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Abstract: The physical and mechanical properties of rocks change significantly after being subjected
to high temperatures, which poses safety hazards to underground projects such as coal underground
gasification. In order to investigate the effect of temperature on the macroscopic and microscopic
properties of rocks, this paper has taken sandstone as the research object and conducted uniaxial
compression tests on sandstone specimens at different temperatures (20-1000 °C) and different
heating rates (5-30 °C/min). At the same time, the acoustic emission (AE) test system was used to
observe the acoustic emission characteristics of the rock damage process, and the microstructural
changes after high temperature were analyzed with the help of a scanning electron microscope (SEM).
The test results show that the effect of temperature on sandstone is mainly divided into three stages:
Stage I (20-500 °C) is the strengthening zone, the evaporation of water and the contraction of primary
fissures, and sandstone densification is enhanced. In particular, the compressive strength and elastic
modulus increase, the macroscopic damage mode is dominated by shear damage, and the fracture
micromorphology is mainly brittle fracture. Stage II (500-600 °C) is the transition zone, 500 °C is the
threshold temperature for the compressive strength and modulus of elasticity, and the damage mode
changes from shear to cleavage damage, and the sandstone undergoes brittle-ductile transition in
this temperature interval. Stage III is the physicochemical deterioration stage. The changes in the
physical and chemical properties make the sandstone compressive strength and modulus of elasticity
continue to decline, the macroscopic damage mode is mainly dominated by cleavage damage, and the
fracture microscopic morphology is of a more toughness fracture. The effect of different heating rates
on the mechanical properties of sandstone was further studied, and it was found that the mechanical
properties of the rock further deteriorated under higher heating rates.

Keywords: sandstone; high temperature; heating rate; physical and mechanical properties; acoustic
emission; macroscopic destructive characteristic; microscopic morphology

1. Introduction

With the gradual depletion of near-surface resources, deep underground mining
has become a strategic development direction. Currently, underground coal mining has
reached below a thousand meters, and the frequency and intensity of disasters in deep
and complex geological environments have risen significantly, posing challenges to the
safe exploitation of underground resources [1]. Underground coal gasification (UCG)
is a technology for controlled coal combustion located in underground reservoirs [2],
which dramatically improves the utilization of coal resources. During the underground
gasification of deep coal, the surrounding rock in the combustion cavity is exposed to a
high-temperature environment, and this high-temperature effect may lead to damage and
instability of the rock structure, which, in turn, affects the underground mining of coal [3].
In addition, in nuclear waste disposal projects [4], the excavation of tunnels, geothermal
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energy recovery [5], and reinforcement and restoration projects after rock fire [6], the
stability of the rock after high temperatures is crucial.

Currently, the physical and mechanical properties of rocks under the action of high
temperature mainly focus on the elastic wave velocity, mass loss, elastic modulus, com-
pressive strength, peak strain, porosity, and permeability [7-10]. Meng [11] found that the
permeability, initial mercury injection, porosity, and fractal dimension of the pore structure
of sandstone increased with the increase in temperature, which was relatively slow before
500 °C and increased rapidly after exceeding 500 °C. Alneasan [12] investigated the effect
of temperature on the fracture characteristics of granite under three loading modes and
found that the fracture behavior was temperature-dependent and could be changed from
brittle to ductile. Wang [13] investigated the anisotropic mechanical behavior of oil shale
from room temperature to 600 °C using a real-time high-temperature test system.

The acoustic emission (AE) technique is a method for detecting defects such as micro-
cracks within rocks under stress and has been widely used for testing rock samples [14].
Rocks rapidly release elastic energy during crack expansion or deformation, generating
transient pulses of elastic waves as AE events [15]. Du [16] obtained the influence laws
on the strength properties and AE characteristics of rocks by analyzing the mineral com-
position and mineral grain size of rocks. Gao [17] investigated the acoustic emission
activity of sandstone under perturbed stress paths and explored the relationship between
acoustic emission parameters and fractal dimensions for the spatial and temporal dis-
tribution of acoustic emission activity during rock damage. Wang [18] conducted cyclic
loading tests on granite, monitored the thermal damage evolution of the rock during the
warming and cooling process in real time using a specially designed acoustic emission
testing system, and established a thermal damage evolution model considering both the
warming and cooling processes; the numerical results were in good agreement with the
experimental results.

While grasping the changing pattern of such physicomechanical properties, it is
also necessary to explain this pattern through microscopic mechanisms. Currently, the
commonly used means are scanning electron microscopy (SEM) [19], X-ray diffraction
(XRD) [20], and computed tomography (CT) [21]. Tripathi [22] explored the effects of high
temperatures on the microstructure, mineralogy, and physicomechanical properties of the
Barakar sandstone, which is one of the largest underground coal mine fire zones in the
world, using scanning electron microscopy (SEM) and electron microprobe microanaly-
sis. Based on the experimental results, the effects of temperature on the sandstone were
categorized into three temperature zones. Using SEM and XRD, Sirdesai [23] found that
the compound effect of the creation of new cracks and pores and the chemical change in
the mineral composition under the action of high temperatures led to a reduction in the
strength of the rock. The chemical change in mineral composition is an important factor
affecting the physical and mechanical properties of rocks. For example, quartz transforms
from a-quartz to 3-quartz at 573 °C and then 3-quartz to y-quartz when the temperature
reaches 870 °C [24]. Kaolinite will undergo a dehydroxylation reaction at 480-600 °C,
changing into the meta kaolinite phase; at about 850-1000 °C, the meta kaolinite phase
transforms into the Al-Si spinel phase [25].

In this paper, the effects of different temperatures (20-1200 °C) on the physical prop-
erties (color, mass, volume, density, and elastic wave velocity) and mechanical properties
(uniaxial compressive strength, peak strain, and modulus of elasticity) of sandstones are
mainly investigated by using an acoustic emission testing system to analyze the damage
information during uniaxial compression, and SEM investigates the changes in the mi-
crostructure. On this basis, the effect produced by the heating rate on the mechanical
properties of sandstone is further discussed. Compared with the existing studies, this
paper collectively analyzes the intrinsic connection between the physical and mechanical
properties, acoustic emission information, and macro and delicate damage patterns of
sandstone after high temperature so that the study of the thermal damage mechanism of
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sandstone is more systematic. The response characteristics of the macroscopic phenomenon
and the microscopic mechanism are studied in more depth.

2. Materials and Methodology
2.1. Test Specimen

The sandstone used in this test was taken from the Tangjiahui mining area, Ordos
City, Inner Mongolia Autonomous Region. The X-ray diffraction results show that its main
mineral components are quartz, kaolinite, microcline, and muscovite, accounting for 58.1%,
28.7%, 7.9%, and 5.3%, respectively. In order to reduce the test dispersion, all the samples
were taken from the same whole rock, with an average density that was 2.485 g/cm? at
room temperature, and the elastic wave velocity was between 2.2 and 2.3 km/s. According
to the recommended method of the International Society for Rock Mechanics (ISRM), the
sandstone was prepared as a standard cylindrical specimen with a size of @50 mm x 100 mm,
and the sample was ground and polished to ensure the sample flatness (<0.05 mm) and
parallelism (<0.02 mm). The test samples are shown in Figure 1.
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Figure 1. Test samples: (a) map of sampling locations; (b) specimen; (c) mineral composition of the
specimen; (d) specimen after high temperature.
2.2. Test Equipment

The sandstone specimen was heated by a high-temperature chamber furnace with
a chamber size of 200 x 300 x 200 mm, a maximum temperature of 1200 °C, and a
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temperature control accuracy of £1 °C. The elastic wave velocity of the specimen was
determined using ultrasonic wave velocity tester. The uniaxial loading system adopts
INSTRON 8802 fatigue tester. At the same time, the acoustic emission data of the specimen
were collected with the DS5-8B acoustic emission monitoring system, a piezoelectric ceramic
transducer, and adopted the double probe acquisition method to ensure complete data
collection. The changes in micro-morphology after high temperature were analyzed by
TESCAN-VEGAS3 scanning electron microscope. The whole test system is shown in Figure 2.

Figure 2. Testing equipment: (a) high-temperature box furnace; (b) wave velocity measuring instru-
ment; (c) Instron testing machine; (d) AE monitoring system; (e) scanning electron microscope.

2.3. Test Method

After the sandstone specimens were prepared, the specimens’ diameter, height, mass,
and elastic wave velocity before and after heating were measured using vernier calipers,
electronic scales, and wave velocity meters. The sandstone samples were heated in groups
according to 100 °C, 200 °C,...... , 1200 °C, five samples in each group, the heating rate
was 10 °C/min, and the samples were heated to the specified temperature for two hours
and then cooled down naturally, and were numbered C1,.. .... , C12, and the samples at
room temperature were numbered C0. In order to study the effect of heating rate on the
mechanical properties of sandstone, the rock samples were heated up to 1200 °C according
to four heating rates of 5 °C/min, 10 °C/min, 20 °C/min, and 30 °C/min, and each group
of the same five samples was kept at a constant temperature for two hours and then
naturally cooled down, which were numbered as V5, V10, V20, and V30, respectively. The
heating process was the same for the two sets of samples numbered C12 and V10, so the
same sample data will be used in the following discussion. The uniaxial compression test
was conducted in a displacement-controlled manner with a loading rate of 0.5 mm/min,
and the acoustic emission characteristics of the damage process were monitored at the
same time of loading. The acoustic emission system was used in dual probe acquisition
mode, and the preamplifier and threshold were set to 40 d B and 100 d B, respectively, to
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reduce the ambient noise. Finally, the micro-damage characteristics were analyzed using a
scanning electron microscope at room temperature-1200 °C and different heating rates.

3. Test Result
3.1. Physical Property Change

The physical properties of sandstone, such as color, mass, volume, density, and elastic
wave velocity, change after experiencing high temperatures. Figure 1d shows the color
change in sandstone after experiencing different temperatures. At room temperature, the
sandstone is off-white, and at 100-200 °C, the color is similar to room temperature, and the
change is not apparent. A significant darkening of the color was observed between 300 and
600 °C due to the combustion of organic matter. When the temperature increased to 700 °C,
the color changed to reddish brown, presumably because the sandstone contains hematite
reduced to iron at high temperatures. However, according to the XRD results in Figure 1c,
no hematite material was found at room temperature, probably because the small content
of diffraction peaks is not obvious.

The mass, volume, density, and elastic wave velocity of sandstone before and after
high temperature were measured one by one, and four change rate indexes were defined:
mass loss rate, volume expansion rate, density reduction rate, and elastic wave velocity
reduction rate. These indexes are specifically defined as follows:

Wm:nmm;oml
WUZ%

In the equations, 17, 17v, 11p, 17y are the mass loss rate, volume expansion rate, density
reduction rate, and wave speed reduction rate of sandstone before and after high tempera-
ture, respectively; my, vy, po, po are the mass, volume, density, and elastic wave speed of
sandstone before high temperature; m1, v1, p1, p1 are the mass, volume, density, and elastic
wave speed of sandstone after high temperature.

Figure 3 shows the variation in the physical properties of sandstone at different
temperatures. Figure 3a reflects the variation in the mass loss rate with temperature, which
increases with increasing temperature. Before 500 °C, the mass loss rate grows steadily,
and the average value of the mass loss rate is between 0.68% and 1.65%. The mass loss
rate increases rapidly at 500-600 °C, from 1.65% to 4.24%, an increase of 156.6%. After the
heat treatment temperature of 600 °C, the mass loss rate lies between 4.24 and 4.99%, and
the growth rate slows down. Figure 3b reflects the change in volume expansion rate with
temperature, and the change in the volume expansion rate is not obvious before 500 °C.
The volume of sandstone expanded rapidly from 500 to 600 °C, from 0.25% to 1.21%,
and the volume expansion rate increased rapidly after 700 °C, and the volume expansion
rate under heat treatment at 1200 °C reached 3.71%. Figure 3c shows the variation in
the density reduction rate of sandstone with temperature, which is similar to the trend
shown in Figure 3a. Figure 3d shows the variation in the wave velocity reduction rate with
temperature, the wave velocity reduction rate increases from 4.34% to 13.18% before 500 °C,
and the wave velocity reduction rate between 500 and 600 °C is 39.05% at 600 °C, which is
196.28% compared with that at 500 °C, and the wave velocity reduction rate increases to
62.21% at 1200 °C.
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Figure 3. The variation in physical properties with temperature: (a) mass loss rate, (b) volume
expansion rate, (c) density reduction rate, and (d) wave speed reduction rate.

It is summarized that the law of change in physical properties of sandstone with
temperature is found to be mainly divided into three stages:

Stage I (100-500 °C): In this stage, the mass is steadily reduced due to the escape
of water inside the sandstone [26]; the internal primary pores are contracted, the vol-
ume expansion is not apparent, and the density is reduced; the elastic wave velocity is
slowly reduced.

Stage II (500-600 °C): This stage is the mutation stage. The main component of
sandstone is quartz, which undergoes a phase change at 573 °C, from a-quart to -quart,
with rapid expansion in volume, and accompanied by the combustion of organic matter and
decomposition of carbonate, which is the main reason for the sudden change in sandstone
mass, volume, density, and longitudinal and transversal wave speeds at this stage.

Stage III (600-1200 °C): As the temperature rises, the decomposition of white muscovite
and kaolinite becomes more severe, and the melting of the sandstone matrix and other
reasons lead to a continued decrease in mass at this stage; an uneven expansion of the
mineral particles, the formation and expansion of microcracks, and accelerated expansion
of the volume; and a rapid decrease in the elastic wave velocity.

3.2. Uniaxial Compression Test
3.2.1. Uniaxial Compression Full Stress-Strain Curve

Figures 4 and 5 show the full stress—strain curves of the uniaxial compression tests at
different temperatures and heating rates, respectively. In order to ensure the accuracy of
the data to reduce the dispersion, the experimental curves with the largest and smallest
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peak stresses have been removed, and the mechanical parameters of sandstone at different
temperatures have been obtained by averaging the data of stress—strain curves, which are
shown in Tables 1 and 2.

Table 1. Mechanical parameters at different temperatures.

T/°C c/MPa E/GPa £/10-2 Nmax/10° Y.N/10® o1c/MPa op/MPa
25 55.91 5.29 1.47 248 13.25 39.72 50.57
100 57.24 5.53 1.43 2.32 14.66 42.05 56.36
200 59.83 5.78 1.36 3.07 15.71 44.06 58.60
300 65.88 6.23 1.49 3.65 20.53 51.62 63.71
400 79.36 6.66 1.76 452 27.72 57.38 76.97
500 94.76 6.90 1.87 6.27 38.68 70.67 91.41
600 89.03 6.05 2.31 5.99 40.67 58.69 80.96
700 87.12 5.77 242 5.23 43.19 52.33 75.71
800 85.59 5.51 2.55 4.83 48.25 51.58 75.36
900 81.91 5.32 2.66 3.78 47.14 43.31 73.24

1000 71.18 4.86 2.68 2.96 51.22 39.66 63.95

1100 58.15 3.54 2.69 2.01 52.31 31.26 45.36

1200 40.66 2.57 2.36 1.68 56.36 28.09 33.68

Table 2. Mechanical parameters at different heating rates.

V (°C/min) o/MPa E/GPa £/102 Nmax/10° Y.N/10® o1c/MPa oip/MPa
5 51.14 3.13 2.69 1.85 55.82 30.96 45.02
10 40.66 2.57 2.36 1.68 54.51 28.09 37.55
20 38.46 2.52 2.35 1.54 51.66 26.84 37.21
30 32.54 2.16 2.32 1.39 49.97 25.66 36.68
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Figure 4. Cont.
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Figure 4. Total stress—strain curves at different temperatures.

From the figure, it can be seen that the stress—strain curve during uniaxial compression
can be divided into four stages: compaction, elasticity, plastic deformation, and failure. First
is the compaction stage, where the curve is up-concave, in which the microcracks inside
the rock are gradually closed under the external load. The second is the approximate linear
elasticity stage, where the stress—strain curve is approximated as an oblique straight line. At
this stage, the external force is insufficient to produce new cracks or force the original cracks
to undergo extension evolution, and the microscopic defects inside the rock do not change
much, so the slope of this straight-line segment is taken as the average elastic modulus E
of the rock. Subsequently, there is a plastic deformation stage, in which the stress—strain
curve bends downward, the stress increase is slight, the axial strain increases rapidly, and
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60 F ——V5-1

the microcracks begin to expand unsteadily. Finally, in the destruction stage, the sandstone
specimen is rapidly destroyed and accompanied by a loud sound into the burst destruction.
Different temperatures in the sandstone uniaxial compression process stress—strain curve
characteristics are different; sandstone at 500 °C before the brittle damage is dominated,
at 500 °C-600 °C sandstone began to be brittle to the ductile transition, compaction stage
time increased significantly. At the same temperature of 1200 °C, the stress—strain curve
shifted downward with the increase in heating rate.
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Figure 5. Total stress—strain curves at different heating rates at 1200 °C.

3.2.2. Variation Law of Peak Stress

According to the data in Tables 1 and 2, the variation patterns of peak stress o, modulus
of elasticity E, and peak strain € of sandstone were investigated at different temperatures
and heating rates. From Figure 6a, it can be seen that the peak stress of sandstone decreases
with increasing temperature, and the peak stress reaches its maximum value at 500 °C.
This trend is the same as that concluded by Hajpal [27] et al. but with different threshold
temperatures. According to Zhang [28], by conducting uniaxial compression tests on
sandstone at high temperatures, it was found that the compressive strength decreases with
increasing temperature at temperatures from 25 to 200 °C and increases with increasing
temperatures from 200 to 600 °C and then starts to decrease after 600 °C, and this variability
is due to the difference in the mineral composition of the rock. According to the results
of this paper, from room temperature to 500 °C, the peak stress of sandstone increases
with temperature, from 55.91 MPa at room temperature (25 °C) to 94.76 MPa at 500 °C,
an increase of 38.85 MPa or 69.48%. As the temperature continues to rise, the peak stress
of sandstone decreases, and the peak stress at 1200 °C is 40.66 MPa, which is 54.1 MPa
lower than that at 500 °C, a decrease of 57.09%. It is worth noting that temperatures
between 100 °C and 1100 °C promote the compressive strength of sandstone relative to
room temperature, and 1200 °C has a deteriorating effect on the compressive strength
of sandstone.

Figure 6b shows the effect of heating rate on the peak stress of sandstone at 1200 °C. As
the heating rate increases, the peak stress decreases, indicating that thermal shock decreases
the compressive strength of sandstone. When the heating rate is 5 °C/min, the peak stress
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is 51.14 MPa, and the peak stress is 32.54 MPa until the heating rate is 30 °C/min, which
is a decrease of 17.6 MPa or 34.41%, and the average compressive strength of sandstone
decreases by 0.704 MPa for every 1 °C/min increase in the heating rate.
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Figure 6. The peak stress varies with temperature and heating rate: (a) different temperatures;
(b) different heating rates at 1200 °C.

3.2.3. Variation Law of Elastic Modulus

The average elastic modulus E of the sandstone was calculated by taking the approx-
imate straight-line segment before the peak stress of the full stress—strain curve of the
rock sample, and the variation rule of the average elastic modulus of the sandstone with
temperature is given in Figure 7a. Before 500 °C, the elastic modulus increases approxi-
mately linearly with temperature, from 5.29 GPa at 25 °C to 6.90 GPa at 500 °C, an increase
of 30.43%. Thereafter, the modulus of elasticity decreases with increasing temperature,
with the fastest decrease from 1000 °C to 1200 °C. The modulus of elasticity at 1200 °C is
2.57 GPa, which is 62.7% lower than that at 500 °C.

8 5
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Figure 7. The elastic modulus varies with temperature and heating rate: (a) different temperatures;
(b) different heating rates at 1200 °C.
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Figure 7b shows the variation rule of elastic modulus E with the heating rate at 1200 °C:
similar to the trend of peak stress, with the increase in heating rate, the elastic modulus is
approximately linear decrease. The elastic modulus is 3.13 GPa at 5 °C/min and 2.16 GPa
at 30 °C/min, which is 0.97 GPa lower than the previous year, a decrease of 31.29%.

3.2.4. Variation Law of Peak Strain

Figure 8a shows the variation rule of peak strain &£ with temperature, which shows
a general trend of decreasing and then increasing as the temperature increases, and the
sandstone changes from brittle to ductile in the range of 500-600 °C. According to the
results of Zhu [29], 800 °C is the initial temperature for the transition from brittle to ductile
in the studied sandstones, and the different mineralogical composition of the studied
sandstones also causes this difference. In this paper, it is found that the peak strain is
1.47 x 1072 at room temperature 25 °C and 1.36 x 10~2 at 200 °C, which is a decrease of
7.48% compared with the same period, which is due to the closure of microfractures and
the increase in the brittleness of sandstones due to the increase in temperature. Between
200 °C and 1100 °C, the peak strain increases continuously, and the peak strain at 1100 °C
is 2.69 x 1072, a rise of 97.79%. When the temperature continues to increase to 1200 °C, the
peak strain decreases again to 2.36 x 102, which is due to the fact that the sandstone has
been highly deteriorated at this temperature, and the ability to resist damage is greatly reduced.
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Figure 8. The peak strain varies with temperature and heating rate: (a) different temperatures;
(b) different heating rates at 1200 °C.

Figure 8b shows the heating rate’s effect on the sandstone’s peak strain e. The peak
strain was 2.69 x 1072 at the heating rate of 5 °C/min. The peak strains were 2.36 x 1072,
2.35 x 1072, and 2.32 x 10~ 2 at the heating rates of 10 °C/min, 20 °C/min, and 30 °C/min,
respectively, with a fluctuation of not more than 2%, but compared to 5 °C/min, the peak
strains were decreased by 12.26%, 12.63%, and 13.75%, respectively. This indicates that
the rate of warming has little effect on the peak strain, and the temperature is the main
influencing factor.

3.2.5. Macroscopic Failure Model

Rock is a non-homogeneous brittle material with internal discontinuities and inherent
defects, and its fracture morphology is more complex and diverse after being affected by
high temperatures. The destruction of this test sample is mainly divided into four kinds of
destruction forms: single slope shear failure, X-shaped slope shear failure, splitting failure,
and conical failure. According to Figure 9, the damage of sandstone at high temperatures
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can be divided into four stages. In the first stage (25-300 °C), the damage of sandstone is
mainly in the form of single slope shear failure and X-shaped slope shear failure. In this
stage, the rock is more brittle, and the central part of the specimen does not have a large
crack. Stage II (400-600 °C) and Stage III (700-900 °C) are more complex, with shear failure
and splitting failure, increased bulkiness of the rock samples, small transverse microcracks
around the rupture surface, and a rougher rupture surface. The difference is that Stage Il is
dominated by shear failure, while Stage III is dominated by splitting failure. In Stage IV
(1000-1200 °C), the bearing capacity of sandstone is rapidly reduced, the damage state is
severe, the specimen is a conical failure, and the fracture surface, due to friction, produces
a large number of powdery particles.

II

I

700 °C 800 °C 900 °C

v

1000 °C 1100 °C 1200 °C

Figure 9. Macroscopic failure modes of sandstone at different temperatures.

4. Study on Acoustic Emission Characteristics

Rock in the load deformation and destruction process will produce acoustic emission
information; this information can be expressed through the form of acoustic signals, when
the acoustic signals generated by the internal damage of the rock break through the specific
intensity and frequency thresholds, can be detected using the acoustic emission monitoring
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instrument. Every time the acoustic signal is detected, a ringer count is performed, and
the more ringer counts there are, the more acoustic signals are generated by the internal
damage of the rock. In this paper, the ringer count N is used to analyze the acoustic
emission characteristics of sandstone undergoing high temperature in the deformation
and destruction process of uniaxial compression, and Nmax and ) N denote the maximum
value of the ringer counts and the cumulative ringer counts, respectively.

Figures 10 and 11 give the ringer counting characteristics during the sandstone’s
uniaxial compressive deformation damage process after experiencing different high tem-
peratures and warming rates, respectively; limited to space, only one typical rock sample
characteristic is given for each temperature and warming rate.

From the figure, it can be seen that the variation in ringer counts is roughly divided
into four stages. Stage I corresponds to the compression—density stage of the stress—strain
curve. At this time, the rock samples in the lower stress under the role of some of the
original microcracks within the closure of the acoustic emission events will be low. Stage II
corresponds to the approximate elastic deformation stage, where the microdefects of the
rock samples do not change much and are insufficient to form new microcracks. The rock
mainly accumulates elastic energy at this stage, with fewer acoustic emission events, and
the cumulative ring count curve grows linearly and slowly. Stages I and II can be considered
a quiet period with few acoustic emission events. As the load continues to increase into
Stage II, the low amplitude growth period, the internal microcracks of the rock samples are
gradually generated and expanded, the acoustic emission events begin to tend to be active,
the ringing counts increase significantly, and the slope of the cumulative ringing count
curve begins to increase. In Stage IV, the internal newborn microcracks penetrate each other
and start to change from stable to unstable expansion, the ringing counts increase rapidly,
and the slope of the cumulative ringing count curve increases significantly. This stage is a
period of high growth. The closer the rock releases more energy to the peak stress, the more
pronounced the acoustic emission counts. Observing the change rule of ringing counts to
predict the damage of sandstone can theoretically provide timely disaster warnings for
underground engineering projects to a certain extent.
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Figure 10. The variation law of acoustic emission characteristics at different temperatures.

4.1. Variation Law of Ringing Count
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As shown in Figure 12, the maximum value of ringing count Nmay increases and then
decreases with increasing temperature, and the cumulative ringing count ) N increases
continuously with increasing temperature. The maximum and cumulative ringing counts
at room temperature were 2.48 x 10% and 13.25 x 103, respectively. With the continuous
volatilization of water and the contraction of primary pores at elevated temperatures,
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the brittleness and compressive strength of the sandstone were enhanced, the maximum
ringing counts continued to increase and reached a peak at 500 °C, and the cumulative
ringing counts also increased continuously in this temperature range. At 500 °C, the
maximum ringing count and cumulative ringing count were 6.27 x 10° and 38.68 x 10°,
respectively, an increase of 152.82% and 191.92% compared to room temperature. When
the temperature is 600 °C, the acoustic emission signal of sandstone is more frequent due
to the sandstone at this high temperature has formed damage; part of the work conducted
with the external force is dissipated by the rock particles along the microdefective surface
of the shear movement, the release of the elastic energy decreases, resulting in the acoustic
emission ringing counts of the intensity of the reduction. The maximum ringing counts
was 1.68 x 10° at the temperature increase to 1200 °C, which is 73% less than at 500 °C. As
the ductility of sandstone is enhanced by high temperature, the thermal damage increases
the microcracks inside the rock. Although the maximum intensity of the acoustic emission
signal decreases, it occurs more frequently. The distribution area of the acoustic emission
activity band is widened near the peak, increasing the cumulative ringing counts with the
temperature. The maximum ringing count at 1200 °C is 56.36 x 10, a 45.71% increase
compared with 500 °C. The maximum ringing count at 1200 °C is 1.68 x 10, which is a
73.21% decrease compared with that at 500.

Under the influence of a higher heating rate, the expansion of cracks and crystals
in sandstone is more intense, and the rock damage is more serious. From Figure 13, the
maximum ringing counts show a decreasing trend with the increase in heating rate, and
the decrease in the overall ringing counts also leads to a decrease in the cumulative ringing
counts with the increase in temperature because the heating rate does not have a significant
effect on the activity range of acoustic emission at the same temperature. The maximum
and cumulative ringing counts were 1.85 x 10% and 55.82 x 10° at a temperature increase
rate of 5 °C/min. The maximum and cumulative ringing counts were 1.39 x 10° and
49.97 x 10° at a temperature increase rate of 30 °C/min, a decrease of 24.8% and 10.48%.
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Figure 11. The variation law of acoustic emission characteristics at different heating rates at 1200 °C.
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Figure 13. The change rule of the ringing counts at different heating rates: (a) maximum ringing
count; (b) accumulative ringing count.

4.2. Variation Law of Stress Threshold

In the study of determining the crack initiation threshold stress cc; and damage
threshold stress ocp using acoustic emission technology, scholars have given different
methods. Wang [30] pointed out that the stress at the appearance of the first tensile crack
in a rock sample is the crack initiation stress. It has been shown that the crack initiation
stress and damage stress threshold can be effectively determined by using the mutation
points of the acoustic emission cumulative ringer counting curve, in which the stress at the
first mutation point can be taken as the crack initiation stress, and the stress at the sharp
increase in the slope of the cumulative ringer counting curve can be taken as the crack
damage stress threshold [31].

As can be seen from Figure 14a, with the increase in temperature, the crack initiation
and damage threshold both show the trend of rising first and then decreasing, which is
consistent with the characteristics of the change in peak stress with temperature. When
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the temperature increases from room temperature to 500 °C, the crack initiation threshold
increases from 39.72 MPa to 70.67 MPa, with an increase of 69.36%, and the damage
threshold increases from 50.57 MPa to 91.41 MPa, with an increase of 80.75%, and the
crack initiation and damage thresholds reach the maximum at 500 °C. After 600 °C, the
crack initiation and damage thresholds began to decrease continuously; the crack initiation
threshold at 1200 °C was 28.09 MPa, and the damage threshold was 33.68 MPa, which
were 60.25% and 63.15% lower than that of 500 °C. The above analysis shows that the
temperature has an essential effect on the crack initiation and damage thresholds and has a
high correlation with the strength of sandstone.
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Figure 14. The variation law of stress threshold and proportion with temperature: (a) stress threshold;
(b) proportion of stress threshold.

According to Figure 14b, the crack initiation threshold is about 58-76% of the peak
stress, and the damage threshold is about 86-96% of the peak stress at room temperature
up to 1200 °C, and the ratio shows a certain trend of change depending on the temperature.
Before 500 °C, the percentage of crack initiation threshold and the percentage of damage
threshold changed less but generally showed an increasing trend, the percentage of crack
initiation threshold and the percentage of damage threshold increased from 70.46% and
93.31% to 75.23% and 96.61%, which indicated that the brittleness of the sandstone was
enhanced to a certain extent in this temperature range, and the crack initiation threshold
and damage threshold were closer to the peak stress. At 600 °C, the percentage of crack
initiation threshold and damage threshold decreased to 67.38% and 90.44%, respectively,
indicating that the physical and chemical properties of the rock in the temperature range
of 500-600 °C have been greatly altered to produce certain damage. As the temperature
continues to drop to 1200 °C, the percentage of crack initiation thresholds and damage
thresholds show a decreasing trend, and the percentages of crack initiation thresholds and
damage thresholds at 1200 °C are 59.26% and 89.54%, respectively, which indicates that the
thermal damage will make the rock cracking damage at a lower stress level.

The heating rate also influences the crack initiation threshold and damage threshold
and their percentage. From Figure 15a, the crack initiation threshold and damage threshold
are 30.96 MPa and 45.52 MPa at 5 °C/min and 25.66 MPa and 36.68 MPa at 30 °C/min,
which show a decreasing trend with the heating rate, and this trend is also very much
correlated with the change in the peak stress by the heating rate. According to Figure 15b,
the crack initiation threshold and damage threshold ratio are not significantly influenced
by the heating rate and are more affected by the temperature.
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Figure 15. The variation law of stress threshold and proportion with heating rate at 1200 °C: (a) stress
threshold; (b) proportion of stress threshold.

5. Discussion

The previous section analyzed the mechanical properties and damage characteristics of
sandstone at high temperatures with different heating rates using the uniaxial compression
test and acoustic emission test. In this section, the temperature effect and heating rate of the
micro-morphological characteristics of sandstone fracture surfaces were analyzed by using
a scanning electron microscope to ultimately reveal the damage and rupture mechanism of
sandstone under the action of high temperatures.

Figure 16 shows that pores and cavities already exist in the sandstone microstructure
at room temperature. With the increase in temperature before 500 °C, the rock matrix and
crystal particles are more tightly cemented, the thermal expansion of mineral particles
leads to the closure of primary fissures, the degree of densification is increased, and the
relative ratio of pores and cavities is significantly reduced compared with that at room
temperature. At the same time, along with the evaporation of water, the brittleness of
sandstone is enhanced, which also leads to the increase in peak stress and modulus of
elasticity of sandstone with the increase in temperature, and the peak strain is not apparent
with the change in temperature. From the fracture morphology, the fracture surface is
mainly dominated by step-like patterns, river patterns, and trans crystalline cracks, which
are typical brittle fracture patterns, and it can be concluded that the fracture surface of the
sandstone at 500 °C shows significant brittle fracture.

At 600 °C, thermal damage starts to occur in the sandstone structure, which is man-
ifested by the sprouting of cracks and cavities in the crystal grains and matrix on the
microscopic level and the gradual deterioration of the mechanical strength on the macro-
scopic level. At 1000 °C, the matrix of sandstone is no longer continuous and intact but
is in a loose structure with a large number of microcracks, and there are a large number
of thermal cracks on the crystal grains of sandstone, which results in the structure of the
grain structure no longer being intact and generating a large number of fine particles and
debris. The microcracks extend through each other, leading to a rapid decrease in the rock’s
load-bearing capacity, which also explains the increase in the decrease in peak stress and
elastic modulus after 1000 °C in Figures 6a and 7a. Compared with the brittle fracture mode,
more plastic deformation occurs on the fracture surface where ductile fracture occurs, and
the fracture surface is not as flat and smooth as the brittle fracture, but a rougher fracture
portion occurs. Comprehensive analysis of the fracture surface of sandstone after 600 °C
ductile fracture morphology, mainly in the dimple, slip separation, and intergranular cracks,
which is also a typical ductile fracture morphology, indicating that the fracture mode is
a ductile fracture. From the fracture surface morphology, the brittle-ductile transition
temperature of sandstone occurs between 500 and 600 °C, which is consistent with the
previous conclusion.



Appl. Sci. 2024, 14, 444

19 of 23

river pattern

i_tra‘h‘scr’rystalline crack

step-like pattern

A RS
SEM HV: 5.0 kV WD: 19.92 mm
View field: 208 ym = SEM MAG: 1.00 kx = 50 ym
SEM HV: 5.0 kV guest

VEGA3 TESCAN

Performance in nanospace

(a) 20 °C

transcrystalline crack

/

T

‘river pattern
step-like pattern

SEM HV: 5.0 kV WD: 17.77 mm

View field: 208 ym = SEM MAG: 1.00 kx 50 ym
SEM HV: 5.0 kV guest

VEGA3 TESCAN

Performance in nanospace

(c) 400 °C

5
i

. intergranular crack

N

SEM HV: 5.0 kV

WD: 19.92 mm

View field: 208 pym = SEM MAG: 1.00 kx 50 pm
SEM HV: 5.0 kV guest

VEGA3 TESCAN

Performance in nanospace
(e) 600 °C

Figure 16. Cont.

step-like pattern

SEM HV: 5.0 kV WD: 19.92 mm VEGAS3 TESCAN|

View field: 208 pm = SEM MAG: 1.00 kx | 50 pym

SEM HV: 5.0 kV guest Performance in nanospace

(b) 200 °C

step-like pattern

7

transcrystalline crack

SEM HV: 5.0 kV WD: 19.92 mm

View field: 208 pm = SEM MAG: 1.00 kx = 50 pm
SEM HV: 5.0 kV guest

VEGA3 TESCAN|

Performance in nanospace

(d) 500 °C

slip separation

/

!

intergranular crack

SEM HV: 5.0 kV WD: 19.92 mm
View field: 208 pm = SEM MAG: 1.00 kx 50 pm
SEM HV: 5.0 kV guest

VEGA3 TESCAN

Performance in nanospace

(f) 800 °C



Appl. Sci. 2024, 14, 444 20 of 23

dimple —

slip

separation

y

intergranular crack

Pl 4
.- intergranular crack
iz 2 Lt ST
SEM HV: 5.0 kV WD: 19.92 mm VEGA3 TESCAN SEM HV: 5.0 kV WD: 19.92 mm VEGA3 TESCAN
View field: 208 ym | SEM MAG: 1.00 kx | 50 ym View field: 208 ym | SEM MAG: 1.00 kx | 50 ym
SEM HV: 5.0 kV guest Performance in nanospace SEM HV: 5.0 kV guest Performance in nanospace

(g) 1000 °C (h) 1200 °C

Figure 16. Micromorphology changes at different temperatures.

From Figure 17, a large number of cracks and pores already existed in the sandstone
at 1200 °C, but with the increase in heating rate, the thermal damage and thermal rupture
were more serious, which was manifested by the increase in surface roughness of the
samples, and the obvious increase in crack width, length, and pore size, which led to the
decrease in mechanical properties of the sandstone with the increase in heating rate. At
5 °C/min and 10 °C/min, the microscopic morphology is close to each other when the
heating rate is relatively low, resulting in an increase in heating time; the mineral particles
decomposed into smaller particles, resulting in a flatter cross-section. When the heating
rate is 20 °C/min and 30 °C/min, the internal changes in the rock samples are drastic, and
larger cracks and pores are produced under the strong thermal shock.

SEM HV: 5.0 kV WD: 21.18 mm VEGA3 TESCAN

View field: 208 ym | SEM MAG: 1.00 kx

SEM HV: 5.0 kV guest Performance in nanospace

SEM HV: 5.0 kV WD: 21.31 mm VEGA3 TESCAN

SEMHV:5.0kv | guest | Performance in nanospace

(a) 5 °C/min (b) 10 °C/min

Figure 17. Cont.



Appl. Sci. 2024, 14, 444

21 0f 23

SEM HV: 5.0 kV

WD: 19.79 mm

View field: 208 pm | SEM MAG: 1.00 kx | 50 pm
SEM HV: 5.0 kV m Performance in nanospace

(c) 20 °C/min (d) 30 °C/min

SEM HV: 5.0 kV WD: 19.53 mm VEGA3 TESCAN

View field: 208 pm | SEM MAG: 1.00 kx | 50 pm
SEM HV: 5.0 kV m Performance in nanospace

Figure 17. Micromorphology changes at different heating rates.

6. Conclusions

In order to study the macroscopic and microscopic properties of sandstone at high
temperatures, uniaxial compression tests were carried out on sandstone at different tem-
peratures as well as at different rates of warming to study the changes in the physical
and mechanical properties of the sandstone and to analyze the mechanism of its damage
evolution by acoustic emission technology and scanning electron microscopy, and the
following conclusions were mainly drawn:

(1) As the temperature rises, sandstone physical properties appear in the phenomenon
of mass reduction, volume expansion, density reduction, and wave velocity reduction, with
the most apparent changes at 500-600 °C. The peak stress and modulus of elasticity of
sandstone showed a tendency of increasing and then decreasing with temperature, with
500 °C as the threshold temperature, which was 69.48% and 30.43% higher than that of
room temperature, and the peak strain showed a tendency of increasing with temperature,
and slightly decreased at 200 °C and 1200 °C. The modulus of elasticity and peak stress
show a decreasing trend with an increasing rate of warming, and the peak strain does not
change much.

(2) The pattern of maximum ringing counts of sandstone is the same as that of its
strength, and the maximum ringing counts increase and then decrease with the increase in
temperature and increase with the increase in warming rate. The aggravation of thermal
damage makes the ringing counts more frequent, and the cumulative ringing counts show
an upward trend with the increase in both temperature and heating rate. The cracking
threshold and damage threshold stresses and their ratios are highly correlated with the
peak strength, and both of them show a specific decreasing trend with the increase in
temperature, which indicates that the high-temperature treatment will cause the sandstone
to crack prematurely.

(3) In the macro and microscopic damage pattern, before 500 °C, the thermal expansion
within the sandstone internal crystals gradually closes the sandstone’s pores and cracks,
improving the sandstone’s densification and mechanical properties. The macroscopic
damage mode is dominated by shear damage, and the fracture morphology is mainly
characterized by brittle morphology. After 600 °C, the large amount of development
of cracks makes the structural integrity of sandstone deteriorate continuously, and the
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mechanical properties gradually decrease. The macroscopic damage mode is dominated
by cleavage damage, and the fracture surface is characterized by ductile morphology.
By analyzing the changes in micromorphology under different heating rates at 1200 °C,
the crack length and pore size will grow with the increase in the heating rate under
thermal shock.
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