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Abstract: The accuracy of the monitoring information is particularly important for exploring fractured
rock mass deformation and failure mechanisms and precursor characteristics. Appropriate monitoring
methods can not only timely and effectively reflect the failure laws of fractured rock masses but also
play an early warning role. To explore more reasonable monitoring methods, uniaxial compression
experiments and real-time non-destructive monitoring on prefabricated fractured rock specimens
through DIC, AE, and IRT were conducted; the strain field, temperature field, ringing frequency,
standard deviation, etc. were analyzed; and correlation between the three methods in the information
of audience was explored. The results show the following. (1) The failure evolution process of
fractured rock mass can be divided into four stages. DIC can detect the initiation and propagation of
cracks near the fractures of the specimen at the earliest stages. (2) The order of occurrence of precursor
phenomena in multi-source monitoring information is different, which is vertical strain field > shear
strain field > horizontal strain field > temperature field > ringing times. (3) The dispersion degree of
standard deviation of each field is obviously different; the infrared temperature field is greater, but
the strain field and temperature field show the same trend. (4) There are obvious precursors before
the specimen is on the verge of instability; acoustic emission detected two consecutive increases in
the cumulative number of ringing before destruction, which means the most obvious precursors. The
research results can provide a theoretical basis for the precursory information capture and damage
early warning of the fractured rock mass destruction process.

Keywords: fractured rock mass; digital image correlation; acoustic emission; infrared radiation
temperature; multi-source monitoring; failure precursor

1. Introduction

Defects of different scales in the rock mass are one of the key factors affecting the
stability of the rock mass [1,2]. Under construction disturbance, engineering rock defects
may cause cracks to initiate, expand, slip, lose stability, and even cause serious geological
disasters. According to the international climate protection agreement, coal mining will
soon be drastically reduced. Nevertheless, it is undeniable that the safety of professional
miners is paramount. Therefore, the deformation and failure monitoring of fractured rock
masses is particularly important for the stability of engineering rock masses. Ke Zhang et al.
conducted real-time, non-contact, and non-destructive tests of fractured sandstone spec-
imens through digital image-related technology [3] Yan Du et al. introduced dynamic
monitoring indicators to summarize the dynamic response during the failure process of
rock and soil mass, and they concluded that the natural vibration frequency can provide
data support for rock and soil damage [4]. Yan Du, Zhixiang Wu, et al. used laser Doppler
vibration measurement technology to explore the precursor phenomena of rock separation
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failure [5]. Existing studies have shown that during the loading process of fractured rock
specimens, strain localization bands will be generated around the fractures, which are
accompanied by acoustic emission and infrared radiation, and the signal responses of
these physical quantities are closely related to the failure process of fractured rock masses.
Zhigang Li et al. used SEM and acoustic emission systems to analyze the microscopic
failure morphology of silty slate under different foliation angles and the corresponding
acoustic emission characteristics during the deformation and failure process, thus revealing
the deformation and failure mechanism of silty slate under different foliation angles [6].
Guokai Zhang et al. used stress–strain testing, high-speed camera combined with AE
testing technology to study the strength and deformation characteristics of fractured rocks,
analyzed the law of crack initiation, expansion, and coalescence, clarified the evolution dif-
ference of AE characteristics at different stages of crack growth, and revealed the influence
of real-time crack propagation on rock strength and deformation characteristics [7]. Quan
Lou et al. used infrared radiation temperature measurement technology to study the failure
mechanism of rocks [8]. For this reason, predecessors used Digital Image Correlation (DIC),
Acoustic Emission (AE), or Infrared Radiation Temperature (IRT) to monitor the signal
response law during the destruction of fractured rock specimens.

DIC is a non-contact optical measurement method that effectively measures the strain
localization zone. DIC calculates the global strain field information by scanning the dis-
placement of the scattered spots in the area. This emerging technology overcomes the
limitations of traditional contact strain gauges for measuring one-point strain. In recent
years, the role of DIC technology in related engineering technology fields has become
more and more obvious. Yuan et al. [9] used the DIC method to quantitatively analyze
the evolution of the crack displacement field during the fracture process of the rock mass,
and based on the change law of the normal and tangential displacement fields of the crack
surface, they proposed the fracture type of the filled fractured rock mass. Deepanshu
Shirole et al. [10] quantitatively evaluated the tensile and shear damage areas of rock mass
based on the full-field strain information, and they found that the crack tip has relatively
high tensile and shear damage. Yimin Song et al. [11] used DIC technology as a test. The
monitoring method quantitatively studied the evolution characteristics of the strain field
and the phenomenon of strain localization during the failure process of the intact marble
specimen. Ke Zhang et al. [12] measured the evolution characteristics of the strain field in
the fracture process of fractured sandstone, introduced the standard deviation of the strain
field and the differentiation rate index, and put forward the precursor information of the
fractured rock mass tension and shear crack initiation.

AE is a very effective micro-crack identification technology, which is very sensitive
to measuring and identifying internal fractures in rock masses. Chuanxi Li et al. [13]
used the bispectral analysis method to analyze the acoustic emission signals at different
stages of rock mass loading, and they found that due to the different damage mechanisms,
the number of peaks and peaks of the acoustic emission signal produced by the test
beam are very different. Qibin Lin et al. [14], based on the AE technology, identified the
crack coalescence law of rock mass effectively and divided the types of crack coalescence.
Giuseppe Lacidogna et al. [15] used AE technology and DIC technology to dynamically
monitor the fracture cracks of concrete beams and identified the cracks damage evolution
process. Kongling Guo et al. [16] conducted fracture mechanics tests on rock materials
with three-dimensional fractures under hydraulic coupling, and they believed that low-
frequency signals continued to increase and high-frequency signals appeared suddenly
and densely, which could be used as an early warning reference information for the overall
rupture of the specimen.

IRT is a non-contact electromagnetic monitoring technology that can monitor the
temperature changes of infrared radiation on the rock surface in real time. Xianzhen Wu,
Chunlai Wang, and others studied the characteristics of the instantaneous change of the
infrared temperature field during the rock mass fracture process, and they found that there
is a good corresponding relationship between the temperature field and the stress field
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of the loaded rock sample, and the abnormal temperature turning point can be used as
the key prediction point of rock mass failure [17,18]. Kewang Cao et al. [19] studied the
infrared radiation temperature characteristics during the expansion of rock mass, and they
found that the infrared radiation temperature change is approximately linearly related to
the volumetric strain increment. Rongxi Shen et al. [20] analyzed the infrared radiation
temperature characteristics in the process of rock mass expansion and found that the
temperature change of infrared radiation is approximately linearly related to the increase
in volumetric strain. Xiaoming Sun et al. [21] found that the appearance and expansion
of macro cracks during the explosion process resulted in obvious spatial differentiation of
the infrared radiation temperature on the surface of the rock mass, and this anomaly was
regarded as an important precursor before the occurrence of rockburst.

The above research focuses on monitoring the information of a single physical signal
such as strain field, infrared radiation temperature field, or acoustic emission during the
failure process of the specimen. In fact, in the process of rock destruction and evolution, var-
ious signals with different precursors and different energies may be generated. Moreover,
the sensitivity and response laws of these physical signals also have certain differences.
The real-time simultaneous monitoring of multi-source physical signals can well avoid the
above-mentioned problems. At present, there are few studies on the multi-source monitor-
ing information during the failure process of fractured rock specimens. The response law
and precursor relationship of the multi-source monitoring information during the failure
process of fractured rock specimens are still unclear. Therefore, this paper uses DIC, AE,
and IRT—three non-destructive monitoring technologies—to simultaneously monitor the
failure process of prefabricated fractured rock specimens, focusing on the corresponding
relationship between strain field, acoustic emission signal, infrared radiation temperature
field, and fracture process of fractured rock specimens and precursor sensitivity. The
research results can provide a theoretical basis for the precursory information capture and
damage early warning of the fractured rock mass destruction process.

2. Experimental Design
2.1. Experimental Materials and Test Pieces

It is difficult to make real fractured rock specimens [12]. In this paper, the cement mor-
tar material with controllable material composition and properties is used to prefabricate the
fractured specimens. The mechanical properties of this type of material are similar to typi-
cal sandstone, which can simulate the uniformity of the rock well [22,23]. The material mix
ratio is ordinary Portland cement/sand/water = 1.00:2.34:0.35. The cuboid specimen was
prepared by the pouring method, and the specimen size was 60 mm × 20 mm × 120 mm
(length × width × height), as shown in Figure 1.
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Before pouring the test piece, a square slice with a length of 28 mm, a thickness of
1 mm, and the same width as the test piece was fixed in advance at the corresponding
position of the mold to prefabricate the cracks with an inclination angle of 45◦. After the
specimen is initially set, take out the sheet, and then use an 8 mm syringe to slowly inject
gypsum into the crack to form a weakly filled crack specimen. After the production is
completed, put it in a standard curing room for curing. After the curing is completed, a
white primer and black spots are sprayed on the surface of the test piece to form a uniform
and clear artificial speckle so that the DIC equipment can capture and measure the strain of
the whole field.

2.2. Experimental Device and Method

In order to obtain the response characteristics of multi-physical quantities in the
fracture process of fractured rock mass, this paper constructs an integrated test system
consisting of a loading unit, DIC unit, infrared radiation unit, and acoustic emission unit,
as shown in Figure 2. Among them, the loading unit mainly includes a rigid servo testing
machine, which can apply an axial displacement load to the specimen, and the loading rate
is 0.005 mm/s. The DIC unit adopts the Vic-2D™ System, in which the industrial camera
has a resolution of 2592 × 1944 pixels. The camera is aimed at the surface of the specimen
sprayed with an artificial speckle field, and the acquisition frequency is 50 Hz. At the same
time, in order to improve the accuracy of image collection, LED cold light sources are used
to fill the test surface. The infrared radiation unit is an online thermal imaging system with
a spatial resolution of 640 × 480 pixels, a temperature sensitivity of 0.02 ◦C, and an imaging
rate of 10 Hz. The acoustic emission unit adopts PCI-2 type acoustic emission monitoring
equipment produced by American Physical Acoustics Company. The collection frequency
response range is 50–400 kHz, and the sampling frequency is 1 MHz, in order to accurately
collect the rupture signal of the specimen.

Energies 2022, 15, x FOR PEER REVIEW 4 of 15 
 

 

Before pouring the test piece, a square slice with a length of 28 mm, a thickness of 1 
mm, and the same width as the test piece was fixed in advance at the corresponding po-
sition of the mold to prefabricate the cracks with an inclination angle of 45°. After the 
specimen is initially set, take out the sheet, and then use an 8 mm syringe to slowly inject 
gypsum into the crack to form a weakly filled crack specimen. After the production is 
completed, put it in a standard curing room for curing. After the curing is completed, a 
white primer and black spots are sprayed on the surface of the test piece to form a uniform 
and clear artificial speckle so that the DIC equipment can capture and measure the strain 
of the whole field. 

2.2. Experimental Device and Method 
In order to obtain the response characteristics of multi-physical quantities in the frac-

ture process of fractured rock mass, this paper constructs an integrated test system con-
sisting of a loading unit, DIC unit, infrared radiation unit, and acoustic emission unit, as 
shown in Figure 2. Among them, the loading unit mainly includes a rigid servo testing 
machine, which can apply an axial displacement load to the specimen, and the loading 
rate is 0.005 mm/s. The DIC unit adopts the Vic-2D™ System, in which the industrial cam-
era has a resolution of 2592 × 1944 pixels. The camera is aimed at the surface of the speci-
men sprayed with an artificial speckle field, and the acquisition frequency is 50 Hz. At the 
same time, in order to improve the accuracy of image collection, LED cold light sources 
are used to fill the test surface. The infrared radiation unit is an online thermal imaging 
system with a spatial resolution of 640 × 480 pixels, a temperature sensitivity of 0.02 °C, 
and an imaging rate of 10 Hz. The acoustic emission unit adopts PCI-2 type acoustic emis-
sion monitoring equipment produced by American Physical Acoustics Company. The col-
lection frequency response range is 50–400 kHz, and the sampling frequency is 1 MHz, in 
order to accurately collect the rupture signal of the specimen. 

 
Figure 2. Test system. 

The uniaxial compression test adopts a displacement loading control method with 
the loading rate is 0.005 mm/s. Industrial cameras, infrared thermal imaging cameras, and 
acoustic emission sensors are used for real-time monitoring. Industrial cameras and infra-
red thermal imaging cameras are installed on the front and back sides of the specimen, 
and the acoustic emission sensor is fixed on the side wall of the specimen. To maintain a 
high degree of consistency with loading and monitoring equipment in time, internet time 
is used to correct the experimental time. At the same time, in order to ensure good contact 

Figure 2. Test system.

The uniaxial compression test adopts a displacement loading control method with
the loading rate is 0.005 mm/s. Industrial cameras, infrared thermal imaging cameras,
and acoustic emission sensors are used for real-time monitoring. Industrial cameras and
infrared thermal imaging cameras are installed on the front and back sides of the specimen,
and the acoustic emission sensor is fixed on the side wall of the specimen. To maintain a
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high degree of consistency with loading and monitoring equipment in time, internet time
is used to correct the experimental time. At the same time, in order to ensure good contact
between the specimen and the loading instrument, the Vaseline coupling agent was applied
between the probe and the specimen. Finally, all the collection equipment is connected to
the Internet for information collection.

3. Test Results

In order to avoid errors caused by the dispersion of the specimens, four specimens with
the same material ratio and experimental conditions were subjected to uniaxial compression
tests at room temperature. The stress–strain curve is shown in Figure 3. It can be seen
from Figure 3 that the stress–strain evolution process of the four fractured specimens is
basically similar. Due to space limitations, this article selects the failure process of the
No. 2 specimen for analysis. In order to facilitate the comparison between the stress–strain
curve and the test phenomenon, eight representative characteristic points are selected on
the stress–strain curve of the No. 2 specimen. Among them, the characteristic points a–b
are the pore compaction stage, the characteristic points b–e are the linear elastic stage, the
characteristic points e–g are the nonlinear growth stage, the characteristic point g is the
peak stress point, and the characteristic point h is the failure point. Figure 4 shows the
crack growth corresponding to the characteristic points (a–h).
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It can be seen from Figures 3 and 4 that the failure evolution process of the specimen
is closely related to the crack propagation process. (1) In the pore compaction stage (charac-
teristic points 3a,b), the stress–strain curve is relatively gentle, the internal pores of the frac-
tured specimen are gradually compacted, and no new cracks are found near the fractures,
as shown in Figure 4a,b. (2) In the elastic deformation stage (characteristic points 3b,e), the
stress–strain curve is basically linear, the specimen is in an elastic compression state, and
no new cracks are found near the cracks, as shown in Figure 4b–e. (3) In the non-linear
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growth stage (characteristic points 3e–g), when the load reaches 81.43% of the peak stress,
new cracks appear near the cracks, and the cracks extend to both ends of the specimen
along the loading direction, they continue to load to 95.83% of the peak stress, and the
cracks are loaded along the load. The direction accelerates to both ends, and when the
stress reaches the peak, the new cracks are already very obvious (see Figure 4e–g). (4) In the
post-peak stage (characteristic points 3g,h), after the stress reaches 100% of the peak stress,
the crack propagates rapidly, and the crack penetrates the specimen at the characteristic
point h. When the block penetration is approaching, the stress value is 97.21% of the peak
stress, the stress–strain curve is a cliff-like drop, and the specimen undergoes brittle failure,
as shown in Figure 4g,h.
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3.1. Strain Field Evolution Law

The DIC unit collected more than 8000 crack growth pictures. The digital image
correlation software Vic-2D is used to process the speckle image to obtain the horizontal
strain field, vertical strain field εyy and shear strain field γxy during the loading process
of the fracture specimen. The strain field distribution at the eight characteristic points is
shown in Figures 5–7.
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Comparing Figures 5–7 and Figure 4, it can be found that the strain field evolution
of the specimen under uniaxial compression is closely related to crack propagation. The
surface strain field of the specimen gradually changed from a uniform distribution to
a strain-concentrated area covering the prefabricated crack. Subsequently, a strain lo-
calization zone was generated near the crack tip and continued to expand. In the pore
compaction stage (characteristic points 4a,b), there is no obvious change in the three strain
fields, as shown in Figure 5a,b, Figure 6a,b, and Figure 7a,b. In the elastic deformation
stage (characteristic points 4b,e), it can be seen from Figure 4c,d that the specimen did
not produce visible cracks, but strain localization bands appeared near the cracks in the
three strain fields. Figure 5e, Figure 6c–e, and Figure 7d,e show that strain field monitoring
has certain precursors; in the non-linear growth stage (characteristic points 4e,f), new
generation appears near the cracks. For cracks, the strain localization range of the specimen
is enlarged, and there is a tendency to expand, as shown in Figure 5e,f, Figure 6e,f, and
Figure 7e,f. In the post-peak stage (characteristic point 4g,h), the strain localization zone
accelerates and expands and penetrates to both ends of the specimen along the loading
direction, as shown in Figure 5h, Figure 6h, and Figure 7h. Therefore, strain localization
is an important feature of the instability failure of the specimen, which is manifested by
the uneven distribution of local strain on the surface of the specimen, which indicates the
initiation, propagation, and penetration path of macroscopic cracks.

3.2. Change Law of Temperature Field

Infrared thermal imaging cameras have collected more than 1600 infrared radiation
thermal maps. The thermal distribution of infrared radiation temperature field at eight
characteristic points is shown in Figure 8.
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Figure 8 shows that at different stages of deformation and failure of the specimen,
there are certain differences in the evolution of the temperature field. Table 1 shows the
highest temperature and lowest temperature difference of the temperature field from a
to h. In Table 1, the highest temperature of the specimen at time a is 15.61 ◦C and the
lowest temperature is 14.14 ◦C; the highest temperature of the specimen at time h is
16.13 ◦C, and the lowest temperature is 14.30 ◦C; the highest temperature increases by
0.53 ◦C, and the lowest temperature increases by 0.24 ◦C. The maximum temperature rise
is more significant.

Table 1. The highest and lowest temperature statistics of the surface temperature of the specimen.

Feature Point a b c d e f g h Temperature Difference

Highest temperature 15.61 15.67 15.73 15.76 15.88 15.97 15.98 16.13 0.53
Lowest temperature 14.14 14.22 14.22 14.31 14.31 14.36 14.28 14.30 0.24

Temperature difference 1.47 1.45 1.51 1.45 1.57 1.61 1.70 1.83

Before the specimen is loaded to the non-linear growth stage (characteristic points a–e),
the temperature change on the specimen surface is not obvious, the infrared radiation
temperature field is relatively uniform, and the difference between the highest temperature
and the lowest temperature is relatively stable; when the load reaches the peak under stress
(characteristic point g), the temperature field rises obviously, and the temperature near the
crack rises obviously, which indicates the accelerated growth of the crack; at the moment of
failure of the test block (characteristic point h), obvious high-temperature bands appear on
the infrared thermal imaging cloud image. The spatial position is basically the same as the
fissure penetration position.



Energies 2022, 15, 538 10 of 15

3.3. Evolution of Acoustic Emission

During the loading and rupture process of the specimen, the accumulative impact
frequency curve of acoustic emission ringing presents the characteristics of phase changes,
as shown in Figure 9.
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Figure 9 shows that the number of acoustic emission ringing in the pore compaction
stage and the elastic deformation stage of the specimen presents a small peak, and the
ringing number changes relatively smoothly and fluctuates within a certain range. In the
non-linear growth stage, the cumulative number of ringing impacts began to increase.
Before the peak stress point g, the cumulative number of ringing impacts increased twice,
and the first increase occurred during the accelerated crack propagation stage, indicating
crack growth. Then, they speed up; the second rise occurs near the peak stress. After
the peak stress, the accumulative number of ringing impacts increased again, and then,
the specimen was destabilized and damaged. Therefore, the two increases in the number
of ringing correspond to two important stages in the evolution of crack failure, and the
rising point of the cumulative number of ringing impacts can be used as an obvious
precursor point.

4. Result Analysis and Discussion

The fractured specimens have obvious precursors before they are on the verge of
destruction. Guoqing Chen et al. proposed that the anomalous location of infrared thermal
imaging is consistent with the future fracture area of the rock [24]. At the same time, Ke
Zhang et al. proposed that strain localization bands will appear on the eve of rock mass
failure [12]. Shuhong Wang and others used the improved acoustic emission equipment
to adopt a relative positioning method to locate complex samples and engineering rock
acoustic emission events [25]. Figures 5–7 show that during the loading process of the
cracked specimen, the strain at the prefabricated crack is obviously concentrated, and the
strain localization zone accelerates along the loading direction until it penetrates before the
failure. The surface temperature of the specimen rises slowly as a whole, and obvious high-
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temperature bands appear at the time of penetration (characteristic point h). Figure 9 shows
that the acoustic emission monitoring of the cracked specimen is on the verge of penetration,
and the cumulative number of ringing has risen twice in a row, and the precursor response
is more obvious than the infrared radiation temperature and strain field. Under the
monitoring of DIC, AE, and IRT, there is a big difference between the occurrence time of
the damage and failure precursor phenomenon of the specimen, the strain field appears to
have strain localization, the temperature field appears to have high-temperature bands, and
the cumulative number of acoustic emission impacts increases. The time sequence of the
occurrence of precursor phenomena is: Vertical strain field > Shear strain field > Horizontal
strain field > Temperature field > Accumulated number of ringing impacts.

Judging from the failure history of the specimen, the failure duration of the specimen
is about 120 s, of which the compaction stage (a,b) is about 43 s, the elastic deformation
stage (b–d) is about 47 s, and the non-linear development stage (e,f) is about 27 s, while the
post-peak stage (g,h) is only 2 s. In the recorded damage photos, no new cracks were found
near the cracks of the specimen before time e. After time e, new cracks began to grow at
both ends of the crack. Before continuing to load to the peak stress, the crack gradually
expands. At the peak stress, the crack rapidly expands to the two ends of the specimen,
and the total time of crack initiation and expansion is about 29 s.

In terms of monitoring information, during the failure process of the specimen, the
surface strain field and infrared temperature field of the specimen gradually changed from
a uniform distribution state to a strain concentration area covering the cracks and then the
expansion and penetration of the strain concentration area. Therefore, the appearance of a
strain localization zone and high-temperature zone is an important feature of fractured rock
specimen failure. A direct comparison of strain field and temperature field will be more
complicated; in order to better compare, we introduce a standard deviation calculation
formula rather than a single statistical comparison so that the conclusions reached are both
in line with practical needs and can greatly facilitate our calculations. In order to carry
out statistical analysis on the evolution law of the variable field and infrared radiation
temperature field, this paper introduces the “standard deviation” index to quantitatively
describe the evolution law and degree of differentiation of the two field variables.

Standard deviation is one of the most frequently used statistical indicators in mathe-
matical statistics. It reflects the degree of dispersion of data. The development of strain
localization bands and high-temperature bands during the loading process will increase
the degree of data differentiation. This index is introduced in this article. The stan-
dard deviation calculation methods of the three strain fields (εxx, εyy, εzz) are shown in
Formulas (1) and (2).

Sε,i =

√
∑n

j=1 (εij − εi)
2

n − 1
(1)

εi =
∑n

j=1 εij

n
(2)

where Sε,i is the sample standard deviation of the strain field at the i-th moment; n is the
number of temperature field sub-zones; εij is the horizontal strain of the j-th subregion at
the i-th moment; and ε̃i is the mean value of the strain field of the n sample sub-regions at
the i-th moment.

In the same way, the sample standard deviation index is used to calculate the dis-
persion degree of the global temperature field of the specimen at each time, as shown in
Formulas (3) and (4).

ST,i =

√
∑m

j=1 (Tij − Ti)
2

m − 1
(3)

Ti =
∑m

j=1 Tij

m
(4)
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where ST,i is the sample standard deviation of the temperature field at the i-th moment; m
is the number of temperature field sub-zones; Tij is the average temperature of the image
source in the j-th subzone at the i-th moment; and Ti is the mean value of the temperature
field of the m sample sub-regions at the i-th moment.

The standard deviation curves of the horizontal strain field εxx, the vertical strain field
εyy, the shear strain field γxy, and the infrared radiation temperature field of the specimen
are shown in Figure 10.

It can be seen from Figure 10 that the standard deviation curve of the strain field and
temperature field can be roughly divided into three stages. (1) Initial differentiation stage:
In this stage, the standard deviation increases slowly, and the dispersion degree of the
standard deviation of the strain field and the temperature field also begins to increase slowly.
At this stage, the pores of the specimen are gradually compacted, and the differentiation of
the strain field and the temperature field is not obvious. (2) The stable differentiation stage:
The standard deviation of this stage increases stably, and the dispersion of the standard
deviation of the strain field and the temperature field continues to increase. At this time,
the test block is in the elastic deformation stage, a stable differentiation phenomenon
occurs at this stage, the temperature field has a local heating phenomenon, and the strain
field has a strain localization zone. (3) Accelerated differentiation phase: The standard
deviation increases at this stage. The dispersion degree of the standard deviation of the
strain field and the temperature field increases rapidly. High-temperature bands appear in
the temperature field, and at the same time, the strain localization bands in the strain field
accelerate and extend along the loading direction. At the same time, the test block is in the
non-linear growth stage and the post-peak stage.
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From the above analysis of the degree of dispersion of the corresponding variable field
and temperature field, as time increases, the degree of dispersion of the standard deviation
of the temperature field and the strain field changes to different degrees. After the pore
compaction phase is over, the strain field and temperature field begin to differentiate, and
the differentiation becomes more and more obvious with the progress of the experiment.
The appearance of the differentiation indicates the propagation and evolution of cracks.
Comparing the standard deviation of the strain field and the temperature field, it can be
seen that the phenomenon of strain field divorce is earlier than the temperature field, which
is consistent with the previous analysis. Before the specimen is on the verge of destruction,
the standard deviation of the temperature field undergoes a significant mutation, and this
mutation may be more easily observed.
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5. Conclusions

(1) From the perspective of the failure evolution process of the specimen, the strain
localization zone in the three strain fields appeared earlier than the surface cracks of
the specimen. Among them, the strain localization phenomenon appeared first in the
vertical strain field, and the strain localization zone appeared until it penetrated. For
the specimen, the duration of this stage accounts for about 2/3 of the entire process
of the specimen’s failure and evolution; it is more time-efficient than the infrared
temperature field and the cumulative number of acoustic emissions to monitor the
abnormal phenomenon of the fractured specimen.

(2) The occurrence time of the precursor phenomenon is different during the loading
process of the specimen. Among them, the first occurrence of strain localization is in
the vertical strain field, and the sequence of precursor phenomena is: Vertical strain
field > Shear strain field > Horizontal strain field > Temperature field > Accumulated
number of ringing impacts.

(3) With the failure of the specimen, the dispersion of the standard deviation of the
strain field and the temperature field also increases, and the standard deviation of
the temperature field and the standard deviation of the strain field show the same
trend during the crack propagation process, and the standard deviation of the infrared
radiation temperature field is greater than the standard deviation of the stress field.
The degree of dispersion is greater, the differentiation phenomenon is more obvious,
and the mutation of the differentiation phenomenon in the infrared temperature field
is more obvious.

(4) The fractured specimen has a precursory reaction before it is on the verge of destruc-
tion. Before the specimen is on the verge of failure, the strain localization zone in
the strain field accelerates and penetrates to the two ends of the specimen, and the
high-temperature strip is captured in the infrared temperature field. At the same
moment, the cumulative number of impacts of acoustic emission ringing rises twice,
and the precursor is the most obvious response.

This paper combines digital image-related technology, infrared radiation tempera-
ture measurement technology, and acoustic emission technology to carry out non-contact,
real-time, non-destructive monitoring of fractured rock specimens, introduces standard
deviation, and gives a detailed description of the corresponding variable field and temper-
ature field. It accurately expresses the interrelationship between the various fields of the
fractured rock specimens in the failure evolution process, and it describes the precursor
reactions and abnormal points of the specimens in the failure evolution process in many
aspects. Different from the previous monitoring and analysis of a single physical signal,
this article uses a multi-source information monitoring method to describe the response
law and damage characteristics of the fractured specimen during the destruction process.
The information obtained is more accurate and comprehensive, which can not only avoid
the single physical signal. The error caused by information can accurately describe the test,
find the correlation between the physical signals, and increase the credibility of the test.
It can also be used as a new method to study the failure evolution law of fractured rocks.
However, it is far from enough to monitor and analyze multiple physical quantities. In
the next step, we will integrate multiple sources of physical signals and use data fusion
methods to perform fusion analysis on multiple sources of physical signals. Then, we will
establish a function that considers the weight of multi-source monitoring information.
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