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Safe and effective mining of phosphate rock plays an important role in the sustainable
development of phosphorus resources. The mechanical properties and failure process of
phosphate rock under different mining rates remain unclear, further restricting the safe and
efficient mining of phosphate rock. In this paper, infrared radiation and uniaxial
compression tests of phosphate rock under different loading rates, e.g., 0.0005,
0.001, 0.005, and 0.01mm/s, were conducted to investigate the failure process of
phosphate rock. Energy evolution and infrared radiation characteristics of the
phosphate rock damage process were analyzed using nondestructive, real-time, and
noncontact infrared thermal imaging technology. The results show that the higher the
loading rate of phosphate rock, the more obvious the high-temperature zone and high-
temperature point of phosphate rock in the loading process. At failure, the friction and
slippage between internal cracks are intense, showing that the infrared radiation
temperature difference increases with the increase of loading rate. As loading rate
increases, the energy release time of phosphate rock before damage is reduced,
resulting in more energy stored in the rock as evinced by its infrared radiation
characteristics, finally resulting in greater damage. The increase of loading rate reduces
the dissipation energy of phosphate rock before failure so that more energy remains in the
rock mass through the weak surface of the grain boundary. The results of this work will be
helpful in enhancing theoretical support for prevention and control of dynamic disasters in
phosphate mines.
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Abbreviations: σ, stress on phosphate rock; ε, strain in phosphate rock; σ1, the first principal stresses of rock mass unit; σ2, the
second principal stresses of rock mass unit; σ3, the third principal stresses of rock mass unit; ε1, principal strain corresponding
to the first principal stress; ε2, principal strain corresponding to the second principal stress; ε3, principal strain corresponding to
the third principal stress; U, total input strain energy; Ue , elastic strain energy; Ud , dissipated energy; L, gray-level version of
thermal image; t, time; y1, temperature difference corresponding to the temperature rise precursor before specimen fracture; y2,
initial temperature difference between the specimen and the reference object.
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1 INTRODUCTION

Phosphate rock, as a nonrenewable resource (Vaccari and Strigul,
2011), is an important nonmetallic mineral resource, mainly
distributed in Africa, North America, South America, Asia,
and the Middle East. In recent years, global phosphate rock
production driven by demand has been increased year on
year. According to statistics, 90% of the world’s phosphate
rock is used to produce phosphate fertilizer. Based on the
current global phosphate rock production capacity and the
amount of retained resources, the available period of resources
is a further 99 years. Due to insufficient rich ore reserves in China
and the gradual depletion of shallow phosphate resources, deep
phosphate must be mined. Because the phosphate deposit is
inclined layered, which contains geological structures such as
faults and folds, the stress environment around mining areas is
complex. With the increase of mining depth, rockbursts in deep
phosphate rock frequently occur, which seriously threaten the
safety of underground mining. The identification of rockburst
precursors is of great significance to the safe mining of
phosphorus resources and deep engineering (Guang-Liang
et al., 2015a; Guang-Liang et al., 2019a; Guang-Liang et al., 2021).

It is a common phenomenon for rock to produce the thermal
effect and infrared radiation change due to rock stress. As a
nondestructive testing method, infrared thermal imaging
technology is widely used in the field of damage detection of
rock and other materials. Wu et al. (Li-Xin and Jin-Zhuang, 1998)
proposed that under uniaxial compression, the average infrared
radiation temperature (AIRT) had three precursory
characteristics, and the infrared thermal image could reflect
the form and position of rock before fracture. Zhang et al.
(Yan-Bo et al., 2020) used a uniaxial loading system and an
infrared thermal imager to study the spatiotemporal evolution
characteristics of thermal radiation during the stress and fracture
process of granite specimens. Huang et al. (Fu-Run et al., 2021)
fitted and analyzed the average infrared radiation temperature of,
and stress in gneiss, and found that there was a strong correlation
between them. Huo et al. (Meng-Zhe et al., 2020) studied the
influences of different gradient stresses on the evolution
characteristics of the infrared temperature field leading up to
rockburst. It was found that the fracture of the specimens was
accompanied by the abnormal infrared radiation temperature,
and the abnormal phenomenon can predict the location of the
rockburst. Tian et al. (Bao-Zhu et al., 2016) simulated the
rockburst process of granite surrounding rock roadway by
two-way loading test and found that the spatiotemporal
evolution of infrared radiation in the rockburst process of
granite has good synchronization with the occurrence of a
rockburst. Wu et al. (Xian-Zhen et al., 2015) explored the
mutations of infrared temperature field in the process of rock
failure and instability by infrared monitoring test of the high-
temperature water-immersed siltstone loading process. Other
scholars studied the infrared radiation characteristics of rock
fracture from the perspectives of spatiotemporal changes and
their evolution (Da-Jun et al., 2019; Li-Qiang et al., 2019).

The loading rate applied during engineering construction has
a significant effect on the mechanical properties of the rock

encountered therein (Guang-Liang et al., 2015b; Guang-Liang
et al., 2019b; Guang-Liang et al., 2020; Zhang et al., 2021). The
stress distribution and evolution of the working face and
surrounding rock are affected by the rate of tunnel excavation
and mining operation. Therefore, the loading rate applied in
engineering construction has often been studied; however, the
mechanical properties and failure process of phosphate rock
under different loading rates are unclear. As mentioned
earlier, infrared thermal imaging technology has the
advantages of fast response, noncontact, all-weather use with
no visible light compared with the widely used acoustic emission
detection technique. The infrared radiation characteristics of
phosphate rock under different loading rates are rarely
investigated. In this paper, through the uniaxial loading test of
phosphate rock specimens under different loading rates, the
infrared radiation characteristics of phosphate rock under
failure are observed using an infrared thermal imager. The
stress–strain curves, visible light photos, infrared radiation
information, and the energy change of the whole loading
process were compared and analyzed. The results will provide
theoretical support for the prevention and early warning of
rockburst disasters in phosphate mines.

2 EXPERIMENTAL WORK

Due to the room and pillar method usually being used in
underground phosphate mining, the empty pillar bears the
stress caused by the rock mass. In the mining process, the
loading rate of axial force of underground pillar also changes
owing to the effects of excavation disturbance and limits to
excavation conditions. Therefore, the uniaxial compression
testing of phosphate rock under different loading rates was
performed in the laboratory. The axial equal displacement
control method was used to load phosphate rock specimens at

FIGURE 1 | A typical rockburst in mine.
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rates of 0.0005, 0.001, 0.005, and 0.01 mm/s, with three replicates
in each group. The infrared radiation changes were captured and
recorded using an infrared thermal camera and high-speed
camera system to further determine the infrared radiation
characteristics of phosphate rock under the action of
nonworking conditions.

2.1 Phosphate Rock Specimens
The phosphate rock was sampled from a mine in Hubei Province,
China. The phosphate layer occurs in the sedimentary phosphate
rock of the second member of the Doushantuo Formation of the
upper Sinian system. The deposit is a gently inclined thin-to-
medium-thick ore body. Some rockbursts occurred during
mining under the influences of tectonic stress and excavation
disturbance. With the increase of mining rate, the rockbursts of
the excavation face become more intense and the severity and
extent of the ensuing damage increase. A typical rockburst is
shown in Figure 1.

To explore the causes of rockburst difference, an in-situ
infrared inspection was conducted on the face of the mining
area, and it was found that there were differences in infrared
thermal images in different areas of the face. Therefore, infrared
spectrum analysis and stress analysis of phosphate rock were

conducted. The phosphate rock at different positions in the
mining area (area 1#, 2#, 3#, and 4#, as shown in Figure 1)
was assessed by Fourier infrared spectrometer (Barra et al., 2021;
Enders et al., 2021). The infrared spectrum analysis results of ore
rock at different positions are shown in Figure 2. The infrared
spectra of phosphate rocks in four different regions are the same,
and the main absorption ranges are 400–2,000 and
2,500–3,700 cm−1. The infrared spectra of phosphate rocks in
four regions all exhibit sharp multiple bands at 400–600 cm−1,
indicating that the composition of phosphate rocks is relatively
simple but with many types of elements. The spectral analysis of
phosphate rocks in different locations indicated that the
difference in composition is not the main reason for the
difference in infrared thermal images; therefore, the
mechanical experiments of phosphate rock under different
loading rates were conducted, and the whole loading process
was observed by infrared thermal imager to ascertain the reasons
for the observed in-situ differences.

The typical phosphate rock in the phosphate rock mining site
was sampled and processed, and the phosphate rock in the
natural state was processed into a standard cylinder with a
diameter of 50 mm and a height of 100 mm. The specimens
were carefully polished at both ends of the loading to make the

FIGURE 2 | Infrared spectrum of phosphate rock specimens. (A) Phosphate rock in area 1#, (B) Phosphate rock area 2#, (C) Phosphate rock in area 3#, (D)
Phosphate rock in area 4#.
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surface non-parallelism less than 0.02 mm and divided into four
groups, with three specimens in each group.

2.2 Test Equipment
The infrared thermal imager used herein was developed by the
Wuhan Institute of Technology. The detector resolution is 384 ×
288 pixels, the spectral range is 8–14 μm, and the temperature
sensitivity is less than 0.05°C. The uniaxial compression test was
carried out by RMT-301 rock and a concrete mechanics
experimental loading device. The test process was recorded
using a high-speed camera system. An infrared thermal imager
and digital fast camera were installed at 1.0 m in front of the
specimen. The display time of each computer was calibrated
before the test so that the press, infrared thermal imager, and
digital fast camera could synchronously collect data. The loading
system is shown in Figure 3.

2.3 Test Procedure
To ensure the complete contact between the phosphate rock
specimen and the loading surface, the specimen was preloaded,
then loaded to failure at a constant rate; because the infrared
thermal imager was more sensitive to the reaction, a black
shading cloth was used to cover the loading system and the
monitoring system during the test, the indoor doors and windows
were closed, and the personnel was prohibited from moving
around. We reduce the airflow at the test site as much as
possible to ensure better test results.

After the specimen was placed, the temperature was
monitored, and the test was started when the surface
temperature of the specimen was uniform. To avoid the
influences of uncontrollable factors on the temperature of the
specimen in the test site, before the test, the phosphate rock
specimen with the same properties was placed next to the

phosphate rock specimen to be loaded as a reference, and the
temperature change of the phosphate rock specimen under
loading was compared and analyzed to compensate for the
temperature error during the test, as illustrated in Figure 4.
The uniaxial loading tests of phosphate rock specimens at loading
rates of 0.0005, 0.001, 0.005, and 0.01 mm/s were conducted, and
the test results were analyzed.

3 TEST RESULTS AND ANALYSIS

3.1 Macroscopic Failure Analysis of
Specimens
The failure mode of rock is not only related to internal crystalline
particles and initial defects but also has a great correlation with
the loading rate. The degree of rock fragmentation and failure
mode can reflect the stress on the rock to a certain extent. The
macroscopic failure of phosphate rock specimens under different
loading rates is depicted in Figure 5. Figure 5A shows the failure
diagram of the phosphate rock specimen at the loading rate of
0.0005 mm/s: the surface of the specimen is broken and
accompanied by surrounding debris shedding, but the integrity
of the specimen remains good. Figures 5B,C are the failure
diagrams of the specimens at loading rates of 0.001 and
0.005 mm/s, which exhibit local failure and instability
dominated by the middle part failing and the splitting along
the direction parallel to the axial stress. As shown using red labels
in Figure 5B, the damaged specimens maintained their integrity.
Figure 5D demonstrates the failure of a specimen at a loading rate
of 0.01 mm/s. The specimen is crushed into multiple blocks of
different sizes at failure, which cannot maintain its integrity: the
degree of crushing of phosphate rock increases with the increase
of loading rate, and many particles are crushed at a higher
loading rate.

The residual parent body of phosphate rock specimen tested at
a loading rate of 0.01 mm/s can be observed, and the surface is
found to exhibit obvious failure mode of step-shaped and

FIGURE 3 | Loading system diagram.

FIGURE 4 | Comparison of loading phosphorite specimens and
reference material.
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cone-shaped combination, as shown in Figures 6A,B. According
to the analysis, because the diagenesis of phosphate rock is
affected by sedimentary evolution, its internal structural plane

is obvious, so under loading, the dominant structure plays a
leading role in the formation of internal steps of rock mass, and
thus shows obvious stepped failure characteristics (Peng andMei-
Feng, 2021). However, for the rock mass between structural
planes, the rock mass is mainly affected by cementation and is
subjected to shear under load. More micro-cracks are found to
form, expand, and penetrate, then form a macroscopic conical
fracture surface. The higher the loading rate of the phosphate
rock specimen, the more obvious the macroscopic fracture
surface and the more damaged fragments there are.

3.2 Energy Evolution During the Damage to
Phosphate Rock
3.2.1 Analysis of Stress–Strain Curves
The stress–strain curves of rock mass are important responses to
the mechanical properties of the rock mass. The stress–strain
curves of phosphate rock specimens under four loading rates are
shown in Figure 7. There are obvious differences in stress–strain
curves of phosphate rock specimens under loading rates of
0.0005, 0.001, 0.005, and 0.01 mm/s, but there are staged
characteristics, which can be divided into five stages.

FIGURE 5 | Failure of specimens under different loading rates. (A) 0.0005 mm/s loading, (B) 0.001 mm/s loading, (C) 0.005 mm/s loading, (D) 0.01 mm/s loading.

FIGURE 6 | Local failure diagram of specimen. (A) Conical rupture, (B) Stepped failure.

FIGURE 7 | Stress–strain curves of specimens under load.
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I) In the initial compaction stage, because there are many pores
and cracks in the phosphate rock, the cracks and pores in the
specimen are compacted at the beginning of loading. With
the increase of the loading rate, the slope of the stress–strain
curves increases, as shown in sections A-A1, B-B1, C-C1, and
D-D1 (Figure 8);

II) Linear elastic stage: linear elastic deformation occurs in the
specimen, such as D1 < C1 < B1 < A1 (Figure 7); the greater
the loading rate, the earlier the specimen enters the linear
elastic stage;

III) Plastic stage: plastic deformation occurs in the rock, the
stress–strain curves of the specimens under four loading
rates are step-like en route to the peak stress, and an obvious
convexity is seen, indicating that the stress–strain curves
under four loading rates all include a plastic strain stage, and
the plastic strain stage is the longest under a loading rate of
0.0005 mm/s.

IV) Near the instability point: the specimen reaches the peak stress,
such as A3, B3, C3, or D3 (Figure 8): the compressive strength
values of specimenswith different loading rates are 111.332MPa
(0.0005mm/s), 152.820MPa (0.001mm/s), 171.357MPa
(0.005mm/s), and 186.324MPa (0.01mm/s), respectively.
When the loading rate is increased from 0.0005 to 0.01mm/
s, the compressive strength increases by approximately 40.2%.
This indicates that the greater the loading rate, the greater the
compressive strength of the specimen.

V) Post-peak weakening stage: Under loading at 0.0005 mm/s,
the specimen underwent significant residual deformation,
and an obvious “climbing tooth” feature appeared in the
weakening stage, as shown in Figure 7, from A3 to the end.
The stress–strain curves at 0.005 mm/s, and 0.01 mm/s
exhibit a quasi-vertical drop after experiencing plastic
strain, and the extent of the drop increases with the
increase of loading rate. As shown in Figure 7 in D3 to
the end, C3 to the end, and B3 to the end, the higher the
loading rate, the faster the specimen weakens.

The test results of 12 specimens are summarized in Table 1:
With the increase of loading rate, the compressive strength of
phosphate rock specimens and the elastic modulus at two-thirds
of the compressive strength gradually increase. The error in
specimen A3 is caused by factors such as instrument error and
cracks in the rock mass.

In summary, as the loading rate increases, the time from the
compaction stage to the elastic stage of the phosphate rock
specimen decreases, the compression deformation stage of the
specimen is shorter, and the slope of the stress–strain curves
increases, which is manifested by the increases of elastic
modulus and compressive strength. The mechanical
properties of the phosphate rock specimen show a pseudo-
enhanced state; that is, as the loading rate increases, the
compressive strength of the phosphate rock specimen is
enhanced, and the weakening of the specimen in the post-
peak stage increases.

3.2.2 Energy Evolution Process
(1) Energy calculation principle

According to thermodynamics, the destruction of rock
materials is the result of energy conversion. The energy in the
rock material per unit volume is assumed to cause deformation
under external force in a closed system; according to the first law
of thermodynamics, energy conversion is defined as:

U � Ue + Ud, (1)
where U represents total input strain energy, Ue is the elastic
strain energy, and Udis the dissipated energy.

The total strain energy accumulated by rock elements in
principal stress space is:

U � ∫
ε1

0

σ1dε1 + ∫
ε2

0

σ2dε2 + ∫
ε3

0

σ3dε3, (2)

where: σ1, σ2, and σ3 denote the first, second, and third principal
stresses on the rock mass; ε1, ε2, and ε3 represent the strains
corresponding to the principal stresses, respectively. Under
uniaxial compression, σ2 = σ3 = 0. Eq. 2 can be rewritten as:

U � ∫
ε1

0

σ1dε1. (3)

The relationship between elastic strain energy and loss energy
of rock specimen under uniaxial compression is depicted in
Figure 9. The blank area under the stress–strain curves
represents the dissipation energy caused by internal damage
and irreversible plastic deformation of rock Ud. The triangular
shaded region denotes the stored elastic strain energy in the rock
specimen Ue (Lei et al., 2021; Zhi-Chao et al., 2021).

(2) Analysis of the energy evolution process

The energy evolution of phosphate rock specimens under
uniaxial compression can be divided into four stages: initial

FIGURE 8 | Stress–strain curves of specimens in initial
compaction stage.
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compaction, a linear elastic stage, plastic stage, and a post-peak
weakening stage, as shown in Figure 10.

3.2.2.1 Initial Compaction Stage
With the increase of stress, the primary cracks in the specimen are
gradually compressed and closed. The total energy input shows a
nonlinear growth trend with deformation. The closure of
microcracks and friction in the rock mass dissipates most of
the energy. Therefore, at this stage, the difference between the
dissipated energy and the elastic deformation energy is not large,
but there remains a small accumulation of elastic strain energy.

3.2.2.2 Linear Elastic Stage
With the increase of strain, the total energy and elastic strain
energy increase approximately linearly. At this time, the specimen
after compaction is in an elastic state, and new cracks have not yet
been initiated. The energy input by an external force is
continuously transformed into the elastic strain energy inside
the specimen, and the increase in energy dissipation is small.

3.2.2.3 Plastic Stage
The external load gradually approaches the compressive strength,
the specimen undergoes plastic deformation, and micro-failure
develops continuously, gradually forming more widespread
damage and friction between cracks. The internal elastic strain
energy is thus released, part of the external input energy is
dissipated by the change of the internal structure, and the
dissipation of energy fluctuates.

3.2.2.4 Post-Peak Weakening Stage
After reaching the peak strength, the rock specimen begins to be
damaged, and the elastic strain energy accumulated in the rock
specimen is released rapidly, and the plastic deformation shows a
significant increase. At a low loading rate, the micro-fractures
inside the rock specimen become fully developed, and the cracks
are fully expanded and penetrated. The rock specimen loses its
bearing capacity, and the dissipation of energy increases rapidly,
whereas the elastic strain energy decreases. Under a high loading
rate, the cracks in the rock mass have not fully expanded and
collapsed, resulting in a continuous increase of elastic strain and a
decrease in the dissipation of energy.

Under different loading rates, the change of elastic strain energy
in the failure stage leads to the difference in the severity of damage to
phosphate rock specimens when they are broken. At low loading
rates, the specimens are close to being damaged, and the elastic strain
energy decreases. Therefore, damage to the specimen is only
manifest as the surrounding debris shedding and local failure
instability, as shown in Figure 10A. At a high loading rate, the
elastic strain energy still increases, so the specimen damage is
characterized by severe damage being crushed into multiple
blocks of different sizes, which cannot maintain its integrity.

3.3 Infrared Radiation Characteristic
Analysis
3.3.1 Infrared Thermal Image Enhancement Principle
Infrared thermography can observe the distribution and variation
characteristics of the surface thermal field of rock specimens during
loading in real-time; however, due to the influences of the
experimental environment and the resolution of the instrument,

TABLE 1 | Test parameters of specimens under different loading rates.

Specimen number Load rate/mm/s Compressive strength/MPa Elastic modulus at
two-thirds of compressive

strength/GPa

Poisson’s ratio

A1 0.0005 104.355 72.310 0.263
A2 111.332 65.937 0.248
A3 159.168 100.627 0.326
B1 0.001 152.820 86.250 0.244
B2 120.123 85.937 0.293
B3 136.960 81.644 0.306
C1 0.005 185.252 121.892 0.381
C2 171.357 132.181 0.267
C3 179.023 139.503 0.221
D1 0.01 253.385 167.467 0.256
D2 217.227 160.909 0.255
D3 186.324 168.094 0.288

FIGURE 9 | Quantitative relationship between elastic strain energy and
damage dissipation energy.
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there is often noise in the thermal image, which affects the
experimental analysis. Histogram equalization is a method to
enhance image contrast by stretching the pixel intensity
distribution. In this paper, the original infrared thermal image is
subject to histogram equalization using MATLAB, and one such
image is shown in Figure 11. The image histogram is completely
uniformly distributed, the image entropy is the largest, and the image
contrast is the largest (Farhadian, 2021; Shan et al., 2021; Zaghloul
and Hiary, 2021). The transformation function to improve image
contrast needs to meet the following conditions:

(1) f(x) monotonically increasing at 0 ≤ x ≤ L − 1 (no strict
monotonicity of increase is required), where L represents the
gray level (L = 256);

(2) The range of f(x) is [0, L − 1].

Therefore, ideally, the histogram of the image can be
uniformly distributed after the transformation. The function
satisfying the condition is expressed as:

y � f(x) � (L − 1)∫
x

0

Pr(t)dt, (4)

where Px(x) represents the probability density function; in
discrete images, the probability of each gray level of a
histogram arising (in an image, the gray level can be regarded
as a random variable, and the histogram is the probability density
function of the random variable). From the knowledge of

FIGURE 10 | Energy evolution in phosphate rock during damage under different loading rates. (A) 0.0005 mm/s loading, (B) 0.001 mm/s loading, (C) 0.005 mm/s
loading, and (D) 0.01 mm/s loading.
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probability theory, the transform function f(x) is actually the
distribution function of a continuous random variable x;
histogram indicates the number of times each color appears in
the image; the histogram represents the number of occurrences of
each color in the image. Figure 11 displays the histogram of the
image before and after treatment. The number of points of the
gray value of the histogram after equalization is more evenly
distributed, and the gray values are more concentrated.
Histogram equalization can enhance the contrast of a thermal
image to a certain extent, as can be seen from Figure 11.

3.3.2 Analysis of Infrared Thermal Image Changes in
Specimens
Figures 12, 13 show the results of infrared thermal images with
typical loading rates after histogram equalization. During the
fracturing of phosphate rock loaded at 0.0005 mm/s, there is an

obvious high-temperature zone in the upper left part of the
specimen. The damage of the specimen begins from the high-
temperature zone after gradual evolution. After fracturing, the
integrity of residual rock remains good. The residual rock emits
radiation consistent with an orange high-temperature zone, and
there is no red high-temperature point seen throughout the
process (Figure 12E). At a load rate of 0.01 mm/s, there are
many red high-temperature points seen on thermal images
recorded in the fracture process of the specimen, and the
high-temperature area gradually evolves and finally presents
overall collapse at failure. The specimen is broken and fell in
many places, and the residual rockmass is scattered in the form of
red high-temperature points, as shown in Figure 13E.

The phosphate rock specimen is taken from the phosphate
rock forming the cemented structure around the mining area,
so the failure and cracking of the specimen occur mostly at the

FIGURE 11 | Histogram equalization for phosphate rock specimens under different loading rates. (A) 0.0005 mm/s loading and (B) 0.01 mm/s loading.

FIGURE 12 | Equalization treatment: compression of phosphate rock specimens loaded at 0.0005 mm/s. (A) 110 s, (B) 365 s, (C) 815 s, (D) 925 s, and (E)
1034 s.
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contact grain boundaries of the phosphate rock and dolomite.
Figure 14 shows the scanning electron microscope micrograph
of the specimen loaded to failure on a cross-section magnified
3,000 times. This grain boundary is the grain boundary weak
plane in the microstructure of the phosphate rock; therefore,
with the increase of loading rate, the stress on the weak surface
of grain boundary in a rock mass cannot be fully transferred
and transmitted, and the weak surface is damaged, which
accelerates the development of cracks. The greater the
loading rate, the greater the energy accumulation inside the
phosphate rock specimen, and the energy is suddenly released
during a rockburst. The cracks formed by the residual energy
rupture through the weak surface of the rock grain boundary
are manifest in the form of high-temperature points. Under the
small loading rate, the stress in the rock mass is fully adjusted
and transferred, and the energy distribution is more uniform.
Only a small part of the weak crystal interface appears
damaged by the release of energy, and most of the other

energy is distributed throughout the residual rock mass in
the form of a high-temperature zone.

3.3.3 Analysis of Infrared Radiation Temperature
Variation of Specimens
The AIRT refers to the average value of the infrared radiation
temperature corresponding to all the pixels on the infrared
thermal image of the target surface at a certain time. The
AIRT on the rock surface is an effective indicator used to
characterize the total energy change of thermal infrared
radiation under load (Athar and Osama, 2018; Qing-Qing
et al., 2019). Characteristics of infrared radiation temperature
on the target surface could be studied on the whole by comparing
the temperature change of the phosphorus rock specimen under
loading using the method that places the reference material of the
phosphorus rock specimen with the same properties next to the
phosphorus rock specimen under load and measuring the
difference between them.

The time–history curves of the temperature difference between
the specimen and the reference at different loading rates are captured
(Figure 15): y1 represents the temperature difference corresponding
to the temperature rise precursor before specimen fracture, and y2 is
the initial temperature difference between the specimen and the
reference object. With increasing load, the difference of infrared
radiation temperature between the phosphorite specimen and the
reference generally shows a fluctuating upward trend. In the early
stage of failure, the temperature difference increases sharply, and the
temperature difference reaches a maximum before the stress reaches
the peak. After the failure of the phosphate rock specimen, the
temperature decreases with the decrease of stress. Under the loading
at 0.01 mm/s, the temperature difference between the specimen and
the reference material demonstrates a steep downward trend in the
weakening thereof, whereas the temperature difference between the
target and the reference material exhibits a fluctuating downward
trend in the weakening process under loading at 0.0005mm/s.

Before fracturing, the temperature difference between the
phosphorite specimen and the reference material under
loading at 0.0005 mm/s increases to its maximum value, and
the temperature difference is around 0.2°C, and the temperature

FIGURE 13 | Equalization treatment: compression of phosphate rock specimens loaded at 0.01 mm/s. (A) 86 s, (B) 215 s, (C) 300 s, (D) 534 s, and (E) 550 s.

FIGURE 14 | SEM images of specimen fragments under different
loading rates (grain boundary weakness).
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rise is close to 0.8°C at the moment of fracture, as shown in
Figure 15A. Before fracturing, the temperature difference
between the phosphorite specimen and the reference material
loaded at 0.01 mm/s shows a sharp increase resulting in a
temperature difference of around 0.4°C and one of around
1.2°C at the moment of fracture (Figure 15B). Before the
specimen ruptures, there are obvious precursors in the form of
temperature rises, and there are double peaks, as shown in
Figure 15; these double peaks provide some basis for on-site
rockburst warning, but the relationship between the causes of
double peaks and the structural components of phosphate rock
remains to be clarified.

The temperature difference between the phosphate rock
specimen and the reference under loading at 0.01 mm/s is
greater than that at 0.0005 mm/s. Due to the fracturing of the
specimen, the mechanical deformation characteristics between
particles are different, and friction and slippage occur, resulting in
infrared radiation from low-speed energy and load transmission.
The greater the loading rate, the faster and more severe the
internal friction and sliding of the rock mass, leading to a larger
temperature difference between the phosphorite specimen and
the reference substance.

Under different loading rates, the difference in the change of
dissipated energy in the failure stage leads to the difference in the
infrared radiation characteristics of the specimen. At low loading
rates, the dissipated energy increases upon the onset of damage,
and the input energy is dissipated due to the change of the
structure. A small part of the energy remains in the rock mass as
evinced by the infrared radiation characteristics; therefore, at low
loading rates, the average infrared radiation temperature of the
specimen before the damage of the specimen changes slowly, and
there is no red high-temperature point in the infrared thermal
image. At a high loading rate, near the damage, the dissipation
energy decreases, and more energy remains in the rock mass as
evinced by the infrared radiation characteristics. Therefore, at a

high loading rate, the average infrared radiation temperature of
the specimen before damage changes significantly, and the
infrared thermal image shows obvious red high-temperature
points.

4 CONCLUSION

To ascertain the reasons for the difference in infrared thermal
images of phosphate rock in the field, uniaxial compression tests
of phosphate rock under four different loading rates were
conducted. An infrared thermal imager was used to monitor
the whole loading process of the specimens. The stress–strain
curves, visible light photographs, infrared radiation information,
and the energy changes throughout the loading process were
compared and analyzed. The result indicated that the change of
loading rate affects the failure mode of phosphate rock specimens.
The higher the loading rate, the greater the damage to the
phosphate rock specimens. The failure mode of the phosphate
rock specimens changes from local failure and instability to
comprehensive failure and instability. The specimens show
obvious conical failure under loading at 0.01 mm/s. The
mechanical properties of the phosphate rock change with
loading rate. The variation of elastic strain energy in the
failure stage is the fundamental reason for the difference in
time to failure. The increase of loading rate makes the
mechanical properties of phosphate rock specimens show a
pseudo-enhanced state. The elastic modulus and compressive
strength of phosphate rock specimens increase in the elastoplastic
stage, and the weakening of specimens is greater in the post-peak
stage, which is in good agreement with the weakening stage of the
infrared radiation average temperature difference curves.

The influence of loading rate on infrared thermography of
phosphate rock specimens is mainly reflected in the high-
temperature zone and high-temperature points. The greater

FIGURE 15 | Temperature difference between specimen and reference with loading time. (A) 0.0005 mm/s and (B) 0.01 mm/s.

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 9 | Article 81266111

Gao et al. Infrared Radiation in Phosphate Failure

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the loading rate applied to the phosphate rock specimens, the
faster and more intense the internal friction and slip of the
rock mass, resulting in an increase in the average infrared
radiation temperature amplitude and an obvious high-
temperature point in the infrared thermal image; the
increase of loading rate reduces the time to release of
energy in the loading of phosphate rock, and the dissipation
of energy decreases before failure so that more energy remains
in the rock mass and the grain boundary weak surface formed
by cementation is characterized by increased infrared
radiation. This study will be helpful in guiding engineers
responsible for safety in phosphate mining operations.
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