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Abstract

In order to study the influence of high temperature on the mechanical characteristics and crack distribution of progressive failure
process of rock, the laboratory uniaxial compression experiments were carried out on sandstone treated with different temper-
atures (25—1000 °C), and the variation characteristics of stress, deformation, and acoustic emission parameters during the failure
of samples were analyzed. At the same time, the fracture crack distribution and fractal characteristics were analyzed through the
industrial computed tomography (CT) test of the failure samples. The results show that temperature can affect the deformation
and strength characteristics of rock. The stress thresholds and elastic modulus appear to increase when the preheating temperature
increases from 25 to 400 °C and decrease when greater than 400 °C. The activity of AE signal is positively correlated with
temperature. The CT results confirmed that with increasing temperature, the fracture cracks in the failure samples changed from a
small number of single fracture cracks to a complex and crisscross distribution of small cracks. The failure cracks gradually
gathered in the middle of the samples. The box-counting dimension of the fracture crack is between 1.4060 and 1.7262, and
higher preheating temperature corresponds to the larger box-counting dimension, indicating that the temperature increases the
complexity of the fracture crack. This outcome shows that temperature has an important influence on the deformation and failure
of rock.
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Introduction

Rock masses are natural geological bodies formed by long
geological tectonic movements in nature, and they are the
main material component of crust and mantle (Koprubasi
and Aldanmaz 2004; Ao et al. 2010; Singh 2019). Rock is
a solid polymer composed of a variety of minerals and is an
important material for human survival. It is widely used in
water conservancy, hydropower, civil engineering, mine
development, nuclear waste storage, urban underground
space, and many other industries (Feng et al. 2019; Gong
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et al. 2019a, b; Yang et al. 2019; Chen et al. 2019a, b).
Along with the exploration of mining resources, the stabil-
ity monitoring and prediction of roadway engineering de-
signs after disasters, such as deep coal spontaneous com-
bustion and roadway fire, are the main engineering prob-
lems currently being encountered (Araujo et al. 1997,
Yang 2015; Zhang et al. 2015; Yang et al. 2017).
Therefore, the mechanical properties of rock after high
temperature play an important role in the stability of rock
engineering. The research results can provide reference for
the selection of engineering structural parameters, scientif-
ic management, and stability evaluation.

Considering the influence of temperature on the stability of
rock mass engineering, many scholars take the rock after high
temperature as the research object and use the method of
experimental research and numerical calculation to carry out
a lot of research work and have achieved fruitful results. Peng
et al. (2019) studied the acoustic emission characteristics of
marble with different thermal damage degrees and sizes dur-
ing rock failure process. In order to explore the influence of
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different temperature and cooling methods on the physical and
mechanical properties of Sandstone during stress-strain pro-
cess, Rathnaweera et al. (2018) carried out uniaxial compres-
sion test on the sandstone after heat treatment. The results show
that temperature can affect the mechanical properties, mineral
composition, and microstructure of rock and the cooling
methods can change the elastic modulus and fracture
characteristics of rock. Rao et al. (2007) carried out mechanical
tests on sandstone after different high-temperature treatments
and studied the physical and mechanical parameters of rock
after high temperature. The test results indicate that the strength
parameters of sandstone first increased and then decreased
linearly with increasing temperature. Liu and Xu (2015) car-
ried out indoor physical and mechanical tests on sandstone and
granite treated at different temperatures and studied the effects
of physical and mechanical properties of rocks at different
temperatures. Their study found that the temperature can
affect the mechanical and physical properties of rock, but the
physical properties are more dependent on the temperature
than the mechanical properties. To study the dynamic
response characteristics of rocks to impact loads after
different thermal damage treatments, Chen et al. (2014) con-
ducted indoor dynamic load mechanics experiments with sand-
stone as the research object, and the results showed that the
dynamic deformation and mechanical properties of rock were
affected by both temperature and impact load. In addition,
some researchers have realized the impact of high-
temperature heat treatment on rocks and carried out consider-
able research work (Xie et al. 2015; Song et al. 2018; Gaunt
et al. 2016; You et al. 2018; Zhao et al. 2017).

It is noteworthy that the fracture behavior and the post-high-
temperature rock material play an important role in geotechni-
cal engineering. The CT technology and scanning electron mi-
croscope (SEM) technology are the main technical means to
study the micro-cracks of rock fracture. In order to study the
characteristics of rock fracture and seepage after high-
temperature damage, Chen et al. (2019a) carried out seepage
tests under different seepage pressures on rocks after high
temperature and monitored the internal fracture opening of
rock samples after test based on CT scanning technology.
Wang et al. (2020) used CT technology to study the thermal
fracture of shale after 20600 °C treatment, revealing the inter-
nal reasons for the anisotropy of shale permeability changing
with temperature. Saif et al. (2017) and Rabbani et al. (2017)
used CT technology to study the evolution process of shale
pores and fractures under high temperature. By conducting
laboratory mechanical tests and SEM tests on sandstone,
Zhang et al. (2018) obtained the stress-strain data of the pro-
gressive failure process of sandstone treated with different tem-
peratures and the microscopic fracture morphologies of the rock
under different temperatures. The results show that under the
influence of temperature, the cracks in rock have obvious de-
formation, especially when the temperature reaches 400 °C; the
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thermal damage cracks are obvious. In order to analyze the
changes of macromechanics and microstructure in the process
of cyclic heating and cooling of rock, Liu et al. (2017) carried
out uniaxial compression test on the sandstone after high-
temperature treatment and used acoustic emission test, acoustic
wave test, and electron microscope scanning test methods. The
research shows that the rock mineral composition decomposes,
microcracks expand, sample integrity, and strength degradation
after the influence of thermal stress. The existing research re-
sults have been reported in detail about the mechanism of
strength failure and crack evolution in the process of rock de-
formation and failure after different temperature treatments, and
these studies can be used for reference to further study the
mechanical and damage characteristics of rock after high-
temperature damage. However, it is not enough to limit our
understanding, and it is more necessary to understand the char-
acteristic stress parameters and fractal characteristics of fracture
cracks under the influence of high temperature.

This investigation attempts to use indoor experiments to
analyze the physical and mechanical characteristics of rock
after high-temperature treatment, as well as the distribution
characteristics of the interrupted crack of the sample. First,
put the rock samples into resistance furnace and heat them to
different temperatures, and keep the constant temperature for
4 h and naturally cooled. Then, a uniaxial compression test
was carried out on the samples, and an acoustic emission
detection system was used to collect and record the acoustic
emissions during the test. Finally, the thermally damaged sam-
ples were scanned by CT to study the distribution character-
istics of the fracture cracks in them based on the influence of
temperature. The results can be used as references for the
study of rock mechanics with the influence of temperature.

Experimental program and equipment
Sample preparation

The rock samples are from Jiangbei District in Chongqing,
China. These rocks are naturally bluish gray in color, with
uniform texture and few cracks. The main minerals are quartz,
feldspar, mica, calcite, clay, and other mineral components.
The average density is 2.35 g/cm3. The average initial poros-
ity of the sample is 7.195%, and the pore size distribution is
shown in Fig. 1.

In order to reduce the test error, drilling and sampling are
carried out on the same rock block, and rock samples with
uniform texture and no obvious cracks are selected to be proc-
essed into cylindrical standard samples of @50 x 100 mm. In
order to make the surface flatness of the sample within
+0.02 mm and the parallelism within £0.05 mm, the machin-
ing process mainly includes cutting and grinding. All of the
cylindrical standard samples were divided into six groups, one
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Fig. 1 Test material: (a) sampling a
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of which was not heated (T =25 °C), and the remaining
groups were put into resistance furnace for high-temperature
treatment at different temperatures (T =200, 400, 600, 800,
and 1000 °C) with a heating rate of 10 °C/min. After reaching
the set temperature, samples were kept in the resistance fur-
nace with a constant temperature for 4 h and then cool down
naturally in the box-type electric resistance furnace. The sam-
ples are as shown in Fig. 1(c). The box-type electric resistance
furnace (SX,—10-12A) is made in Shaoxing, China, and the
highest temperature is 1200 °C.

Experimental equipment

The experimental equipment, as shown in Fig.2. The stress
loading system is the Shimadzu AG-IS material testing ma-
chine (AG-250 kN IS). The main parameters of the equipment
are as follows: the maximum axial load of the testing machine is
250 kN, the loading rate ranges from 0.0005 to 1000 mm/s, and
the minimum sampling interval is 1.25 ms. In order to reduce
friction, it is necessary to apply appropriate amount of Vaseline
on both ends of the sample. The data acquisition system com-
prises the ASMD3-16 high-speed dynamic resistance strain
gauge and the PCI-2 AE monitoring system. The ASMD3-16
high-speed dynamic resistance strain gauge is a high-

o =2 N W H OO N ©® O
Cumulative porosity/%

performance product independently developed by Ji’nan
Sigma Company (China). By attaching strain gauges onto the
surface of samples, it can monitor and preserve the deformation
of samples during uniaxial compression in real time. The PCI-2
AE monitoring system was used to monitor the acoustic emis-
sion signal during the failure process of the sample, and the
threshold for detection was 45 dB. In order to prevent the test
failure caused by the damage of acoustic emission sensors dur-
ing the test, two acoustic emission sensors are selected to collect
the acoustic emission signals during the test. The two sensors
are respectively installed on the opposite surface in the middle
of the sample, which are both fixed with rubber rings. The AE
signal was preamplified (40 dB) and transferred to the PCI-2
AE monitoring system. Before the experiment began, a suitable
amount of Vaseline should be applied to the contact position
between the sensor and the sample.

Results
Results of mechanical tests

Peak stress and elastic modulus are two important parameters
for characterizing the mechanical properties of rock. The
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Fig. 2 Experimental equipment

moving point linear regression method can be used to deter-
mine the elastic modulus of different samples during the de-
formation process under the axial loading (Xiao et al. 2020),
which the author will not repeat. Figure 3 is the stress-strain
curve of progressive failure process of rock after different
temperature treatments and the relationship curve of peak
stress, elastic modulus, and temperature. According to Fig.
3(a), there are some differences in the stress-strain curves of
the sandstone samples during the failure process at the differ-
ent temperatures. When the pretreatment temperature was 25—
400 °C, the stress-strain curves of each sample were almost
identical except for the different peaks. During the deforma-
tion process, the elastic modulus increased slightly with in-
creasing temperature, as shown in Fig. 3 (b), and the defor-
mation modulus increased from 14.8 to 15.8 GPa, which is an
increase of 6.7%. Compared with the elastic modulus, the
peak stresses increased from 63.5 to 93.7 MPa, which is an
increase of 47.6%. With increasing temperature, the peak
stresses increased at a considerable rate. Conversely, it can
be seen from Fig. 3(a), when the pretreatment temperature
exceeds 400 °C, the stress-strain curves are quite different,
and the elastic modulus of the rocks decreases rapidly with
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increasing temperature. The deformation modulus decreased
rapidly from 15.8 to 5.3 GPa, with a decrease of 66.5%, as
shown in Fig. 3(b). In addition, the peak strength of the sand-
stone samples decreases rapidly with the increase in tempera-
ture, as shown in Fig. 3(b), and with the increase in tempera-
ture, the peak strength decreases from 93.7 to 33.7 MPa, with
a decrease of 64.0%.

The above experimental results show that the rocks treated
at different temperatures have different mechanical properties,
mainly in the following aspect that with the temperature in-
crease, the peak strength and elastic modulus first increase and
then decrease, in which 400 °C is the critical temperature,
when the temperature is lower than 400 °C, the mechanical
properties of rocks are strengthened, and when the tempera-
ture is higher than 400 °C, the mechanical properties of the
rocks are degraded.

Strength and deformation characteristics
Progressive rock failure is a process in which the rock gradu-

ally changes from “elastic” to “damaged” and finally “frac-
tured” (Lv et al. 2018). Therefore, studying the internal crack
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Fig. 3 Test data curves: (a) the typical stress-strain curves for tested specimens and (b) peak stress and elastic modulus
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evolution during the rock failure process is conducive to an
accurate understanding of the progressive rock failure process.
Martin (1997) and Eberhardt (1998) divided the process of
progressive rock failure into five stages according to the evo-
lution law of the volume strain and crack volume strain of the
rock samples during the process of progressive failure, which
are the crack closure stage, elastic stage, stable crack growth
stage, unstable crack growth stage, and post peak stage, and
the corresponding stress value in each stage is called the stress
eigenvalue. In this paper, according to the generalized Hooke
law, the volume strain and crack volume strain during the
process of progressive rock failure under uniaxial compres-
sion can be calculated as follows according to Eq. (1):

gy =¢€1+ 253
1-2
e =g~ 'ua] ’

v E

(1)

where ¢, and € are the rock volume strain and crack volume
strain, respectively; €; and €3 are the axial strain and radial
strain, respectively; u is Poisson’s ratio of the sample; and E is

the elastic modulus.

According to Eq. (1), the relationship curves between the
volume strain and crack volume strain and the axial stress of
rock samples under uniaxial compression were calculated, as
shown in Fig. 4. The analysis shows that the rock sample
volume and crack volume undergo two distinct processes of
compression and expansion after different temperature treat-
ments. The deformation process is analyzed as follows:

Fig.4 Progressive failure process
of rock samples

Axial stress/MPa

Axial stress/MPa

At the initial stage of stress loading, both the volumetric
strain curve and the volumetric strain curve of the crack ap-
pear concave in shape, indicating that the sample volume is
gradually compressed and the internal gap cracks are gradu-
ally compressed. This stage belongs to the crack closure stage.
The corresponding stress value of this stage is the crack clo-
sure threshold o.., and the crack volume strain increment
(Aeﬁ") compressed during this stage is the initial crack vol-
ume. With the gradual increase in axial stress, the sample
volume continues to be compressed; in contrast, the crack
volume strain remains the same. This outcome indicates that
the initial crack of the rock has been fully compressed and
closed during the crack closure phase. When the axial stress
exceeds the crack closure threshold o, the rock deformation
is derived from the elastic deformation of rock particles; this
stage belongs to the elastic deformation stage, and the stress
corresponding to this stage is the crack initiation threshold o;.
When the axial stress exceeds o, the crack inside the speci-
men begins to expand, the volume strain curve of the crack
gradually increases to a negative direction, and the volume of
the specimen continues to be compressed. This stage belongs
to the stage of stable pore fracture development. The stress
value corresponding to this stage is called the crack damage
threshold o4, and the crack volume strain increment generat-
ed during this stage is A=%?. When the stress exceeds 0., the
internal crack of the sample rapidly increases and passes
through, and the sample volume begins to expand until the
axial stress reaches the peak stress. This stage belongs to the
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unstable crack development stage, and the crack volume strain
increment generated during this stage is Ae”. The stress
threshold and crack volume strain increment at each deforma-
tion stage of the sample are shown in Fig. 5.

Figure 5 shows that the rock stress characteristic value shows
the same change rule with the increase of temperature, that is,
with the temperature increase, the stress characteristic value in-
creases first and then decreases. And the same as the results in
“Results and deformation characteristics” section, 400 °C is also
the critical value of the change curve of rock stress characteristic
value, as shown in Fig. 5 (a). When the temperature is 25—
400 °C, the stress thresholds increase with the temperature in-
crease, and all of the stress characteristic values of the sample
reach the maximum at 400 °C. In addition, compared with the
sample at 25 °C, the increases in o, 0, 0.4, and o. of the rock
at 400 °C are 125.7, 156.6, 54.4, and 49.7%, respectively. When
the temperature is 400—-1000 °C, all the stress thresholds de-
crease with the temperature increase, and they decrease to the
minimum value at 1000 °C. Compared with 400 °C, the reduc-
tions of o,., 0., 0.4 and o, are 76.4, 81.9, 75.7, and 66.7%,
respectively. These results show that 400 °C is the critical tem-
perature of the sandstone samples, and the stress characteristic
values of the rock samples reach the maximum value at this
temperature. When the temperature exceeds 400 °C, the stress
characteristic values of the samples will gradually decrease. The
results show that 400 °C is the critical temperature of sandstone
samples and the stress characteristic values of the rock samples
reach the maximum value at this temperature. After exceeding
this critical temperature, the stress characteristic values of the
samples will gradually decrease.

Similar to the stress thresholds, the crack volumetric strain
increments of the rock samples at the different deformation
stages are also significantly correlated with temperature, as
shown in Fig. 5(b). With increasing temperature, the crack vol-
umetric strain increments As$¢ increases gradually during the
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compaction stage of the rock sample during deformation, indi-
cating that the internal cracks of the rock samples increase after
the high-temperature treatment. The crack volumetric strain in-
crement Ac% generated during the stage of stable crack devel-
opment is almost constant with increasing temperature, except
for slight increases at 400 and 600 °C, indicating that tempera-
ture has little influence on crack growth at the stable deforma-
tion stage of rock samples under uniaxial compression.
Compared with Ac° and Ac®, the crack volumetric strain
increment (As? ) during the unstable crack development stage
is the most obviously affected by temperature, as shown in Fig.
5(b). As the temperature increases, Ac?” first decreases and then
increases. When the temperature is 400 °C, A is the smallest;
and when the temperature exceeds 400 °C, As? will gradually
increase. The results show that for the unstable crack propaga-
tion stage of rock failure process, when the temperature is 25—
400 °C, the preheating temperature inhibits crack development;
on the contrary, when the temperature exceeds 400 °C, the high
temperature can promote crack development.

Fracture crack distribution characteristics

The fracture morphology of rock samples, which are damaged
by uniaxial compression after the different temperature treat-
ments, is complex and changeable (Tang et al. 2015; Lu et al.
2016). To more intuitively describe the internal fracture crack
and damage structure characteristics of the failure sample, a
CT scanner is used to monitor and analyze the sample failure.
The CT scanner can clearly and accurately detect the internal
defects of the sample and can be used to analyze the damage
and failure development process of the internal crack in the
rock specimen (Yushi et al. 2016). In this paper, the Siemens
CT experimental system was used to reconstruct a CT image
of the damaged rock. There are 24 detectors in the CT
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Fig. 5 The stress threshold value and crack volumetric strain increment of the sample heated by the different temperatures (Note: The negative number

represents the crack dilatation, not the numerical size)
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experimental system, with the maximum X-ray bulb current of
345 mA and the maximum X-ray voltage of 130 kV. In the
sequential scan mode, the number of uninterrupted scans in
each range is 99, and the layer thickness is 0.6-19.2 mm. The
reconstructed field of view is ranged from 5 to 50 cm, and the
maximum IRS reconstruction rate is 20 images per second.
The thickness of the reconstruction was 0.75 mm. According
to the reconstructed three-dimensional diagram, the fracture
crack morphology and distribution characteristics of the sam-
ple could be clearly seen. To study the representative fracture
crack distribution inside the sample characteristics, four typi-
cal slices are extracted from each sample for analysis. Among
them, three typical image slices (slice A, slice B, and slice C)
are extracted in the axial direction with equal spacing, one
typical image slice is extracted in the diameter direction (slice
D), as shown in Fig. 6 (a), and the CT image slice of the rock
sample after the uniaxial compression test is shown in Fig. 6.
Due to limited space, the paper only lists the CT images of
rocks at three different temperatures.

Under normal temperature (25 °C), Fig. 6 shows that the
rock samples have simple cracks after the uniaxial compression
failure, and the samples are relatively complete, with a small
crack density and poor penetration. The fracture crack is com-
posed of two main fracture cracks, and the cracks are mainly

a > Slice D

—
\

A\ 4

Slice A

L > > Slice B

A\ 4

Slice C

distributed near the upper end of the sample. When the fracture
crack extends to the lower end, it gradually evolves into several
small cracks. Compared with 25 °C, the crack distribution of
the specimen after the high-temperature treatment at 400 °C is
more complex after the uniaxial compression failure. The main
fracture cracks penetrate the two ends of the specimen. From
the radial slices A, B, and C, there are many small cracks be-
sides the main fracture cracks, and there are many cracks in the
middle of the specimen; in addition, the density and connectiv-
ity of the fracture cracks increase. Compared with 25 and
400 °C, the crack distribution complexity of the damaged sam-
ple increases obviously when the pretreatment temperature is
800 °C, and the broken degree of the damaged sample also
increases obviously. The middle part of the sample has the most
cracks and the highest damage degree. In addition, the fracture
crack distribution of the failure specimen is characterized by
small length, high density, narrow width, and high connectivity.
The results show that after a high-temperature treatment, the
internal crack growth and connectivity increase obviously,
and the damage of the middle part of the specimen is the largest.
The spatial distribution of the fracture cracks after uniaxial
compression is more complex. The obvious characteristics of
the fracture samples are the increase in crack density, connec-
tivity, and fracture degree.

b

Fig. 6 CT images and image slices of typical damaged samples: (a) schematic diagram of slice extraction, (b) 7=25 °C, (¢) T=400 °C, and (d) 7=

800 °C
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Discussion

AE response characteristics of rock during the
progressive failure process

Materials under the action of an external load will produce
corresponding deformation; at the same time, the internal ener-
gy will be released in the form of elastic waves, which is called
acoustic emission (AE) (Ohnaka 1983; Manthei 2005).
Because the acoustic emission phenomenon will occur during
the progressive failure process of rock under an external load, it
is often used to study the change in internal cracks during the
failure process of rock masses in the fields of mining engineer-
ing, geotechnical engineering, etc., which provides the basis for
the disaster control and prediction of engineering rock masses
of interest (Cheon et al. 2011; Wang et al. 2017). Acoustic
emission (AE) parameter analysis is the most commonly used
and direct method of acoustic emission signal analysis. The
acoustic emission parameters mainly include the event rate,
ringing count rate, energy rate, amplitude, cumulative event
number, cumulative ringing count, and cumulative energy.
The AE ringing count refers to the number of oscillations of
signals above the threshold value; in addition, the number of
oscillations per unit time that exceed the threshold signal is
called the ringing count rate, which can reflect the damage
characteristics of the material. Therefore, in this paper, the AE
ringing rate is used to analyze the acoustic emission response
characteristics of rock samples under uniaxial compression at
different temperatures. Figure 7 shows the evolution character-
istics of the ringing count rate during the stress-strain process of
samples treated at different temperatures (25-1000 °C).
Compared with rock samples at room temperature (T =
25 °C), the acoustic emission response characteristics of rock
samples treated at the different temperatures are significantly
different, as shown in Fig. 7. The main trend is as follows: (a)
with the increase in temperature, the acoustic emission ringing
rate of the samples after the temperature treatment increases
significantly at the initial stage of stress loading; (b) compared
with the samples at 25, 200, and 400 °C, there is a strong
acoustic emission activity observed before the peak stress when
the temperature is over 400 °C. It can be seen from the analysis
that with increasing temperature, the free water between the
rock particles gradually evaporates and escapes, and the internal
crack of the sample increases, resulting in crack volume strain
increments (Ac<°) increasing with increasing temperature (Fig.
5 (b)). Since the acoustic emission phenomenon occurs during
the process of pore compaction, the acoustic emission ringing
count rate of samples during the initial stress stage after the
temperature treatment is significantly higher than that of sam-
ples at room temperature, as shown in Fig. 7. When the axial
stress gradually approaches the peak stress, the crack volumet-
ric strain increment (Ae? ) is the smallest during the unstable
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crack development stage when the temperature is 400 °C.
When the temperature is over 400 °C, Ae? is rapidly increasing
(as shown in Fig. 5 (b)). The crack growth process is accom-
panied by acoustic emission phenomena. Therefore, compared
with the samples at 25, 200, and 400 °C, there are more AE
ringing count rates at the unstable crack development stage
before the peak stress of the samples occurs when the temper-
ature is higher than 400 °C, as shown in Fig. 7.

Fractal characteristics of the fracture cracks based on
CT images

CT image binarization and crack identification

To analyze the fractal dimension characteristics of the fracture
crack distribution in the axial direction of the samples, slice D
of the CT reconstruction three-dimensional diagram of each
sample was selected to identify and extract the fracture cracks
in the axial direction based on the experimental results in
“Fracture and crack distribution characteristics” section. The
CT image obtained from the experiment is gray scale image,
and the range of gray value is 0-255. The region with a lower
gray scale value is the fracture of the sample obtained by CT
scanning, while the region with a higher gray scale value
represents the matrix of the sample without fractures. In this
paper, the fracture region with low gray scale is selected as the
target region for fractal dimension analysis. In order to extract
the crack of the sample properly, the judgment function (as
show in Eq. (2)) is used to segment each pixel of the gray
image, and the gray image is transformed into a binary image.
In the binary image, the white area is the sample matrix, and
the black part is the crack, which is the target area. Through
the above calculation process, the binary images of slice D of
typical samples are obtained, and the black area of the image is
the extracted fracture crack, as shown in Fig. 8,

Feg) = { s .

where f(i, j)is the grayscale value of the pixel in the grayscale
image; F(i,) is the pixel value in a binary image, 0 or 1; and
« is the threshold, value of 0.54.

Box-counting dimension of the fracture cracks

The fractal dimension is an important geometric feature of
fractal theory that can describe the complexity of the fractal
structure. In this paper, the fractal dimension of axial fracture
crack is calculated by box dimension method. The larger the
box dimension is, the more complicated the rock fracture
cracks, and the higher the rock fragmentation. The slice dia-
gram of the sample (as shown in Fig. 9 (a)) can be binarized to
obtain a binarization image containing fractures, as shown in
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Fig. 9 (b). The binary image with fracture cracks is divided X
(0<X<8) times by the MATLAB program, and the relative

Axial strain (%)

size of the “box” is 2. After each bisection, whether there is

the pixel point with a value of 0 in each equal area, the unit

equal area containing the pixel point with a value of 0 is

recorded as a “box,” and the total number of “boxes” after

Fig. 8 Fracture cracks of typical
samples

log%y = C—Dloggx ,

Axial strain

T=200°C

T=600°C.

\“\
'/]\ ‘ / Ty

(%)

each bisection is recorded as 2Y. The bisection process i
shown in Fig. 9.

(3)

where C'is a constant and D is the box-counting dimension.

T7=800°C
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Fig. 9 Box dimension calculation: (a) CT image, (b) extracted crack, (c1—c4) example of box dimension test

By rearranging both sides of the equal sign of Eq.(3),
Eq.(4) can be obtained as follows.

Y =C+DX (4)

According to Eq. (4), the linear relationship of X-Y in the
Cartesian coordinate system is obtained. Linear fitting is carried
out for different data points to obtain the linear relationship
between each data point of rocks, as shown in Fig. 10. The
slope of the fitted line is denoted as the fractal box-counting
dimension D of the fracture crack. The fractal box-counting of
the rock fractures varies with temperature, as shown in Fig. 11.

The box-counting dimensions of fracture crack of rock
samples treated at 25, 200 and 400 °C were 1.4060, 1.4306,
and 1.4626 respectively, showing a trend of increasing fractal

dimension with the increase of temperature. Compared with
the sample at 25 °C, the box-counting dimension of the sam-
ple at 200 and 400 °C increases by 1.75 and 4.06%, respec-
tively, with a small increase. When the heat treatment temper-
atures are 600, 800, and 1000 °C, the box-counting dimen-
sions of fracture crack is 1.5155, 1.5817 and 1.7262, and the
box-counting dimensions of the sample fracture crack in-
creased rapidly with increasing temperature, which increased
by 7.79, 12.50, and 22.77%, respectively, compared with the
sample at 25 °C. When the temperature is 25400 °C, the
fracture crack mainly includes several obvious macroscopic
fractures, and the higher the temperature, the more cracks
there are. In addition, as shown in Fig.8, when the temperature
exceeds 400 °C, the failure crack contains not only large con-
tinuous cracks but also some short, thick, and fine cross
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Fig. 10 Line fitting and box dimension
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Fig. 11 Relationship between the box-counting dimension and
temperature

cracks. The cross cracks are mainly concentrated in the middle
of the sample, showing the distribution characteristics of in-
creased crack density and enhanced connectivity. It can be
seen that the damage and failure characteristics of rock sam-
ples at different temperatures are different in the uniaxial com-
pression process and the temperature can increase the fracture
crack complexity of the samples. Moreover, when the temper-
ature exceeds 400 °C, the box dimension of the crack in-
creases rapidly with the increase of the temperature, indicating
that the high temperature above 400 °C can significantly en-
hance the complexity of rock crack.

Discussion on the temperature dependence

Sandstone samples are rock materials with pores in their nat-
ural state. The free and adsorbed water in the pores and the
binding water between the mineral particles will gradually
escape under the action of high temperature, resulting in great
changes in the color, mass, and volume of the rock sample. In
order to specifically analyze their change characteristics with
temperature, the mass loss rate 7,, and volume expansion rate
Ny, respectively, are calculated as follows:

Ty = m%;"‘ % 100%, (5)
ViV
Ny = ITO x 100%, (6)

where 7),, is the mass loss rate of the rock sample after high-
temperature heating %; ny is the volume expansion rate after
high-temperature heating, %; mq and m, and V;, and V repre-
sent the mass and volume before and after high-temperature
heating, respectively.

According to Egs. (5) and (6), the 7,, and n, of all rock
samples after the different high-temperature heating treat-
ments are calculated, and the relationship curve between their
average value and temperature is drawn, as shown in Fig. 12.
Figure 12 shows that the mass loss rate and volume expansion

rate of the sample increase with increasing temperature. On
the one hand, the combined water between the free water and
the rock particles in the sample escapes at high temperature,
which results in mass loss; on the other hand, the thermal
expansion crack generated at high temperature causes volume
expansion. After the high-temperature heating treatment, the
change in the mass and volume of the sample will affect the
strength characteristics of the rock sample under uniaxial
compression. When experiencing temperatures of 200 and
400 °C, the free water and bound water between rock particles
escape, which optimizes the contact effect between rock par-
ticles, enhances the friction force on the contact surface of
rock particles, and significantly increases the compressive
strength and deformation modulus of rocks, as shown in Fig.
3. When the temperature exceeds 400 °C, the expansion force
ofrock particles further increases with increasing temperature.
When the expansion force exceeds the bearing capacity of the
rock particles, cracks appear in the rock, and the mechanical
properties of the rock deteriorate. Therefore, it can be clearly
seen in Fig. 12 and Fig. 3 that the volume expansion rate of
rock samples continues to increase and the peak stress gradu-
ally decreases after experiencing a temperature above 400 °C.
The stress threshold of the rock stresses at different deforma-
tion stages shows a tendency of first increasing and then de-
creasing with the increasing temperature, and the peak is
reached at 400 °C, as shown in Fig. 5.

The progressive failure process of rock is also the process
of gradual deformation. Although all rock sample volumes are
changed after high temperatures, the effects of the different
temperatures on the deformation of rock are different. During
the progressive failure process of the specimen, the crack
growth volume is represented by the volume strain increment
of'the crack (Ae,,) in the rock from the compaction point M of
the crack volume to the peak stress point P, as shown in Fig. 4,
and it is calculated as follows:

Aeyer = A 4 AP, (7)
7
—

6 . '7m|
5+¢F

S 4r

xR

§3r

[)]

=5l
1F
0F
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Fig. 12 The 7, and 7, of samples of different temperatures
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Figure 13 shows the variation of the crack volume strain
increment (As,,) and the peak stress (o) at different tempera-
tures from 25 to 1000 °C during uniaxial compression. Through
this analysis, it can be seen that the crack volume strain incre-
ment at 400 °C is the smallest, but the peak stress is the largest,
which indicates that high temperature can enhance the brittle-
ness of rock to some extent and weaken its resistance to defor-
mation. It can also be seen from Fig. 7 that the AE ringing rate
of rock samples experiencing heating from 25 to 400 °C in-
creases rapidly at the peak stress point. This increase occurs
because high temperature enhances the brittleness of rock to a
certain extent, which makes the rock failure process complete
immediately after the main fracture is through; in addition, a
large number of acoustic emission signals are generated at the
peak stress point. The failure samples are relatively complete,
the complexity of failure cracks is low, and the box-counting
dimension is small, as shown in Fig. 11. When the temperature
is more than 400 °C, the brittleness of the rock gradually
weakens, and the cracks in the rock gradually sprout and ex-
pand during the process of uniaxial compression. When the
cracks reach a certain degree, macrofractures appear in the rock,
which is a process of progressive development. The whole
process is accompanied by the continuous generation of acous-
tic emission signals. At the same time, the continuous expan-
sion of the internal crack makes the rock specimen crack in-
crease obviously after the failure, the complexity of the crack is
higher, and the box-counting dimension is larger. High-
temperature heating has an important effect on the rock physical
mechanics and deformation characteristics.

Conclusions

To investigate the strength and deformation failure character-
istics of sandstones affected by temperature, including the
stress threshold, sample volume strain, crack volume strain,

0.0 100
—— Asvcrl |
-0.1F —_—— (o8 %0
480
02}t
g 470 E
£ 03 {160 =
< b
04+ 150
05 140
430
06—

1 L L 1 1
0 200 400 600 800 1000
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Fig. 13 Relationship between Ae,,. and o, and temperature (Note: The
negative number represents the crack dilatation, not the numerical size)
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AE events, and distribution characteristics of fracture cracks.
The uniaxial compression test of sandstone was carried out,
and the internal structure of the damaged sample was observed
by the CT test to study the distribution characteristics of frac-
ture cracks. The main conclusions as follows:

(1) High-temperature heating has an important influence on
the physical mechanics and deformation characteristics
of rocks. On the one hand, with the increase of temper-
ature, the free water and bound water gradually escape,
the weight of the sample decreases, and the volume ex-
pands. On the other hand, the mechanical properties of
rock show the characteristics of strengthening first and
then weakening with the increase of temperature, in
which 400 °C is the critical temperature of the process.

(2) The stress characteristic values, namely, o, 0., 0.4 and
o, can be used to divide the stress-strain curve into dif-
ferent deformation stages. And with the temperature in-
creases, the stress thresholds first increase and then de-
crease gradually and reach the maximum value at 400 °C.

(3) Temperature changes the ductility of rock and affects the
crack evolution during the progressive failure process.
When the temperature is between 25 and 400 °C, the
brittleness of the rock gradually increases after the
high-temperature treatment, and the activity of AE signal
increases sharply near the peak stress. When the temper-
ature is between 400 and 1000 °C, the ductility of rock
gradually increases, and the AE signal is gradually gen-
erated during the whole progressive failure process.

(4) With the influence of temperature, the rock fracture
cracks gradually increase and gather in the middle of
the specimen. And the fracture crack is widespread from
a single penetrating crack to a small crack with a com-
plex distribution, which the box dimension ranges from
1.4060 to 1.7262 and increases with the temperature.
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