failure. (a) The result of specimen R1. (b) The result of

specimen R6.

average of each five original damage variables. This process-
ing method, by taking the average values of different num-
bers of damage variables, can reduce the volatility of
damage variables and it can improve its stationarity and
accuracy of the fitting equation.

In Figure 7(a), the fitting equation for Line 1 is y =
0.0054x — 3.24, and its R-square is 0.9923. Likewise, the fit-

ting equation for Line 2 is y=0.0053x —3.23, and its R
-square is 0.9985. Comparing the fitting effect, it can be seen
that the fitting effect of Line 2 was slightly better than Line 1.
In Figure 7(b), the fitting equation for Line 1 is y = 0.0019x
—3.90, and its R-square is 0.9904. The fitting equation for
Line 2 is y =0.0021x — 4.26, and its R-square is 0.9972. For
specimen R1, the fitting effect of fit equation (4) (No. 4) is



Geofluids
1.0
0.9 +
— [}
2 084 .
= ~«——— Line 2
=
-
s 0.7 -
L
&
<§ 0.6 -
Linel ——»
0.5
]
0.4
T T T T T T
660 680 700 720 740 760 780 800
Time (s)
—— Damage variable @ Damage variable
m  Fit curve —— Fitcurve
@
1.0
0.9 +
8 o8- [
2
Tg |
g 0.7+
L
0
<
gv: 0.6 -
Linel ——
0.5
<«—— Line 2
0.4 “
T T T T T T T
2200 2250 2300 2350 2400 2450
Time (s)
—— Damage variable ® Damage variable

m  Fit curve

(b)

—— Fit curve

FIGURE 7: The damage fitting curve by different methods. (a) The result of specimen R1. (b) The result of specimen R6.

better than fit equation (3) (No. 3), and the predicted time-
to-failure of specimen R1 can be advanced by 0.2s than the
actual failure time. For specimen R6, the fitting effect of fit
equation (8) (No. 8) is better than fit equation (7) (No. 7),
and the predicted time-to-failure of specimen R6 can be
advanced by 8.1's than the actual failure time. Hence, from
D=0.5 to rock failure, the predicting results of the linear
function, based on the average treatment of five damage var-
iables, were better than the predicting results of the average
treatment of two damage variables. Moreover, the fitting

effect of the linear function, based on averaging five damage
variables, was better than the exponential function.

5. Discussions

It can be seen from Figures 3 and 4 that the evolution pro-
cess of AE signals has stable deformation stage and critical
acceleration failure stage. For the stable deformation stage,
AE events were relatively gentle and quiet due to the overall
weak damage of rocks. For the accelerated failure stage, AE
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TaBLE 1: The results of predicting time-to-failure of rocks. Nos. 1~4 are the results of specimen R1. Nos. 5~8 are the results of specimen R6.

No. Fit data Fit equation R-square Prediction time (s) Error (s)
1 Figure 5(a) y=0.063 +0.0021 exp (x/128.92) 0.9725 786.5 -0.7
2 Figure 6(a) y=0.0054x - 3.27 0.9787 790.7 3.5
3 Figure 7(a), Line 1 y=0.0054x - 3.26 0.9923 788.9 1.7
4 Figure 7(a), Line 2 y=0.0054x - 3.25 0.9985 787.0 -0.2
5 Figure 5(b) ¥ =0.054 +0.0049 exp (x/475.52) 0.9824 2502.7 70.7
6 Figure 6(b) y=0.0013x-2.25 0.9737 2500.0 68.0
7 Figure 7(b), Line 1 y=0.0019x—-3.71 0.9904 2478.9 46.9
8 Figure 7(b), Line 2 y=0.0021x - 4.09 0.9972 2423.8 -8.1

events fluctuated greatly with a small fluctuation of stress,
which indicated that a large number of cracks had been ini-
tiated inside specimens, and the damage increased rapidly. It
had entered a critical failure stage. It meant that large
amounts of macroscopic fractures will occur without a large
stress increasing. The dynamic fluctuation of AE events also
indicated that some relatively large-sized cracks were pene-
trated and connected. Consequently, this was an AE precur-
sor to the impending destruction of rocks. Therefore, the
rock deformation stage was very important for its damage
evaluation. Then, according to the evolution characteristics
of AE events, the damage state can be distinguished, and
the appropriate damage evolution equation can be selected
to quantitatively characterize the damage evolution pattern
of rocks. Subsequently, the first damage point (D =0.375)
was defined and determined based on the turning point of
damage variables. Based on the mutation of AE events, the
second damage point (D =0.5) was also defined and deter-
mined. Absolutely, it was known as the start point of the
critical failure stage. Therefore, it is helpful for the prediction
of time-to-failure of rocks and the early warning of
rockburst.

The damage variable is an indicator for evaluating frac-
ture and damage state of rocks. It can reflect the evolution
characteristics of cracks inside rock materials. Through the-
oretical analysis, it can be learned that the damage evolution
curve of rock specimens followed the exponential function
law, as shown in Figure 5. By fitting the damage variables
with an exponential function, the critical accelerated failure
phenomenon can be clearly characterized, and the quantita-
tive evaluation of rock damage can be realized. This provides
the basis for realizing the mathematical characterization of
rock damage and predicting time-to-failure of rocks. There-
fore, based on the damage evolution curve, the first damage
point (D =0.375) was defined and determined. Before this
point, the damage evolution rate was slow and gradual. After
this point, the damage evolution rate grew rapidly. Thus, the
first damage point can be used to distinguish differences of
damage evolution growth for rocks. Then, according to the
actual fracture situations of rocks, the second damage point
(D=0.5) was also defined and determined. Correspond-
ingly, the second damage point (D = 0.5) can be used to dis-
tinguish the stable deformation stage and the critical
acceleration failure stage. It can be confirmed by the evolu-

tion pattern of AE signals, especially the AE precursor of
rock failure occurred after this point, which verified the
rationality of the defined second damage point. Accordingly,
by defining different damage turning points, the predicting
accuracy of rock failure time can be improved.

Based on the first damage point, the damage evolution
state of rocks was distinguished, and by the second damage
point, the fracture evolution state of rocks was distinguished.
No matter from the first damage point to rock failure or
from the second damage point to rock failure, the damage
state of rocks was in an accelerated growth stage. Moreover,
from these two damage points to rock failure, the damage
variables roughly showed a linear rapid growth trend. There-
fore, it seems possible to predict the failure time of rocks by
linear fitting equations. Consequently, based on the damage
evolution characteristics, from the second damage point to
rock failure, the time-to-failure of rocks was calculated by
linear fitting equations, as shown in Figure 7. Moreover, it
can be seen that the fitting results were fitted better. This
demonstrated that it was reasonable and reliable to fit rock
damage evolution pattern by linear equation. Obviously,
the results of the fitting equation, from the second damage
point to rock failure, had a better linear fitting effect, and
the predicted time-to-failure of rocks was more accurate.
The damage state and fracture state can be distinguished
by the first damage point and the second damage point,
which narrowed the data range of the linear fitting of rock
damage. However, the deformation of rocks was unstable
in the critical failure stage, and the evolution trend of dam-
age variables was unstable. This reduced the prediction accu-
racy of time-to-failure of rocks due to the local dispersion of
damage variables. Therefore, for improving the prediction
accuracy, it is necessary to average the damage variables to
reduce the predicting errors for time-to-failure of rocks
which is caused by the discrete damage variables.

Due to the discontinuity of rock fracture, the average
treatment of damage variables can reduce the prediction
errors caused by data concentration and unevenness to some
extent. It can improve the prediction accuracy by homoge-
nizing and smoothing the discrete data. From the fitting
results of Line 1 and Line 2 in Figure 7, it can be seen that
the fitting effect of Line 2, with the average of five damage
variables, is better than that of Line 1, with the average of
two damage variables. It should be noted that this method
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has a better fitting effect on processing data with larger dis-
creteness than the data with a more concentrated distribu-
tion. For improving the predicting accuracy, a phased
calculation method can be used for the early warning of
rockburst. The results showed that the predicting time-to-
failure of rocks by exponential function will make the results
unstable and inaccurate due to the discreteness of damage
variables. However, the linear evolution pattern of rock
damage can be achieved by averaging damage variables,
which had a good effect on improving the prediction accu-
racy. In fact, it will contribute to the early warning of rock
dynamic disasters.

6. Conclusions

Based on the AE signals monitoring experiment and the uni-
axial compression test, the time-to-failure of red sandstone
was studied and analyzed, and the following conclusions
can be obtained.

(1) The red sandstone had stable deformation stage and
accelerated failure stage under uniaxial compression.
In the stable deformation stage, the stress grew rela-
tively smoothly and AE events were relatively quiet
with lower values. In the acceleration failure stage,
the stress increased slightly and AE events showed
a jump-increase phenomenon with large fluctuation.
From the positioning results of AE events, it can be
known that the crack penetration mainly occurred
in the critical failure stage.

(2) Rock damage obeyed the growth pattern of exponen-
tial function under axial loading, and rock damage
variables had the steady increase stage and the accel-
erated increase stage. Moreover, different damage
acceleration turning points will affect the linear char-
acterization of acceleration damage stage, and it can
further affect the predicting accuracy of rock failure
time.

(3) Based on different damage acceleration turning
points, the linear fitting effect will be quite different.
The linear fitting effect from D =0.5 to rock failure
will be better than D=0.375 to rock failure. The
averaging processing method of damage variables
(from D = 0.5 to rock failure) can improve the linear
fitting effect and the accuracy of predicting time-to-
fajlure of rocks.
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