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Abstract: In rock engineering, it is of great significance to study the failure mechanical behavior of
rocks with holes. Using a combination of experiment and infrared detection, the strength, defor-
mation, and infrared temperature evolution behavior of marble with elliptical holes under uniaxial
compression were studied. The test results showed that as the vertical axis b of the ellipse increased,
the peak intensity first decreased and then increased, and the minimum value appeared when the
horizontal axis was equal to the vertical axis. The detection results of the infrared thermal imager
showed that the maximum temperature, minimum temperature, and average temperature of the
observation area in the loading stage showed a downward trend, and the range of change was
between 0.02 °C and 1 °C. It was mainly due to the accumulation of energy in the loading process
of the rock sample that caused the surface temperature of the specimen to decrease. In the brittle
failure stage, macroscopic cracks appeared on the surface of the rock sample, which caused the
energy accumulated inside to dissipate, thereby increasing the maximum temperature and average
temperature of the rock sample. The average temperature increase was about 0.05 °C to about 0.19 °C.
The evolution of infrared temperature was consistent with the mechanical characteristics of rock
sample failure, indicating that infrared thermal imaging technology can provide effective monitoring
for the study of rock mechanics. The research in this paper provides new ideas for further research
on the basic characteristics of rock failure under uniaxial compression.

Keywords: infrared thermal imaging; uniaxial compression experiment; prefabricated hole marble;
stress—strain; temperature field

1. Introduction

Deformation and failure of rock is a complex mechanical behavior, and signals such
as light, sound, electricity, and magnetism are generated during the failure process. Many
scholars have used digital images [1-3], acoustic emission [4-6], CT [7-9], and other
technical means to conduct a lot of in-depth research on the process of rock deformation
and failure and have obtained a lot of research results.

The process of rock deformation and failure is also a process of energy release. Infrared
thermal imaging technology can perform high-frequency, real-time monitoring of the
infrared radiation temperature of the rock surface, providing an effective method for rock
mechanics’ research. In 1986, Brand and Roswell [10] began to use optical spectroscopy to
study the optical radiation characteristics of basalt and granite during uniaxial compression
failure, hoping to predict the failure of rocks through related studies on rock electromagnetic
wave radiation. At the end of the 20th century, Luong [11-13] carried out a series of
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studies using infrared thermal imaging technology. According to the principle of thermal-
mechanical coupling, the infrared heat radiation characteristics of concrete in the process
of fatigue damage and stress damage were analyzed. Infrared thermal imaging technology
was used to study the process of crack initiation, development, and propagation and to
evaluate the damage of concrete. At the beginning of the 21st century, Wu Lixin and his
team [14-19] carried out a series of systematic rock mechanics” tests based on infrared
thermal imaging technology and tested the discontinuous combination fault rupture, the
double-shear stick-slip fault, the stick-slip of the intersection fault, and the rock pressure.
The thermal infrared radiation law of shear fracture has been studied and analyzed in
detail, and the infrared radiation characteristics and influencing factors of the process of
rock stick-slip, rock frictional slip, and rock low-speed impact were also studied. The
infrared radiation laws and thermal infrared precursor characteristics of granite, gneiss,
quartz sandstone, and other rocks during the stress failure process were explored.

Subsequently, Gong Weili et al. [20-22] studied the deformation and failure charac-
teristics of deep soft rock roadways based on infrared thermal imaging technology and
revealed the friction and slip phenomenon between rock layers during the deformation
and failure process of roadways through infrared images. Zhang Yanbo et al. [23,24] first
observed the whole process of uniaxial compression failure of a round hole rock sample
with an infrared thermal imaging camera, studied the infrared radiation characteristics
of the failure process of the porous rock, and analyzed that regional zonal heating is an
important precursor to rock failure. Infrared thermal imaging and acoustic emission tech-
nology were used to jointly monitor the failure process of granite samples, and the damage
evolution process of the rock was studied from the two perspectives of surface temperature
changes and internal acoustic emission characteristics. Wu Xianzhen et al. [25,26] proposed
the concept of “Infrared Temperature Variation Field (ITVF)” and conducted an in-depth
study on the characteristics of the instantaneous change of the infrared temperature field
during the fracture process of saturated siltstone, providing a new method for exploring
the precursors of rock fracture. Ma Ligiang et al. [27,28] proposed a new quantitative
analysis index of infrared radiation, “differential infrared variance”, and studied the abnor-
mal characteristics of infrared radiation in the process of coal destruction. Zhou Zilong
et al. [29] carried out uniaxial compression tests on granite samples under different loading
rates, used infrared thermal imaging cameras to monitor the whole process, and studied
the infrared radiation characteristics during the failure of the samples. Junwei Ma et al. [30]
used infrared thermal imaging technology combined with ground laser scanning and parti-
cle tracking velocimetry to study the stability of landslides and showed that the decrease
of the average temperature change can be used as a precursor to landslide damage.

In summary, infrared thermal imaging technology has been widely used in rock me-
chanics” experiments such as roadways, slopes, and jointed rock masses [31-35]. However,
the current infrared experiments are mainly focused on the research of complete models
and specimens. The rock mass is usually rich in joints, cracks, and holes, which play a
vital role in the stability of the rock mass [36]. Through a series of indoor experiments,
researchers have conducted a lot of in-depth research on the failure process of prefabricated
joints, cracks, and holes in the rock [37—-44], which is of great significance for exploring
the failure mechanism of rocks. In this paper, the size of the horizontal axis a of the rock
sample elliptical hole remained unchanged and the vertical axis b gradually increased.
The ratio of the vertical axis to the horizontal axis k had a significant impact on the failure
strength of the rock. An FLIR X8501sc infrared thermal imaging camera was used as the
experimental observation equipment to conduct synchronous, high-frequency, real-time
observation of the uniaxial compression test of marble to study the evolution characteristics
of the temperature field during the failure process of the sample.



Energies 2021, 14, 713

30f16

2. Experimental
2.1. Testing Machine

This experiment used cylindrical marble as the experimental sample, with a diameter
of 50 mm and a height of 50 mm. The non-parallelism and non-perpendicularity of the end
faces were both less than 0.02 mm, which met the basic requirements of ISRM. There were
four different prefabricated elliptical holes and one round hole in the geometric center of the
sample side. The size of the elliptical hole was 12 mm x 4 mm (horizontal axis a x vertical
axis b), 12mm x 8 mm, 12 mm X 16 mm, and 12 mm x 20 mm. The size of the circular
hole was 12 mm X 12 mm. There were three samples per group. The uniaxial compression
test was carried out with test system for deep rock gas escape under temperature-pressure
coupling condition. The loading method was selected as displacement loading, and the
loading rate was 0.1 mm/min. At the same time, an infrared thermal imaging camera
observation system was set up for synchronous, high-frequency, real-time observation, and
the observation rate was 15 frames/s. The sample picture is shown in Figure 1. Uniaxial
compression test system-infrared thermal imaging camera monitoring system equipment
is shown in Figure 2 below.
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Figure 1. Marble rock samples.

Uniaxial compression tooling

Infrared camera

(a) Laboratory equipment  (b) schematic diagram of experimental arrangement
Figure 2. Test system for deep rock gas escape under Temperature-Pressure coupling condition.

From Figure 2 above, it can be seen that the infrared camera could observe the whole
process of the experiment during the experiment. The prefabricated hole marble specimen
in Figure 1 was placed under the loading head of the equipment to complete the uniaxial
compressive strength test.

The FLIR X8501sc infrared thermal imaging camera used in this study had a tempera-
ture measurement range of —20 °C~1500 °C, a thermal sensitivity of 0.02 °C, an integration
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time adjustment range of 0.3 us~30 ms, and a pixel clock of 355 MHz. Infrared heat radia-
tion is easily affected by the surrounding environment. However, the FLIR X8501sc infrared
thermal imaging camera uses a refrigerated photon detector and uses indium antimonide
(InSb) as the refrigeration material, which is not easily affected by the environment.

2.2. Testing Program

(1) Fix the FLIR X8501 sc thermal imaging camera on a tripod. Then adjust the tripod to
a suitable height and a suitable distance from the observation surface of the specimen. The
camera has high temperature measurement accuracy, strong resistance to environmental
interference, and can record temperature changes during the entire experiment.

(2) Connect the relevant lines. Then open the software operation interface. Connect
the infrared thermal imager. Select the appropriate temperature measurement range. Set
the emissivity, atmospheric temperature, storage path and other related parameters. Adjust
the camera lens focal length to make the image clear.

(3) Since the infrared thermal imaging camera is very sensitive to heat sources, the
external environment and personnel activities will have a great impact on the test results.
In order to make the test data more realistic, the experiment was carried out in a closed
environment without the influence of people walking and air flow, so as to minimize the
environmental impact.

(4) Simultaneously, when the uniaxial compression test is loaded, the data will be
collected synchronously at a frame rate of 15 frames/s.

(5) After the test is over, the data collection is completed, and the relevant software is
used to analyze the infrared radiation data during the destruction of the sample.

2.3. Principle of Infrared Thermal Imaging

Any object in nature above absolute zero is constantly radiating electromagnetic waves
through its own molecular motion. The infrared spectrum is distributed between visible
light and microwave, and the wavelength is between 0.75 um and 1000 pm. Infrared
thermal imaging technology actually converts the difference in infrared radiation on the
surface of an object into infrared images with different temperature distributions. The
infrared thermal imager cannot directly measure the temperature of the surface of the
object but measures the infrared radiation energy projected on the detector. The radiant
temperature is calculated by the function of radiant energy and temperature. That is, the
temperature detected by the infrared camera is actually the radiation temperature.

The working principle of the infrared camera is that the optical system collects the
infrared radiation on the sensitive surface of the detector. The scanner matches the small
field of view of the detector with the large field of view of the optical system. The signal
processing circuit converts infrared radiation into electrical signals and amplifies them.
Finally, it is displayed by the monitor in the form of an infrared thermal image.

3. Analysis of Experimental Results
3.1. Stress—Strain Curve

Because the stress—strain curve of DL2 is similar to that of DL1, the stress—strain curve
of DL3 is similar to that of DL4 and the stress—strain curve of DL6 is similar to that of DL5.
Therefore, only the stress—strain curves of DL1, DL3, and DL5 during uniaxial compression
failure are shown in Figure 3. The uniaxial compressive strength data of all specimens
are shown in Table 1, and the variation trend of the uniaxial compressive strength of the
sample with k (ratio of horizontal and vertical axis a:b) is shown in Figure 4.
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(c) Stress—strain curve of DL5 group specimens.

Figure 3. Stress—strain curves of marble specimens.
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Table 1. Uniaxial compressive strength of all samples.
Schemati Uniaxial Difference Average UCS
Number Picture lgiae r:mc k (a/b) Compressive Value (MPa) (MgPa)
& Strength (MPa)
DL1-1 116.5 3.2
DL1-2 — 105.8 —-75 1133
DL1-3 117.5 4.2
DL2-1 789 8.9
DL2-2 == 3 63.7 —6.3 70.0
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Figure 4. Trend chart of uniaxial compressive strength changing with k.

From Figure 3, it can be seen that the stress—strain curve of the prefabricated hole

marble sample can be roughly divided into two types:

(1) With the gradual increase of the axial strain, the axial stress also gradually increased.
When the yield strength is reached, a cliff-like decline and termination will occur, which is
determined by the physical properties of the brittle rock itself.
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(2) As the axial strain increases, the axial stress also increases and there will be a
sudden drop after reaching the yield strength. However, it will rise slowly as the strain
increases and then drop sharply to a certain extent. There will be two terminations after
the second yield or even multiple yields.

From the data in Figure 3a and Table 1, we can see that the average uniaxial compres-
sive strength of the complete rock sample was 113.3 MPa. It can be seen from the curve
in Figure 3a that the stress—strain curve of the complete rock sample conformed to the
standard uniaxial compressive strength curve. Combined with the data in Figure 3b and
Table 1, it can be seen that when the rock sample had a prefabricated circular hole (the hole
diameter was 12 mm), the average uniaxial compressive strength of the rock sample was
reduced to 44.2 MPa. That is, the average uniaxial compressive strength of DL4 was less
than half of DL1, indicating that the pores had a great influence on the strength of the rock.
Combining the data in Figure 3c and Table 1, it can be seen that when the k value of the
prefabricated cavities of the rock sample was less than 1, the average uniaxial compressive
strength of the rock sample had an increasing trend, indicating that the shape of the cavities
had an effect on the strength of the rock.

3.2. Strength Analysis

Due to the difference of the shape and size of the holes and the heterogeneity of the
rock itself, the peak stress of the sample was different, but it also had certain regularity.
From Table 1 and Figure 4, the specific data and trend of the uniaxial compressive strength
of the prefabricated marble samples can be obtained. Due to the difference of processing
factors and the physical properties of the rock itself, the uniaxial compressive strength of
the sample with the same shape and size of the prefabricated hole was different. The k
value in Table 1 and Figure 4 represents the ratio of the horizontal axis a to the vertical axis
b of the prefabricated holes in the rock sample, that is, k = a/b. Since the horizontal axis a
of our prefabricated hole remained unchanged at 12 mm and the vertical axis b increased
from 0 mm to 20 mm, the value of k gradually changed from large to small.

It can be seen from Figure 4 that the uniaxial compressive strength changed with
the change of the k. However, the overall analysis showed that k = 1 was the dividing
line. When k > 1, as the value of k decreased, the uniaxial compressive strength of the
marble sample with prefabricated elliptical holes gradually decreased. It shows that when
the horizontal axis a is larger than the vertical axis b, as the vertical axis b increases, the
uniaxial compressive strength gradually decreases. When k < 1, as the value of k decreases,
the uniaxial compressive strength of marble samples with prefabricated elliptical holes will
first increase and then decrease. From an overall point of view, when k = 1, that is, when
the horizontal and vertical axes are equal, the uniaxial compressive strength of the marble
specimens with prefabricated holes is the lowest.

4. Evolution Characteristics of Temperature Field

The FLIR X8501sc thermal imaging camera can record the evolution of the temperature
field in the observation area during the uniaxial compression failure process of the sample
in high frequency and real time. The calculation and analysis software of the infrared
system can also obtain the average temperature, maximum temperature, and minimum
temperature change data in the observation area, as well as the temperature distribution
data of all pixels in the observation area at any time during the loading process. Figure 5
shows infrared images of the specimen DL1-3 during the destruction process. Because of
this study, a total of six groups of 18 uniaxial compression experiments were done. It was
not possible to show the infrared image of the destruction process of each specimen. There-
fore, the infrared images of two typical specimens of DL1-3 and DL5-3 were selected for
comparative analysis to demonstrate the influence of prefabricated holes on the mechanical
properties of rocks.
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Figure 5. Cloud diagram of temperature field change during DL1-3 specimen failure.

4.1. Analysis of Infrared Results of Typical Specimens

Figure 5 is a cloud diagram of the temperature field evolution of the DL1-3 specimen
during uniaxial compression failure. Figure 6 shows the temperature-time change curve of
the sample failure process. Figure 7 shows the temperature oscillogram of the observation
area at the critical moment during the destruction of the sample.
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Figure 6. Temperature—time change curve of DL1-3 sample destruction process.
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Figure 7. The oscillogram of the temperature in the observation area at the critical moment of the
DL1-3 sample destruction.

From Figure 5, we can see the evolution of the temperature field in the observation
area during the uniaxial compression test of the DL1-3 sample. From the temperature field
cloud diagram from 133.3 to 266.67 s, the color temperature distribution of the temperature
field cloud diagram changed little. From the temperature field cloud diagram from 499.87 s
to 509.47 s, the sample was brittle failure under continuous loading pressure. The dense
particles inside the sample generated a lot of heat energy under the action of intense friction,
forming an obvious local heating zone.

Combining with the temperature-time variation curve of the observation area in
the uniaxial compression failure process of the sample in Figure 6, it can be seen that
the maximum temperature, the minimum temperature, and the average temperature in
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the observation area changed little during the time period from 0 s to 499.87 s when
the sample was loaded. The maximum temperature slowly dropped from 28.66 °C to
28.08 °C. The minimum temperature gradually dropped from 27.68 °C to about 27.01°C.
The average temperature gradually dropped from 28.25 °C to about 27.62 °C. After 499.87 s,
due to the propagation and penetration of internal cracks in the sample, macroscopic
failure occurred. The maximum temperature of the observation area increased sharply, the
average temperature also increased, and the minimum temperature decreased. It shows
that the brittle failure process of DL1-3 sample will form a local heating zone and a local
cooling zone. The range and extent of the temperature increase in the heating zone were
greater than those in the cooling zone, so the overall performance was temperature rises. In
the brittle failure stage of the sample, the minimum temperature decreased from 27.04 °C
to 26.83 °C, a decrease of about 0.2 °C. The maximum temperature rose sharply from
28.17 °C in 499.87 s to 35.87 °C in 500 s, an increase of to 7.7 °C. The average temperature
rose from 27.56 °C to 27.75 °C, an increase of about 0.19 °C. The minimum and average
temperature changes were relatively small, and the maximum temperature changes were
relatively large.

Figure 7 shows the temperature distribution oscillogram of the observation area at any
time during the sample loading process, where each red dot represents a pixel. The oscillo-
gram at the early stage of loading is shown in 133.3 s. The temperature distribution was
relatively uniform. A large number of distributions were between about 27.4 °C~28.2 °C
and a few were between 28.2 °C~28.4 °C and 27.2 °C~27.4 °C. It can be seen from the
oscillogram of 449.87 s that the trend of local aggregation in the high-temperature region
began to appear. At 500 s, it can be seen that the temperature distribution of some pixels
was 28.2 °C~35.9 °C, forming a local heating zone. It can be seen from the oscillogram of
509.47°C that the maximum temperature in the local heating zone dropped from 35.9 °C
to 29.2 °C. The temperature in the local heating zone first rose rapidly and then dropped
relatively slowly.

Figure 8 below is a cloud diagram of temperature field changes during uniaxial
compression failure of DL5-3 sample. Figure 9 shows the temperature-time change curve of
the sample failure process. Figure 10 shows the temperature oscillogram of the observation
area at the critical moment during the destruction of the sample.

67.2s 200.53 s 291.6 s

291.67 s 291.73 s 291.8 s

291.93 s 292.47 s 295.8 s

Figure 8. Cloud diagram of temperature field change during DL5-3 specimen failure.



Energies 2021, 14, 713

110f 16

= Observation area-MIN
87 EObscr\'ation area-MAX
379 [—_Observation area-AVG
36
354
344
334
324
31
304
294
284
274
26

25 T T | e T T T T T 1
0 25 50 75 100 125 150 175 200 225 250 275 300 325

Time (s)

(3) amyerodwa],

Figure 9. Temperature—time change curve of DL5-3 sample destruction process.

(3) amyeradway,

T T T T T T |
270 300 330 360 390 420 441
Pixel

@)t=672s

(5) axmeradwoa],

T T T T T T 1
270 300 330 360 390 420 441

Pixel

(b) t=200.53 s

32.24

() ermeredway,

Figure 10. Cont.



Energies 2021, 14, 713

12 of 16

2745 7

27,41 & 7

27.2 1
27.0 1

26.8

(3) amyeradwag,

T T T T T
245 270 300 330 360 390 420 441

Pixel
(d)t=2958s

Figure 10. The oscillogram of the temperature in the observation area at the critical moment of the
DL5-3 sample destruction.

From Figure 8, we can see the evolution of the temperature field in the observation area
during the uniaxial compression test of the DL5-3 sample. In the time period of 0~291.67 s,
the color temperature distribution of the temperature cloud image in the observation
area of the sample was uniform and the amount of change was small. At 291.67 s, the
temperature-changing area gradually appeared. The temperature-changing area gradually
increased with the destruction of the sample and finally formed a semi-"X" deformation
temperature area.

It can be seen from Figure 9 that the maximum temperature, minimum temperature,
and average temperature in the observation area of the sample had very small changes
during the period of 0 to 291.67 s, and the overall trend was horizontal. The maximum
temperature gradually dropped from 26.61 °C to 26.51 °C. The minimum temperature
dropped from 25.83 °C to 25.71 °C. The average temperature slowly dropped from 26.23 to
26.13 °C. At the moment of 291.67 s, the maximum temperature, the minimum temperature,
and the average temperature all changed abruptly, which proved that brittle failure began
to appear at 291.67 s. The minimum temperature decreased from 25.72 °C to 25.62 °C, a
decrease of 0.1 °C, with a relatively small change. The maximum temperature rose sharply
from 26.53 °C to 37.48 °C, with a particularly large change, rising 10.95 °C. The average
temperature rose from 26.11 °C to 26.30 °C, an increase of 0.19 °C, and the range of change
was relatively small. From the temperature change curve of the observation area during the
sample loading process, it can be seen that during the brittle failure stage of the sample, the
particles inside the sample released a large amount of heat energy due to intense friction,
forming a local heating zone in the observation area. The location of the local heating zone
coincided with the crack penetration area, and the crack penetration caused energy release
to form a local cooling zone. Therefore, the overall performance of the sample observation
area was increased and then gradually decreased to ambient temperature.

It can be seen from Figure 10 that the temperature distribution of all pixels in the
sample observation area at 67.2 s and 200.53 s was extremely similar and the temperature
was evenly distributed between 25.8 °C and 26.5 °C. The sample suffered brittle failure at
291.67 s, and some pixels began to heat up. As can be seen from the 291.8-s temperature
pixel curve, the maximum temperature rose sharply by 37.5 °C and then quickly began
to fall. The temperature distribution of all pixels in the observation area of the sample
changed dramatically in a short time. During the brittle failure stage, the local heating zone
showed a trend of sudden temperature rise and drop, and the whole observation zone also
showed this trend. The variation range and distribution area of the local cooling zone were
relatively small and the overall impact was small.

Figures 7 and 10 are graphs of temperature field changes during the loading process
of two different specimens. From the two pictures, it can be seen that the temperature
field pictures of the two specimens before failure were similar. However, there was a clear
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difference in the temperature field between the two in the process of specimen failure.
The main reason is that the specimen in Figure 10 had prefabricated holes, while Figure 7
was a complete specimen, which led to different temperature field changes when the two
were broken.

4.2. Temperature Change Trend Analysis

Through the analysis of temperature change data in the observation area during the
uniaxial compression failure process of the prefabricated marble sample obtained by the
infrared thermal imaging camera, we obtained the maximum temperature, minimum
temperature, and average temperature change (Atmax, Atmin, Atavg) in the loading stage
and brittle failure stage of the sample, as shown in Table 2.

Table 2. Temperature variation of all rock samples during the failure process.

Loading Stage Brittle Failure Stage

Number  Picture Atmin Atmax Atavg Atayg Atmin Atmax Atavg Atavg

(@) (@) (@) (@] (@) (@] O (@]
DL1-1 —0.36 —0.39 —0.37 —0.15 6.51 0.16
DL1-2 ' —0.23 —043 —-0.29 —0.13 5.82 0.17
DL1-3 —0.67 —0.58 —0.63 —-0.2 7.70 0.19
DL2-1 —0.24 —0.22 —0.23 —0.11 2.44 0.14
DL2-2 , —-0.27 —0.16 —0.25 —0.09 3.35 0.12
DL2-3 —0.31 —0.27 —0.29 —0.15 4.76 0.11

DL3-1 —0.49 —0.42 —0.47 ~0.29 —0.12 5.23 0.13 012
DL3-2 1 , —0.34 —0.32 —0.33 —0.07 1.64 0.07
DL3-3 J —0.11 —0.11 —0.11 —0.08 1.68 0.05
DL3-1 —0.47 —0.43 —0.46 —0.11 2.31 0.08
DL3-2 ‘ —0.39 —0.33 —0.37 —-0.14 5.76 0.14
DL3-3 * —0.33 -0.29 —0.32 —0.09 6.33 0.15
DL5-1 —0.18 —0.17 -0.17 —-0.13 3.21 0.09
DL5-2 —0.23 —0.21 —0.22 —0.08 457 0.10
DL5-3 ¢ ! —0.12 —0.10 —0.10 -0.1 10.96 0.19
DL6-1 —0.23 —0.17 —0.21 —0.14 2.34 0.09
DL6-2 P ' —0.09 —0.07 —0.08 —0.09 1.57 0.08
DL6-3 s —0.35 —0.30 —0.33 —0.07 2.11 0.06

It can be seen from Table 2 that the prefabricated hole marble sample was loaded
from the beginning to the brittle failure stage. The maximum temperature, minimum
temperature, and average temperature of the observation area of the sample decreased, and
the range of decrease was 0.02~1 °C. In the brittle failure stage, the maximum temperature
in the observation area of the sample increased sharply, with a large amount of change, and
the maximum increase observed reached 10.96 °C. The minimum temperature dropped
sharply, and the drop range was about 0.07 °C~0.2 °C. The average temperature increased
sharply, rising by about 0.05 °C to 0.19 °C.

From Table 2 we can know the temperature change rate of all rock samples during the
loading process, including the minimum temperature, maximum temperature, and average
temperature. During the loading stage, all the temperatures of the rock sample showed
a downward trend, mainly due to the accumulation of energy in the loading process,
which caused the surface temperature of the sample to decrease. In the brittle failure stage,
macroscopic cracks appeared on the surface of the specimen, which led to the dissipation
of the accumulated energy inside, which increased the maximum temperature and average
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temperature of the specimen. Among them, the maximum temperature increase of the
specimen was relatively large, mainly concentrated at the moment when the specimen
ruptured, because the temperature increase at the moment of the specimen rupture was
mainly due to the change of the ambient temperature. Therefore, the average temperature
of the specimen should be the main research object.

After statistical calculation, the average value of the average temperature change of all
specimens during the loading stage was —0.29 °C and the standard deviation was 0.14 °C.
The standard deviation reflects the degree of dispersion of the value relative to the average
value, indicating that the dispersion of the loading stage is greater. During the brittle
failure stage, the average temperature change of all rock samples was 0.12 degrees and the
standard deviation was 0.04 °C. It shows that the dispersion of the average temperature
change in the destruction stage was small. The comparison between the standard deviation
and the average value shows that the temperature change rate in the loading stage was
unstable, while the temperature change rate in the failure stage was relatively small, which
is statistically significant.

5. Conclusions

Aiming at the scientific problem of detecting the mechanical behavior of rock masses
in the engineering environment, the marble with different prefabricated holes was used as
the research object and uniaxial compression experiments and infrared detection research
were carried out. Through the processing and analysis of the infrared image, the average
infrared temperature change revealed the changing law of the rock mass under the action
of external load, and the infrared image represented the structural response of the rock
mass and the degree of damage of the rock mass. This research is of great significance
to the understanding of the mechanical behavior and failure mechanism of complex rock
mass structures. Infrared thermal imaging technology has broad application prospects.

(1) Prefabricated holes will affect the strength of the marble. When k > 1, with the
decrease of k, the uniaxial compressive strength of the sample gradually decreases. It
shows that as the vertical axis b increases, the uniaxial compressive strength gradually
decreases. When k < 1, as the k decreases, the uniaxial compressive strength of the sample
will first increase and then decrease. When k = 1, the uniaxial compressive strength of the
marble specimens with prefabricated holes is the lowest. It shows that ratio of horizontal
and vertical axis k has a very obvious effect on the uniaxial compressive strength and the
strength of marble is the lowest in the case of circular holes.

(2) During the loading stage, the color temperature distribution of the temperature
field cloud map changed little. In the brittle failure stage, obvious local temperature change
areas were formed. The randomly distributed infrared temperature represented the elastic
deformation of the rock mass, and the large-scale concentrated infrared temperature repre-
sented the plastic deformation of the rock mass. The temperature distribution of infrared
images revealed that, under the action of external load, there was energy accumulation
inside the rock, which eventually led to brittle failure of the rock.

(3) During the loading stage, the maximum temperature, minimum temperature,
and average temperature of the observation area showed a downward trend. It was
mainly due to the accumulation of energy in the loading process of the rock sample that
caused the surface temperature of the specimen to decrease. In the brittle failure stage,
macroscopic cracks appeared on the surface of the specimen, which led to the dissipation
of the accumulated energy inside, which increased the maximum temperature and average
temperature of the specimen. Since the temperature increase at the moment of specimen
rupture was mainly the change of ambient temperature, the average temperature of the
specimen should be the main research object.

In this paper, the whole process of the uniaxial compression test of marble with prefab-
ricated holes was observed in real time through the synchronous, high-frequency infrared
thermal imaging camera. The experimental results obtained the evolution characteristics
of the infrared heat radiation temperature field in the observation area during the sample
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loading process and the infrared heat radiation temperature information at any point in
the observation area at any time. However, due to the experimental conditions, only one
surface could be observed by one infrared thermal imaging camera. If multiple infrared
thermal imaging cameras can be used for simultaneous and omni-directional observation,
it will be of more research significance.
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