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Rock failure generally leads to serious consequences, and it is significant to obtain
the precursor information prior to failure using associated techniques. Acoustic
emission (AE) is one of the indispensable methods for disaster warning of hard and
brittle rock. Acoustic emission detection technology can effectively monitor real-
time information about changes in the rock interior and predict the process of
rock damage failure. To probe the relationship among the AE precursor
information of red sandstone under different intermediate principal stresses, an
experimental study was conducted by us to examine the alterations in AE
parameters during the failure of red sandstone under both loading and
unloading circumstances. The study shows that the ringing count rate and
absolute energy versus time curves are divided into four stages, namely, quiet,
frequent, sudden increase and decline periods. The cumulative count curve is also
divided into four phases: pre-unloading period, post-unloading period, sharp
increase period, and decrease period. With the rise of the intermediate
principal stress, the ringing count rate and energy exhibited during the
frequent period of AE demonstrate a consistent increase, with a larger increase
in the maximum value and a smaller increase in the average value. In addition, the
peak value of AE signals during failure also increases accordingly. The occurrence
moment and clarity of the frequent period determine the reliability and priority of
the information related to the rock’s failure precursor; moreover, the reliability and
priority of the AE precursor information will increase with the increase of the
intermediate principal stress. After comparison, it is found that the AE precursor
information occurs prior to the thermal infrared precursor information.
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1 Introduction

Acoustic emission (AE) is a transient elastic wave within a material due to the rapid
release of local strain energy. The generation and development of internal fractures in brittle
rocks during failure is a good AE signal source, and since there are no obvious anomalies on
the surface of hard brittle rocks before instability failure, it is often challenging to predict the
occurrence of such type of failures. Therefore, as a concomitant phenomenon, AE produced
during the rock failure process can provide effective information for predicting rock
instability failure and provide significant evidence for predicting rock failure (Fortin
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et al., 2009; Brantut et al., 2011; Zhang et al., 2019; Chen et al., 2020),
thus better ensuring the safety of people’s lives and property.

During rock failure, a large amount of elastic strain energy
could be released, and monitoring changes in AE parameters has
become a new direction in the study of rock failure. Through
analysis of variations in AE parameters during rock failure, the
alterations in the internal structural condition of the rock mass
can be identified, thereby allowing for inference of the
mechanism underlying rock mass failure. It has been proposed
that the b-value of AE in rock failure exhibits a tendency to
decrease as stress increases prior to failure and experiences a
marked decrease at the moment of failure (Lei, 2006; Dong et al.,
2022). The acoustic response and fractal dimension can reflect
the evolution and expansion of fractures during loading, and the
acoustic fractal values can be used to study the precursor
information of rock failure (Kong et al., 2016; Xu et al., 2017).
Furthermore, the spatial correlation length of acoustic emissions
can be regarded as a precursor parameter for rock failure, which
generally increases during the failure process (Tyupkin and
Giovambattista, 2005; Li et al., 2010). The spatial AE
localization technique enables the analysis of the internal
fracture evolution of rock specimens over the loading process
(Yang et al., 2012; Wang et al., 2022). The sharp increase in

various parameters of AE is closely associated with the
occurrence of rock fractures (Zhao et al., 2015; Moradian
et al., 2016).

True triaxial stress paths can accurately reflect the deformation
and failure patterns of rock masses caused by different excavation
methods in engineering and can better simulate the mechanical
response and deformation and failure characteristics of rock masses
after excavation. Mogi (1971) successfully developed the world’s first
true triaxial test machine for rocks, proving the existence of
intermediate principal stress effects on rocks. The effect of
intermediate principal stresses on the strength characteristics of
rocks has been confirmed by many scholars (Haimson and Chang,
2012; Ma et al., 2017). In addition, many studies based on true
triaxial tests have shown that intermediate principal stresses have
significant influence on the mechanical properties, failure
mechanisms, and underground engineering stability of rocks (Ma
et al., 2014; Feng et al., 2016; Vachaparampil and Ghassemi, 2017;
Gao et al., 2018; Zhang et al., 2021; Zhao et al., 2022a; b; Xu et al.,
2022).

In this study, the variation of AE parameters of red sandstone
under different intermediate principal stresses are investigated, the
similarities and differences among the acoustic emissions under
different intermediate principal stresses are compared, and finally

FIGURE 1
Diagram of test equipment, specimen and stress state. (A) High pressure servo-motion true triaxial tester. (B) Micro-II Digital AE System. (C) Red
sandstone specimens. (D) Schematic diagram of the true triaxial loading and unloading stress state.

TABLE 1 Details of true triaxial load and unload tests.

Test group number σ1/MPa σ2/MPa σ3/MPa Number of specimens

A-1 60 10 5→0 3

A-2 60 20 5→0 3

A-3 60 40 5→0 3

A-4 60 60 5→0 3
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the AE precursor information before rock failure through true
triaxial tests under unloading conditions are analyzed. The
temporal relationships among the various precursors were
identified, for the purpose of better predicting and preventing
excavation and unloading-induced rock instability failure.

2 Test methods

2.1 Test conditions and test equipment

The red sandstone specimens used are dense and tight, with a
good integrity. The specimens are rectangular in shape and its
dimensions are 100 mm × 100 mm × 200 mm with a flatness
error of ± 0.05 on the end face and a verticality error of ±
0.25°C. The minimum principal stress in the true triaxial loading
test is 5 MPa, and a total of 4 different intermediate principal stress
conditions were set up. In each condition 3 specimens were tested,
and a total of 12 specimens were used.

The true triaxial test was carried out using the new high-pressure
servo-dynamic true triaxial rigidity tester TAW1-5000/3000
(Figure 1) (Su et al., 2017). The development, extension and
penetration of fractures on the rock surface were captured using
a high speed digital camera developed by SVSI, United States. The
AEmonitoring was conducted using the Micro-II Digital AE System

from PAC company, United States. The FLIRSC305 infrared
thermal imaging camera was also used to monitor the changes in
the thermal image of the specimen’s free face.

2.2 True triaxial loading and unloading test
scheme

The initial ground stress is set before the test, where σ1
represents the maximum principal stress, σ2 represents the
intermediate principal stress and σ3 denotes the minimum
principal stress, the direction of the minimum principal stress is
the free face.

Test scheme: first, the stress of 0.5 MPa was applied to σ1 using
the displacement control method in order to connect the specimen
end face with the face of the transfer column. Then, the load control
method was employed to reach the design value σ1 at a loading rate
of 0.2 MPa/s. After that, using the same method, keep σ1 unchanged
and load σ2 to the design value; keep σ2 unchanged and load σ3 to the
design value and maintain this stress state for 10 s. After the initial
stress loading was completed, one side was quickly unloaded, while
the opposite side was adjusted to displacement control. Then, σ1 was
increased at a loading rate of 2 kN/s until the instability failure of the
specimen. The stress state is shown in Figure 1D, and the stress path
is the same as the true triaxial loading path. During this process, AE,

A B

C D

FIGURE 2
Relationship between AE parameters and time at 10 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing count rate
curve. (D) Accumulated absolute energy curve.
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high-speed camera and infrared thermal imaging camera collected
data simultaneously. The true triaxial stress levels for this study were
listed as follows: σ1 was set at 60 MPa. σ2 was set as 10 MPa, 20 MPa,
40 MPa, and 60 MPa, respectively; σ3 was set as 5 MPa. The test
details are shown in Table 1.

3 Experimental results and analysis

3.1 Characteristics of AE precursor
information

The AE characteristics of rocks in true triaxial loading tests and
the corresponding precursor information have been extensively
studied in previous studies. On this basis, the AE signals in real
triaxial loading and unloading tests were investigated to decode their
characteristics under this stress path and the precursor information
before rock failure. In particular, analyzing the AE characteristics
under different intermediate principal stresses and comparing the
similarities and differences.

Figure 2 shows the curves of each AE parameter versus time
under the intermediate principal stress of 10 MPa. Which I is quiet
period, II is frequent period, III is sudden increase period, IV is
decrease period, A is pre-unloading period, B is post-unloading
period, C is sudden increase period and D is decrease period. Figures

2A, B show the ringing count rate and absolute energy, respectively,
and Figures 2C, D display the corresponding cumulative count
curves. According to Figures 2A, B, the quiet period is the
longest in the whole process. In general, the ring count rate
remains in a low level but increases significantly when the
specimen is disturbed during unloading. The frequent period
accounts for about 7% of the whole process, and the overall level
of ringing count rate and energy level is increased, and microcracks
inside the specimen are pervasively developed. The sudden increase
period is the shortest due to the specimen failure that makes the
ringing count rate and energy rise steeply and then fall back in a
short time. It is prominent that the rock failure process is extremely
short. After the ringing count rate and energy fall back, they enter
into the decrease period, during which the number of AE specimens
gradually decreases. Based on the characteristics of the changes in
AE ringing count rate and energy, it can be inferred that before the
failure of the specimen, the levels and numbers of AE events will
significantly increase. This indicates that internal micro-cracks have
developed extensively and interconnected within the specimen,
implying that the rock specimen is about to fail.

Figures 2C, D show the cumulative counting curves of AE
ringing count rate and energy versus time. The cumulative curves
are divided into four periods A, B, C, and D, which are named as pre-
unloading period, post-unloading period, sharp increase period, and
decrease period, respectively. Notably, there is a sudden jump in the

A B

C D

FIGURE 3
Relationship between AE parameters and time at 20 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing count rate
curve. (D) Accumulated absolute energy curve.
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cumulative curve of the ringing count rate, and the slope of the curve
increases after the jump. 25 s before the steep increase, the curve
enters the sudden increase period. During this period, the curve rises
obviously, this information can serve as a precursor for rock failure.
The cumulative curve increases sharply and steeply when the
specimen is damaged and then returns to flat. The cumulative
energy curve has only slight change in slope before and after
unloading and enters the sudden increase period 36 s before
specimen failure. In this period, the AE energy increases multiple
times, resulting in a stair-stepping pattern.

Figure 3 shows the curves of each AE parameter versus time
under an intermediate principal stress of 20 MPa. As shown in
Figures 3A, B, the overall characteristics of the ringing count rate
and energy curves are similar. In the quiet period, the overall AE
signal level is low, and the signal appears to rise significantly during
the unloading period. Around 44 s before the specimen failure, the
AE enters a frequent period, during which the number of AE
specimens and the signal level increase significantly, with
abundant microcrack development inside the specimen. Then,
specimen failure occurs. The AE signal increases steeply and then
falls back, and finally declines gradually. The changing
characteristics of ringing count rate and energy show that at the
early stage of loading, there are no internal microcracks and the AE
signal is less. During the unloading process, the rock specimen is
disturbed both inside and outside, and the acoustic signal increases

significantly. The quiet period accounts for the largest proportion of
the entire process, reaching about 78%, and the frequent period
accounts for 8%–9%, which can effectively warn the rock failure.
Additionally, the rapid rock failure leads to a short period of sudden
increase, accounting for only about 1% of the whole process.

The cumulative counting curve is clearly segmented, showing
multiple periods. The slope of the curve after unloading is higher
than that before unloading, and the curve rises faster during the
unloading period, exhibiting a stair-stepping pattern. The curve
enters the sudden increase period when 45 s before the specimen
failure (Figures 3C, D).

Figure 4 shows the curves of each parameter of AE versus time
under an intermediate principal stress of 40 MPa. As shown in
Figures 4A, B, the overall level of both AE ringing count rate and
energy increases as the intermediate principal stress increases, and
the number of AE events during the unloading period increases
significantly. The duration of the frequent period of AE increases by
51 s, and the number of AE events during this period fluctuates
drastically. The overall change in AE ringing count rate and energy is
similar, showing an abrupt increase at the unloading, pre-failure,
and failure moments.

According to Figures 4C, D, the cumulative curve rises faster
and the slope is relatively steeper during the unloading period.
Furthermore, the slope of the post-unloading cumulative curve is
larger than that before unloading. Stage C marks the sudden

A B

C D

FIGURE 4
Relationship between AE parameters and time at 40 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing count rate
curve. (D) Accumulated absolute energy curve.
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increase period of the cumulative curve, which corresponds to the
period of frequent AE the fluctuate AE characteristic in the
frequent period, when manifested in the cumulative curve,
shows a stair-stepping pattern. When the specimen is
damaged, the cumulative curve rises steeply in a short time
and then becomes approximately horizontal.

Similar to the above figures, Figure 5 shows the curves at an
intermediate principal stress of 60 MPa. As shown in Figures 5A,
B, the AE grows prominently during the unloading frequent
periods. The first half of the frequent period is characterized by
numerous increasing acoustic signals, indicating that the
microcracks inside the rock specimen are highly developed. By
comparison, the signals are sparse in the second half, which
demonstrates that most of the internal microcracks are
interconnected. This indicates that most of the micro-cracks
inside the rock specimen have interconnected, and a large
number of cracks hinder the propagation of acoustic signals
within the rock, resulting in a decrease in AE signals. The
starting point of the frequent period of the ringing count rate
is 74 s away from the steep increase point, and the starting point
of the frequent period of energy is 85 s away from the sudden
increase point.

As shown in Figures 5C, D, in the period before unloading, the
cumulative curve is approximately horizontal, with a slow increase
in the AE signal. However, unloading leads to a sudden increase in

the AE signal, and the curve shows a stair-stepping-shape increase.
Then, the signal remains generally stable. About 76 s before the
specimen failure, the curve again rises in steps, followed by a steep
and sudden increase. There are similarities and differences between
the ringing count rate and energy curves. For the similarities, there
are two stair-stepping-shape increase in the curve, and the post-
unloading curve slope is higher than that before unloading. For the
differences, first, the sudden increase period of energy is 2 s less than
that of the ringing count rate. In addition, the energy grows more
significantly than the ringing count rate when the cumulative curve
rises steeply. Comparatively, the cumulative curves of ringing count
rate and energy are similar in overall changing characteristics and
rising patterns.

After comparison, this can be seen that the cumulative AE
curve is more obviously segmented, which can better reflect the
growth of AE signal at each period. The ringing count rate and
absolute energy reflect the actual acoustic signal changes during
the loading process as well as the development of microcracks
within the rock at each moment. Both the two forms of AE have
precursor information. Specifically, the ringing count rate and
absolute energy focus on full process monitoring, while the
cumulative counting approach focuses on the segmentation of
the AE. By presenting the AE ringing count rate and energy as
cumulative forms, the curves not only show segmented, but also
emphasize AE anomalies at each period.

A B

C D

FIGURE 5
Relationship between AE parameters and time at 60 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C)Cumulative ringing cumulative
count rate curve. (D) Accumulated absolute energy curve.
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3.2 Comparative analysis of AE precursor
information under different intermediate
principal stresses

The characteristics of the AE during true triaxial loading and
unloading of rock specimens under different intermediate principal
stresses are analyzed in the above context. It is clear that the quiet,
frequent and decrease periods of the ringing count rate and energy
increase with the increase of intermediate principal stress, similar to
the sudden increase and decrease periods in the cumulative counting
curve.

Table 2 shows the comparative analysis of AE at various
duration time periods under different intermediate principal
stresses. This can be seen that the duration of the frequent
periods of the AE ringing count rate and absolute energy both
increase with the increase of the intermediate principal stress, and
the duration of the sudden increase period of the cumulative count
curve also increases with the increase of the intermediate principal
stress. The detailed manifestations can be summarized as follows:
the duration of the frequent periods of the ringing count rate is 24 s,
44 s, 51 s, 74 s, respectively, and that of the absolute energy is 23 s,

45 s, 51 s, 85 s, respectively. The duration of the sudden increase
period of the cumulative ringing count curve is 25 s, 45 s, 52 s, 78 s,
respectively, and that of the energy accumulation curve is 36 s, 44 s,
52 s, 76 s, respectively. Such regular variations in the AE frequency
period and sudden increase period is due to the strength increase of
the specimen associated with the increase of the intermediate
principal stress. However, the stress threshold for the appearance
of cracks within the specimen is unchanged; thus, the appearance
time of the frequency period appears earlier with the increase of the
intermediate principal stress. The sudden increase period in the
cumulative count rate and cumulative energy curves corresponds to
the AE frequency period, so that the earlier appearance of the
sudden increase period is also observed with increasing
intermediate principal stress. As the precursor information of
rock failure, the occurrence of frequency period and sudden
increase period become earlier with increasing intermediate
principal stress.

Due to the fact that the quiet, frequent, and decrease periods of
the ringing count rate become longer as σ2 increases, the following
equation was finally obtained by fitting the AE ringing count rate
versus time curve (Figure 6):

TABLE 2 Comparative analysis of the duration time of each period of AE at different intermediate principal stresses.

Different periods of AE Duration time Changes in time

10 MPa
(s)

20 MPa
(s)

40 MPa
(s)

60 MPa
(s)

Ringing count rate I quiet period 276 400 452 474 Periods I and II and IV become longer as σ2 increases, and Period
III changes discretely

II frequent period 24 44 51 74

III sudden
increase period

8 5 4 9

IV decrease period 40 59 93 180

Absolute Energy I quiet period 277 399 452 463 Periods I and II, IV all increase with σ2, with no specific pattern
in period III.

II frequent period 23 45 51 85

III sudden
increase period

8 6 3 15

IV decrease period 40 58 94 174

Cumulative ringing
count rate

A pre-unloading
period

173 263 259 287 The sudden increase period C and decrease period D grow with
increasing σ2, and periods A and B show poor changing

regularity
B post-unloading

period
102 136 193 183

C sudden increase
period

25 45 52 78

D decrease period 48 64 96 189

Accumulated
absolute energy

A pre-unloading
period

173 263 259 298 The sudden increase period and decrease period show an overall
increase as σ2 increases, and no specific changing pattern can be

found in the pre- and post-unloading periods
B post-unloading

period
91 138 193 174

C sudden increase
period

36 44 52 76

D attenuation
section

48 65 96 189
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t � 343.2 ln 1.01 ln σ2( )( ) R2 � 0.97( ) (1)
t � 19 + 0.9σ2 R2 � 0.94( ) (2)

t � 4.64 + 2.72σ2 R2 � 0.95( ) (3)
Likewise, since the quiet, frequent, and decrease periods of

absolute energy become longer as σ2 increases, the absolute
energy of AE versus time curve was fitted and the following
equations were acquired (Figure 7):

t � 327.7 ln 1.06 ln σ2( )( ) R2 � 0.95( ) (4)
t � 14.86 + 0.9σ2 R2 � 0.92( ) (5)
t � 6.34 + 2.62σ2 R2 � 0.96( ) (6)

In the similar fashion, the following equation was obtained by
fitting the cumulative count rate of AE ringing versus time curve
(Figure 8):

t � 18.93 + 0.96σ2 R2 � 0.94( ) (7)
t � 3.09σ2/16.87 + 3.09σ2/20.62 + 37.48 R2 � 0.98( ) (8)

Similarly, the following equation was obtained by fitting the
cumulative ringing count rate versus time curve (Figure 9):

t � 27.32 + 0.76σ2 R2 � 0.95( ) (9)
t � 2.79σ2/16.38 + 3.09σ2/20.03 + 38.33 R2 � 0.97( ) (10)

Based on the result that the duration of the frequent and sudden
increase periods of AE increases with increasing intermediate
principal stress, a comparative study of the changes in the mean
andmaximum values of the corresponding signals was carried out to
probe how they are affected by changes in intermediate principal
stress and to compare the magnitude of the signal values during the
sudden increase period.

Figure 10 shows the comparative analysis of the AE signals
during the frequent and sudden increase periods at different
intermediate principal stresses, and the following conclusions can
be drawn: 1) As the intermediate principal stress increases, the
ringing count rate and energy during the frequent period continue to
increase, with a larger increase in the maximum value and a smaller
increase in the average value. 2) As the intermediate principal stress
increases, the peak value of the AE signal also increases when the
rock specimen is damaged. These characteristics of the AE signal
associated with the change in intermediate principal stress can be
attributed to the following reasons. First, the increase in
intermediate principal stress increases the compressive strength
of the rock, thereby further increasing the acoustic signal
threshold during the development of cracks and leading to the
increase in the AE signal value. In addition, as the intermediate
principal stress increases, the strength of the rock specimen also
increases. This leads to higher peak stress during specimen failure

A B

C

FIGURE 6
Fitted curve of σ2 versus time for each period of the ringing count rate. (A) Fitted curve of quiet period. (B) Fitted curve of frequent period. (C) Fitting
curve of decrease period.
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and a more vigorous failure process, resulting in a higher AE signal
value.

The occurrence moment and clarity of the frequent period
control the reliability and priority of the precursor information.
The above analysis of AE periods shows that the duration of

frequency period is influenced by the magnitude of the
intermediate principal stress. The higher the intermediate
principal stress, the longer the AE frequency period, indicating
that the first occurrence of the AE frequency period is longer
from the moment of specimen failure. When the intermediate

A B

C

FIGURE 7
Fitted curve of σ2 versus time for each period of the absolute AE energy. (A) Fitted curve of quiet period. (B) Fitted curve of frequent period. (C) Fitted
curve of decrease period.

A B

FIGURE 8
Fitted curve of σ2 versus time for each period of the cumulative ringing count rate. (A) Fitted curve of sudden increase period. (B) Fitted curve of
decrease period.
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principal stress increases, both the average and maximum values of
the AE signal during the frequency period increase, which greatly
enhance the recognition effectiveness of AE precursor information.
This shows that the reliability and priority of the AE precursor
information increases with increasing intermediate principal
stresses.

4 Discussion

The sudden increase in AE indicates that the rock specimen
failure approaches, and the precursor information is obtained from
the change in acoustic signal inside the rock. According to the theory
of the thermoelastic effect, when an object is subjected to tensile
stress, the object will release energy and its temperature will
decrease. On the contrary, when it is subjected to compressive
stress, the object will absorb energy with a temperature increase.
Thermal infrared remote sensing technology can record thermal

infrared information of specimens, which is utilized to explore and
capture the characteristics of precursor information (Lou and He,
2018; Ma and Sun, 2018; Yin et al., 2021; Li et al., 2022). AE obtains
precursor information from the interior of the rock, while thermal
infrared imaging collects the information mainly from the rock
surface. Therefore, this study investigates the precursor information
of rock failure using both approaches.

Specifically, the AE monitoring of the true triaxial test was
conducted and the FLIRSC305 infrared thermal imaging camera was
also used to monitor the thermal image changes throughout the
whole process. With these supports, the AE characteristics and
thermal image anomaly evolution of the specimen failure process
under different intermediate principal stress conditions were
analyzed. The representative analysis results of red sandstone
under 60 MPa are shown in Figure 11.

Figure 11A shows the evolution of the thermal infrared image on
the unloading specimen free face when the intermediate principal
stress is 60 MPa. It is clear that the first thermal abnormality that

A B

FIGURE 9
Fitted curve of σ2 versus time for each period of cumulative AE energy. (A) Fitted curve of the sudden increase. (B) Fitted curve of decrease period.

FIGURE 10
Comparison of signal values between frequent and sudden increase periods under different intermediate principal stresses. (A) Ringing count rate.
(B) Absolute energy.
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covers an area of 1.8 cm2 appears 13 s before the specimen failure,
and then gradually expands to a maximum of about 45 cm2 before
failure. Compared to the bright high temperature patches appeared
under the previous smaller intermediate principal stress condition,
the area under 60 MPa stress is larger and longer, with a broader

development area. Figure 11B shows the fracture morphology of the
rock at an intermediate principal stress of 60 MPa. The whole of the
free face is ejected, forming a rupture surface of comparable size to
the free face. The shear fracture zones on the left and right sides of
the rock specimen are mainly “V” shaped and diagonally penetrated,

FIGURE 11
Morphological characteristics of rock fracture and the evolution of thermal infrared thermography of rock failure. (A) Thermal infrared image
evolution under the unloading test on rock specimen. (B) Rock fracture morphology.

TABLE 3 Occurrence time analysis of AE precursors compared with thermal infrared precursors under different intermediate principal stresses.

σ2/MPa Occurrence time Thermal infrared precursors versus AE

Thermal imaging (s) AE ringing (s) AE energy (s)

10 5.5 24 23 Thermal images are 18.5 s later than ringing and 17.5 s later than energy

20 7 44 45 Thermal images are 37 s later than ringing and 38 s later than energy

40 9 51 51 Thermal images are 42 s later than ringing and 42 s later than energy

60 13 74 85 Thermal image 61 s later than ringing and 72 s later than energy
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with feather cracks in the diagonally penetrated shear zone, which
are distributed around the shear zone and are secondary to the
extrusive friction that occurs in the shear zone. The integrity of the
back of the specimen is good after failure.

The results show that as the intermediate principal stress
increases, the thermal abnormality appears earlier, the pre-failure
maximum thermal abnormality area increases, and the recognition
effectiveness of the thermal image precursor information also
increases accordingly. During the thermal abnormality expansion
process, the thermal image abnormality spans a large area,
indicating that the main factor leading to the differential change
of the thermal image precursor information is the change of the
intermediate principal stress, while the unloading is less dominant in
the process.

Table 3 shows the comparative analysis of the occurrence time
of the AE and thermal infrared precursors under different
intermediate principal stresses. It is notable that the thermal
infrared image precursors appear the latest and are the closest to
the moment of specimen failure. By comparison, the AE
precursors appear the earliest and are the first response to
rock failure. Overall, AE precursors appear prior to the
thermal infrared precursors. The energy and ringing count
rates of AE are similar, without showing a clear order of
occurrence time. The above time difference can be attributed
to the following reasons: 1) Thermal infrared image anomalies

are caused by temperature changes on rock surface, and only
when the temperature change amount reaches the threshold will
it result in visibly anomalous changes in the thermal image 2) The
frequent period of AE is caused by the sudden increase of the
acoustic signal inside the rock, suggesting that a large number of
microcracks have already developed inside the rock. Compared
with the thermal infrared precursors, the AE ones are closer to
the moment of rock failure. 3) Due to the unloading-triggered
disturbance, the occurrence time of the frequent periods of AE
ring count rate and energy shows no clear regularity.
Furthermore, the duration of the two frequent periods is
highly similar under low intermediate principal stress
conditions, while the duration of the energy frequent period is
slightly earlier when the intermediate principal stress increases.

During the true triaxial loading and unloading test, the thermal
imaging camera was used to monitor the temperature change-
induced thermal abnormality on the unloading surface in order
to warn rock failure. Meanwhile, AE instruments monitor the
acoustic signal changes inside the rock to warn rock failure.

By fitting both AE and thermal infrared precursor information
to the red sandstone at different intermediate principal stresses,
linear relationships of time advanced and intermediate principal
stresses for thermal infrared images, AE ringing count rate, and AE
energy were obtained, and the final fitted equations were written as
(Figure 12):

FIGURE 12
Fitting of AE and thermal infrared precursors for different intermediate principal stresses. (A) Thermal infrared imaging. (B) AE ringing count rate. (C)
AE energy.
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t � 3.92 + 0.15σ2 R2 � 0.98( ) (11)
t � 19 + 0.9σ2 R2 � 0.94( ) (12)

t � 14.86 + 1.11σ2 R2 � 0.92( ) (13)
where t is the time advanced and σ2 denotes the intermediate
principal stress.

5 Conclusion

In this study, true triaxial unloading tests were conducted on
red sandstone specimens under different intermediate principal
stresses to analyze their AE characteristics, focusing on
deciphering the corresponding relationship between failure
precursors and different AE signals during the failure process.
Furthermore, the AE precursor information are compared with
the thermal infrared precursor information, and the following
conclusions were obtained.

The characteristic curve of AE parameters has obvious
phased characteristics. Both AE ringing count rate and energy
versus time curves show four periods (i.e., quiet, frequent, sudden
increase and decline periods). In addition, the cumulative count
curve is divided into four periods, that is, pre-unloading period,
post-unloading period, sharp increase period and the final
decrease period.

The AE precursor information is mainly manifested by the
frequent period and the sharp increase period in the cumulative
counting process. Notably, as the intermediate principal stress
increases, the frequent period of AE appears earlier with
increased AE signal values. The sharp increase period also occurs
earlier with increasing intermediate principal stress.

As the intermediate principal stress increases, the area of the
anomalous patches of thermal infrared image increases, the first
occurrence time of thermal infrared image becomes earlier, and the
pre-failure maximum anomalous area of the specimen also
increases. By comparing the thermal infrared and AE precursor
information, it is prominent that the latter occurs prior to the
former.
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