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Abstract

Heat from gas explosions affects the physical and mechanical properties of rock and reduces the stability of tunnels, such as
in coal mines. This paper mainly studies the physical and mechanical properties of sandstone after heating and investigates
the influences and mechanisms involved. Acoustic emission (AE) monitoring, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and polarized light microscopy are used to show that the uniaxial compressive strength (UCS) and peak
strain of sandstone change significantly with temperature. In particular, the UCS decreases rapidly at 500 ~ 600 °C due to a
transition from a-quartz to f-quartz. The XRD analysis shows that the physical and mechanical properties of sandstone are
affected by its mineral composition, as physical and chemical reactions of quartz, muscovite and kaolinite at high tempera-
tures weaken the sandstone. The AE signals increase with temperature and correspond well with observed loading stages, as
they reflect the spatiotemporal evolution in internal micro-cracks. The degree of crack opening is low at low temperatures,
then cracks become connected with increasing temperature, further explaining the changes in mechanical properties. Polar-
ized light microscopy shows that grain size and pore characteristics are related to mechanical strength; generally, higher
strength is associated with smaller grains with a less even size distribution. In addition, thermal and mechanical damage
were quantitatively characterized by deriving thermal, comprehensive and dynamic damage factors. The results provide a
theoretical reference for mining engineering in high-temperature environments.

Keywords Thermal damage - Sandstone - High temperature - Physical and mechanical properties

1 Introduction

Sandstone is widely distributed in the earth's crust and has
been used as an engineering material in the construction
of buildings, monuments and other structures (Hajpal et al.
2002). Many famous buildings, such as the White House in
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the United States, and the Parliament building and Presi-
dential Palace in India, are all built of sandstone (Dorn et al.
2003; Fitzner et al. 2003; Gautam et al. 2016a, b). Sandstone
is often encountered during deep underground engineering
activities such as tunnelling, geothermal exploitation and
oil drilling, and especially in coal mines, where the roof
and floor of the coal seams are mostly sandstone (Zhu et al.
2016; Zhang et al. 2010). Moreover, tunnels and monuments
are at risk of fire, while coal mines are also at risk of gas
explosions due to high temperatures, which can reach more
than 1000 °C at depth, it affects the stability of surrounding
rock. (Gautam et al. 2016a, b; Rong et al. 2018; Sirdesai
et al. 2018; Verma et al. 2013). For example, the stability
of the rock structure is affected by stress distribution, water
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state, apparent colour, and rock mineral phase transitions,
(Fuenkajorn et al. 2012; Zhu et al. 2018). There is a risk of
gas explosion deep in the Qidong coal seam according to the
survey data. Therefore, it is necessary to fully understand the
physical and mechanical properties of sandstone subjected
to high temperatures and evaluate its thermal stability so as
to provide a reference for its effective use.

So far, research on the physical and mechanical proper-
ties of sandstone subjected to high temperatures has mainly
focused on uniaxial compressive strength, indirect tensile
strength, elastic modulus and P-wave velocity, mass loss,
porosity, permeability, Poisson’s ratio, peak strain, crack
density and fracture surface roughness and glossiness. (Feng
et al. 2020; Malkowski et al. 2012; Wu et al. 2005, 2018;
Wang et al. 2017; Wu et al. 2020, 2021; Yavuz et al. 2010;
Yin et al. 2018; Zhang et al. 2020a; Zeng et al. 2018; Zhao
et al. 2019a; Zhang et al. 2017a). A series of studies have
shown that the physical and mechanical properties of sand-
stone change after high-temperature treatment. For example,
Li et al. (2020a) analysed the pore structure and mechani-
cal characteristics of sandstone after treatment at different
temperatures. They found that the size and number of pores
are related to the number of cracks. Yang et al. (2017) found
that the cohesion and internal friction angle increase at low-
to-middle temperatures, while the opposite trend occurs at
high temperatures, and permeability also changes signifi-
cantly. Zhang et al. (2021) found from a systematic analysis
of a large amount of data that there are three changing pat-
terns of uniaxial compressive strength and P-wave velocity
after heating of sandstones, and that the variation of uniaxial
compressive strength is mainly due to microstructure and
quartz content. The inconsistency between P-wave velocity
and uniaxial compressive strength is mainly related to water
content, quartz content and specific minerals. The sandstone
is subject to thermal stress at high temperatures and causes
expansion of the mineral, which in turn changes the physi-
cal and mechanical properties and internal structure, creat-
ing microscopic defects (Tian et al. 2016). Yu et al (2015)
carried out mechanical tests on heat-treated red sandstone
and found that the colour, strength and permeability were
altered. Many references related to this topic have also been
conducted (Huang et al. 2021a; Kong et al. 2016; Sun et al.
2016; Shen et al. 2018; Yang et al. 2014). The mechanical
properties of the sandstone under different heat treatment
conditions are summarized in Table 1.

Currently, the study of rock thermal damage is mainly
divided into macro-scale (mechanical parameters, apparent
morphology, failure modes) and micro-scale effects (mineral
analysis, micro-structures) (Liu et al. 2020). Research meth-
ods mainly include mechanical tests, physical tests, X-ray
diffraction, SEM, thin-section analysis, computed tomog-
raphy (CT) technology, digital imaging and AE techniques
(Feng et al. 2018 Huang et al. 2021b; Kong et al. 2017;
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Lu et al. 2017; Li et al. 2020a; Mahanta et al. 2020; Sun
et al. 2017; Zhang et al. 2017b, 2017c¢). For example, Zhang
et al. (2020b) studied the influence of mineral content and
composition on the thermal damage of limestone. SEM, CT
technology and thin-section analysis are effective ways to
analyse the evolution of cracks in rocks after heating and
to reveal the characteristics of rock mineral grains (Zhang
et al. 2021). Nara et al. (2011) studied the crack patterns
of sandstone after heating using thin section analysis. AE
technology can monitor changes in internal structure during
the dynamic loading of rocks, and reflects the development
of internal cracks and transient events caused by unstable
states (Zhao et al. 2020). Zhao et al. (2019b) investigated
the differences in the characteristics of AE b values during
deformation and damage of inclusions in three stress paths
and concluded that the AE b values are closely related to the
loading path, with large differences in the variation pattern
of b values under loading and unloading paths. Han et al.
(2020) analysed the AE signals of sandstone after water-
cooling based on uniaxial compression tests and showed that
the damage of the specimen lagged behind the aggregation
of the AE signals.

As can be seen from the above analysis, the physical and
mechanical properties of the sandstone after heat treatment
are currently being studied more frequently. This paper
focuses on the thermal damage mechanism of the sandstone,
and defines three different damage variables, namely thermal
damage variable, compressive damage variable and dynamic
damage variable based on various physical and mechanical
parameters measured by uniaxial compressive strength tests
and AE parameters, and investigates the static and dynamic
properties of thermal damage of the sandstone. The thermal
damage mechanism of the sandstone was also revealed by
means of AE, SEM, polarized light microscopy, XRD and
literature comparisons, and the damage degree after heat
treatment of the sandstone was investigated qualitatively as
well as semi-quantitatively. This work has important appli-
cation value for mining engineering and provides a theo-
retical reference on the stability of the sandstone after high
temperature.

2 Experimental Samples and Methods
2.1 Collection and Preparation of Sandstone

Sandstone samples were collected from depths of
420-510 m in the Qidong coal mine, Anhui Prov-
ince, China Fig. 1(a). All samples were processed into
50 X 100mm cylinders to meet the requirements of the
ISRM (Fairhurst et al., 1999). The P-wave velocities of
the samples were measured using an acoustic detector
(RSM-SYS5 (T)). The average P-wave velocity and average
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Fig. 1 The location and physical
map of sandstone specimens
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shear velocity were 4385 m/s and 2369 m/s, respectively
Fig. 1(d). The average density and uniaxial compression
strength (UCS) at room temperature were 2.67 g/cm® and
95.2 MPa, respectively. The sandstone is bluish-grey with
a compact structure and no obvious surface cracks. The
experiment scheme is shown in Table 2.

2.2 Thermal Treatment and Cooling Method

After the sandstone was processed into standard cylindri-
cal samples, those with similar P-wave velocities were
grouped for testing to ensure testing accuracy. They were
dried in an oven at 105 °C to reduce the negative influ-
ence of variable water contents. Then, 20 samples were
divided into 10 groups; each group of samples was placed
in a muffle furnace (TNX-1400) and heated to one of ten
temperatures: 200, 300, 400, 500, 600, 700, 800, 900 or
1000 °C. A heating rate of 8 °C/min was used to avoid
causing thermal shock to the samples. After each set of
samples reached the target temperature, maintained for
2 h to ensure even heating, then samples were cooled to
room temperature in the furnace (Fig. 2).

Table 2 Experiment scheme

2.3 Uniaxial Compressive Tests and Acoustic
Emission Tests

After the specimen is heated, the P-wave velocities were
measured to preliminarily reflect the damage degree of
sandstone. For the uniaxial compression test, a microcom-
puter-controlled electro-hydraulic servo rock triaxial testing
machine was used (TAW-2000; Fig. 3). The displacement
control method was adopted in the test and a loading rate of
0.1 mm/min was used. Radial and axial strain gauges were
used to measure the axial and radial deformations in the
process of rock compression.

The AE instrument used in this work was an AMSY-6
(Fig. 3). This system is mainly composed of an AE probe,
AE pre-amplifier, data acquisition system and computer
system. The AE monitoring parameters used in the uni-
axial compressive tests were a threshold value=38 dB and
acquisition frequency =5 MHz, with AE signal detection
conducted through a single channel. The AE probe was fixed
in an appropriate position on the rock surface with adhesive
tape. To better monitor the signals released during the rock
fracture process, the probe and rock surface foundation were
daubed with vaseline.

Temperature level (C) Heating rate (‘C/min)

Physical and Mechanical properties

Microscopic properties

25, 200, 300, 400, 500, 600, 700, 800, Heating at 8 °C/min for 2 h Uniaxial compressive strength P-wave SEM, Polarizing microscope, XRD

900, 1000

velocity, Peak strain, Acoustic emis-
sion, Damage degree
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Fig.2 Heating equipment and
heating path
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2.4 Mineralogy

Physical processes and chemical reactions (such as dehydra-
tion, decomposition, mineral phase transformation, sinter-
ing, dehydroxylation) at different temperatures have great
impacts on rocks, essentially changing their mineral compo-
sition (Zhang et al. 2020b). Therefore, research on changes
in rock mineral composition is vital to understand the physi-
cal and mechanical properties. The XRD tests found that,

echanical testing mecine and Acoustic emissi
< - :

Data display interface

in its natural state, the mineral composition of sandstone
mainly includes 93% of quartz, 4.2% of muscovite and 2.8%
of feldspar and kaolinite. The quartz content was > 90%,
indicating that the samples were of quartz sandstone.

2.5 SEM and Polarized Light Microscope

The internal structure of the rock is closely related to
physical and mechanical properties. SEM and thin-section

@ Springer
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analysis were used to observe the effects of temperature on
the mechanical properties of sandstone treated at different
temperatures. Thin-section analysis is the process of making
thin slices of samples and observing them under a polarized-
light microscope, which has plane-polarized and crossed-
polarized light modes. This method can be used to identify
minerals and their morphology and crack distribution. SEM
can observe the morphology of cracks at a finer scale than
thin-section analysis.

3 Results and Discussion

3.1 Effect of Temperature on Mechanical Properties
of Sandstone

3.1.1 Variation of Stress—Strain

Figure 4 shows the stress—strain curves of the sandstone
heated to different temperatures. It can be seen from the
figure that the stress—strain curves of natural and heat-
treated sandstone can be roughly divided into four stages:
(I) crack compaction, (II) elastic, (IIT) failure and (IV) post-
peak stages. During each of these four stages, the internal
structure of the rock undergoes the development of initial
crack compaction, new crack formation, crack extension and
crack penetration, showing that rock damage is a cumula-
tive process. After the failure of the sample, the stress does
not suddenly decline precipitously but gradually declines for
several seconds, followed by a linear decline. However, for
some rocks, the samples still had a certain capacity to resist
external deformation after failure, which is called the resid-
ual compressive strength. The transition for stress—strain
curve is 500 °C in Fig. 4, for stage I, it can be clearly seen

240 |- »2s°C ~
220 | - :Z
200 %iz 11 11 \
180 ’ Z:
160 | 4 A400°C ':

00 02 04 06 08 10 12
Strain(%)

Stress(MPa)

0.0 0.5 1.0 1.5 2.0 2.5
Strain(%)

Fig.4 Stress—strain curves of sandstone at different temperatures
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from the figure that the stage duration gradually becomes
shorter at 25 °C-500 °C and much longer at 600 °C-1000 °C
than other temperature stages, trends in the other stages are
similar to those in stagel. A similar phenomenon occurred
in parts of the literature, with the sandstone stress—strain
curves measured by Sirdesai et al (2017); Li et al (2020b),
also turns around 500 °C. However, some literature (Li et al.
2020c) suggests that the stress—strain curve for sandstone
turns at 400 °C or other temperatures, which is mainly
related to the pore properties of the sandstone. In general,
the mechanical properties of sandstones are strengthened at
low temperatures, but weaken with increasing temperatures
and undergo a transformation from brittle to ductile.

3.1.2 UCS and Peak Strain

It can be seen from Fig. 5 that the variation in the aver-
age uniaxial compressive strength of sandstone with tem-
perature can be divided into four stages: a rapid growth
stage, a sharp decreasing stage, a modest growth stage and
a general decreasing stage. At 25 °C-500 °C, the average
uniaxial compressive strength of sandstone rises rapidly
with increasing temperature, from 95 MPa at room tem-
perature to 151 MPa at 500 °C, an appropriately 58.94%
rise. Meanwhile, the peak strain of the sandstone in this
temperature range gradually becomes smaller. Some of the
original pores and fractures become closer under the action
of thermal stress at 500 °C, resulting in the peak strain of
the sandstone reaching a minimum and the uniaxial com-
pressive strength reaching a maximum. When heated to
600 °C, the uniaxial compressive strength of the sandstone
decreases sharply because of the transition of a-quartz
to B-quartz (Xi et al. 1994). The internal structure of the
sandstone suffers severe damage and the degree of opening

160
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150 |- e | ; )
| Stage 4:Genceral
| decreasing trend
140 : S
I ! !
_
n? 130 - "I'ransition otl I *\I [
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Fig.5 Variation of mean UCS of sandstone with temperature
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among cracks gradually increases, leading to a significant
decrease in uniaxial compressive strength and an increase
in the peak strain. At 600-800 °C, the uniaxial compres-
sive strength increases slowly and the peak strain increases
significantly due to the melting of minerals and grain size
(as mentioned in Sect. 3.4.3). Above 800 °C, the samples
suffered serious damage due to heat, so that the uniaxial
compressive strength decreased while the peak strain con-
tinued to increase (Fig. 6).

3.2 Acoustic Emissions

3.2.1 Characteristics of AE Counts and Accumulated AE
Counts

As mentioned before (Sect. 3.1.1), the stress—strain curves
can be divided into four stages (compression, elastic, failure,
post-peak). The AE in the four stages have different laws
and reflects the damage characteristics of the rock. The AE
signal corresponds well to the stress development charac-
teristics of the rock as can be seen in Fig. 7. The AE ringing
counts are more active during the crack compression stage
and are weak when entering the plastic deformation stage.
As new cracks form, expand and penetrate within the rock,
the AE ringing counts begin to get progressively larger, and
are greatest when the rock is broken. The cumulative AE
ringing counts first increase at a rapid rate, then develop in
a near-horizontal line, and finally increase at a greater rate
to the maximum. Occasional small steps also occur during
the change in the cumulative AE ringing count as can be
seen in Fig. 7(d, e) indicating that energy is being released
from the rock. The sample at room temperature has weak AE
signals before failure (Fig. 7a). The cumulative AE ringing
count curve develops in an almost horizontal straight line
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Fig.6 Variation of peak strain of sandstone with temperature

and a large amount of AE signals cannot be detected until
the samples are destroyed, which is associated with changes
in the internal structure of the rock and brittle-plastic altera-
tions. With increases in temperature, AE signals are more
intense and active during the whole loading process. This is
manifested as AE signals increase in the initial loading stage
increases with temperature, and obvious signal peaks also
appear in the elastic and failure stages. In short, AE signals
are released in each stage with increases in temperature. It
can be observed from the figure that damage to the sam-
ple is incremental, especially by observing the AE signal
characteristics near the point of destruction. Therefore, an
early warning of sandstone destruction can be obtained by
observing the variation in the AE ringing counts. This can
provide a timely disaster warning for underground engineer-
ing projects in theory.

3.2.2 Characteristics of AE b Values Throughout Loading

The b value is derived from the relationship between earth-
quake frequency and magnitude, and was proposed by Ichter
et al. (1944). Rock failure is similar to the mechanism of
earthquake, from which the concept of the b-value was
derived and applied to acoustic emission technology (Liu
et al. 2017). The b-value is calculated by the following for-
mula (Fu et al. 2016):

— g pla
leN = a - (22 (1

where A i is the AE amplitude, which is usually set by itself
according to the data situation. N is an equal number of
AE events with amplitudes > A 45 selected in a specific time
window to determine the b-value, a is a constant, and b is the
parameter we need to obtain. This paper adopts a scanning
algorithm for this calculation. To ensure the feasibility of
calculating the AE b value, 5000 events were taken as a fixed
time window for calculating the b-values based on AE data.

Increases in b value indicates that the development
of rock cracks is dominated by small-scale cracks, while
decreases mean that the rock cracks tend to develop towards
large-scale cracks (Liu et al. 2019). By analysing the vari-
ation of b value with temperature during the loading pro-
cess (Fig. 7), it can be seen that the b-value of sandstone
showed a dynamic change during the uniaxial compression
test. It can be seen from Fig. 7(a) that the b-value increased
slightly at the initial loading stage, indicating that the sand-
stone mainly developed small-scale cracks. Subsequently,
large-scale cracks gradually developed inside the sandstone
due to increases in axial stress, and the b-value kept decreas-
ing and reached a minimum when the sample was about to
be destroyed. Within the temperature range of 200400 °C,
the b value variation was the same as at room temperature;
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Fig.7 The curves of AE characteristics in the whole procedure at different temperatures
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that is, the b value increased at the initial loading stage and
decreased in the later stage. At 500 °C and 600 °C, the b
value first decreased and then increased with increases in
axial stress, and finally dropped sharply when the sample
was about to be destroyed. The b value still fluctuated above
600 °C but the overall trend was still one of increasing first
and then decreasing. This is also in line with the characteris-
tics of crack development during the sample failure process.
That is, cracks developed from small-scale to large-scale as
the loading process continued.

3.2.3 Variation of AE Parameters with Temperature

In addition to the AE count, AE parameters include the AE
hit, AE event, AE energy, AE amplitude and others. Fig-
ure 8 shows the variations of four AE parameters with tem-
perature. The following conclusions can be roughly made
by analysing these relationships: (1) AE hit, AE event, AE
energy and AE count all show increases with temperature.
(2) These four trends can be roughly divided into two stages
occurring at 25-500 °C and 500-1000 °C. (3) In the first
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stage, the AE parameters are generally slowly increasing,
with AE events and AE hits increasing slowly in a straight
line and AE counts and AE energy increasing slowly in a
fluctuation. (4) After 500 °C, the AE parameters increase
rapidly with temperature, especially after 900—1000 °C. The
four parameters show increases of nearly 90°, among which
the AE energy increases about 4.5-fold between 900 °C and
1000 °C. (5) The trends in these AE parameters correspond
well with the trends in sandstone’s peak stress (Fig. 5), peak
strain (Fig. 6), providing information on the influence of
temperature on sandstone. (6) The time-series characteris-
tics of these AE parameters provide a detailed reflection of
damage to the rock structure. An active AE signal means that
the rock structure is experiencing great changes; therefore,
the trends in AE parameters are a better indication of rock
damage.

The crack initiation occurs at about 40% of the peak stress
and unstable crack development occurs at about 80% of the
peak stress as mentioned in Cai et al. (2004). Therefore, the
relationship between the cumulative ringing counts and tem-
perature at these two stress levels was analysed, as shown in
Fig. 9. It can be seen from Fig. 9 that the cumulative ringing
counts at all temperatures are almost within the same range,
only increasing slightly with temperature when the stress
reaches 40% of the peak stress. The curve increases rapidly
with temperature when the stress reaches 80% of the peak
stress, and the growth rate of the curve reaches its maximum
after 700 °C. The difference between the two curves also
increases as the heating temperature increases. By analys-
ing these trends, it is evident that the cracks produced by
sandstone at different temperatures are few and similar in
the initial loading stage, while internal cracks leading to
failure are mainly produced in the late loading stage. It can
be concluded that the numbers of cracks induced at differ-
ent temperatures do not differ greatly and cracks are mainly
generated gradually under the action of axial stress. Since
the temperature has weakened the sample, the higher the
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heating temperature, the more likely cracks are to be gener-
ated by axial stress.

Temperature has a great impact on crack size; the size
of the cracks formed can be quantified by analysing the
variation in the AE b-value with temperature. Figure 10
shows this variation at two key points: 40% and 80% of the
peak stress. Accordingly, the relationship can be divided
into three stages based on the trends. Both curves show a
slow increase in the first stage, and then the AE b-value
has a characteristic “V” shape in the second stage with a
minimum at 500 °C. The AE b-value then fluctuates in the
third stage. It can be seen that, at a high-stress level, the
AE b-value is generally lower than at a low-stress level,
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indicating that the crack gradually develops to a large
scale as loading continues. The higher the temperature, the
lower the AE b-value at the two stress levels, showing that
the temperature causes gradual development of the crack
to a large scale, further aggravating damage to the sample.

3.3 Damage Degree

Damage caused by temperature and external loads are
referred to the thermal and mechanical damage, respec-
tively. Several damage variables were defined to quantify
these two damage types and their degrees in sandstone.
In addition, to describe deformation and crack develop-
ment in sandstone during the failure process, a time-series
of damage characteristics during the failure process was
studied.

3.3.1 Thermal Damage Degree

The characteristics of P-wave velocity can quantitatively
reflect thermal damage to the rock. Thermal damage to
rock is generally irreversible. Based on the elastic theory,
the relationship between the mechanical parameters of
rock and the P-wave velocity can be described by Egs. (2)
and (3) (Ferrero et al. 2009). A damage variable can be
used to describe the specific conditions of deformation
and fracture in sandstone. The damage variable of the rock
after heat treatment can be calculated by Eq. (4) (Liu et al.
2000).

1 1-2
E= pV,%( + /f)( H) 2

—u

p= - 3)
2<VP/VS> -1
E
Dy=1- E—Z )

where E is the dynamic elastic modulus, p is the volume
density of the rock,V, is the P-wave velocity, v is the shear
wave velocity,u is the dynamic Poisson’s ratio of the rock,
E; is the elastic modulus at temperature 7, E; is the elastic
modulus at room temperature, and Dy is the thermal damage
factor. The relationship between the thermal damage factor
and temperature is plotted in Fig. 11. It shows that the ther-
mal damage factor; that is, temperature-induced defects in
the internal structure of sandstone generally increase linearly
with temperature.
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3.3.2 Compressive Damage Degree

Since the evolution of the rock micro-defect system is ran-
dom, it can be regarded as an unbalanced statistical process.
The intensity distribution of the micro-elements is believed
to follow a Weibull distribution. Zhang et al. (2014) deduced
a model of damage to rock subjected to heat and loading
based on a Weibull distribution. The evolution in damage
under uniaxial stress is described by Eq. (5). When the rock
reaches failure, the geometric condition £, = & is satisfied.
Therefore, Eq. (5) can be simplified as Eq. (6). The mechani-
cal elastic modulus is calculated by Eq. (7).

ETT 1 3 "
D, =1-—Zexp|—— (=L
" E, €Xp[ m < 5f> ] ®)
E T
D =1-—=
" E‘L’O (6)
Ao
E =—
=5 )

where E, is the elastic modulus calculated from the
stress—strain curve; Ao is the longitudinal stress increment
in the straight-line segment of the stress—strain curves; Ae
is the strain increment in the straight-line segment of the
stress—strain curves; D,, is the compressive damage factor;
E_rand E_; are the mechanical elastic moduli at temperature
T and room temperature, respectively;e, is the peak strain;e,
is the strain in the direction of the first principal stress; and
m is the Weibull parameter.

Figure 12 shows the relationship between temperature
and the comprehensive damage factor of sandstone, as calcu-
lated by Eq. (6). The comprehensive damage factor reflects
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Fig. 12 Variation of the compressive damage factor with temperature

the damage degree under the influence of temperature and
uniaxial load. When the result of Eq. (6) is negative, it
indicates that the mechanical properties of sandstone are
enhanced; conversely, the sandstone is weakened when the
result is positive. It can be seen from Fig. 12 that changes in
the comprehensive damage factor in response to temperature
and load can be roughly divided into two stages. Below 500
°C, the factor is negative and the mechanical properties of
sandstone are enhanced, with the mechanical strength reach-
ing a maximum at 500 °C. The calculated damage factor is
positive above 500 °C, indicating that the mechanical prop-
erties of sandstone become degraded under the actions of
temperature and load. The damage factor changes greatly
between 500 °C and 600 °C, meaning that the mechanical
strength deteriorates rapidly due to the phase transition of
quartz. The relationship between the comprehensive damage
factor and temperature corresponds well with that of uniaxial
compressive strength with temperature.

3.3.3 Dynamic Damage Degree During the Loading Process

The failure of rock under load is a progressive process. To
quantitatively describe the dynamic failure process of rocks
from deformation to macroscopic failure, it is necessary to
describe the failure process in terms of damage variables. AE
technology monitors rock crack evolution in essence; there-
fore, it is feasible to calculate the dynamic damage degree
of rock based on AE cumulative ringing counts. The specific
formula for the dynamic damage factor is as follows (Kong
et al. 2019):
oc, Q

Dp=(1- 5)@ (®)
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where D, is the dynamic damage factor, Q is the cumulative
ringing count of each stage, Q,, is the cumulative ringing
count of the entire failure process, o, is the residual strength,
and o, is the peak strength.

Taking the failure process of the sandstone sample at
1000 °C as an example, it can be seen from Fig. 13 that
the dynamic damage evolution process of the rock has good
correspondence with the stress and deformation develop-
ment process. The dynamic damage factor hardly changes
in the initial stage of loading, indicating that the external
force does not cause much damage to the rock. As the stress
increases further, the dynamic damage factor increases
greatly and the growth rate also increases continuously,
which means that the cracks inside the rock have entered the
stage of unstable development. The damage factor decreases
rapidly after rock failure. Dynamic damage factor characteri-
zation can be analyzed in conjunction with the AE results to
better reveal and quantitatively describe the damage degree
at different stages of the rock failure process.

3.4 Microscopic Analysis
3.4.1 Results of SEM Analysis

Figure 14 shows SEM images of the crack structures devel-
oped inside the sandstone at different temperatures after
failure. The sandstone used in this experiment was a sedi-
mentary rock in its natural state with a certain number of
pre-existing fissures and pores, as shown in Fig. 14(a). These
defects affect the properties of sandstone. As the tempera-
ture increased from 25 °C to 500 °C, the number and size
of cracks were almost unchanged. The quartz grains inside
the sandstone closed to a certain extent due to thermal
stress, which led to improvements in uniaxial compressive
strength (Fig. 5). At the same time, the sandstone contained
intergranular cracks along the quartz grain boundaries,
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Fig. 13 Damage evolution in the whole process of loading (1000 °C)
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transgranular cracks inside the quartz grains, and a small
amount of exfoliated quartz grains separated from the sur-
face within this temperature range. When the temperature
reached 600 °C, the quartz inside the sandstone suffered
phase transition (Xi et al. 1994; Deng et al., 2020), result-
ing in a greater degree of opening among the cracks than
at room temperature. After 600 °C, the number and size of
cracks in the sandstone increased, among which the number
of transgranular cracks changed significantly. At ultra-high
temperatures (> 600 °C), there is uncoordinated deformation
among mineral particles due to their different thermal expan-
sion coefficients, and the sandstone experiences mineral
phase transition and sintering. Under the combined action
of these factors, the original cracks continuously expand,
extend and connect with each other, and new cracks are
constantly generated and expanded, which leads to serious
damage to the whole sample.

In summary, the distribution of cracks is random and
is mainly related to the thermal and mechanical proper-
ties of the mineral components and their sizes and shapes.
For example, cracks are mostly distributed in the short-axis
direction of the mineral particles, at the dominant crystal
surfaces, at the singular particle interfaces, and at other posi-
tions. At different temperature stages, the factors controlling
the crack distribution also differ. Below 500 °C, the factors
controlling crack development and distribution are mainly
loss of water (such as free water, crystal water, structural
water) and thermal expansion of mineral particles. Above
500 °C, the controlling factors are thermal expansion, min-
eral phase transition and mineral sintering (Su et al. 2008;
Wau et al. 2007).

3.4.2 Distribution of Cracks After Thermal Treatment

While SEM can be used to observe crack morphology
in rock samples, it is difficult to distinguish the size and
morphology of mineral particles and the type of mineral
the crack is associated with. The microstructural damage
induced by temperature has a great effect on the mechani-
cal properties of rock, and the formation of micro-cracks
increases the porosity. Figure 15 shows a microscopic image
of the internal structure of sandstone treated at different
temperatures. Micro-cracks are mainly caused by uncoor-
dinated deformation among different mineral particles. At
room temperature Fig. 15(a), it can be seen that some origi-
nal cracks are distributed between quartz grains, muscovite
grains and a small amount of kaolinite (a weathering prod-
uct of feldspar) distributed between the quartz grains. The
SEM images show that at 200 °C and 500 °C, intergranu-
lar cracks appear in the internal structure between quartz
grains and between quartz and muscovite grains, and there
are thermally-induced transgranular cracks on quartz grains.
The quartz suffers phase transition at 600 °C, resulting in
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cracks opening to a larger degree. At 700 °C and 900 °C,
the size and number of cracks formed inside quartz grains
and at the boundaries of quartz grains become larger, and
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the integrity of the internal structure was reduced. The sand-
stone suffers serious and irreversible damage after thermal
treatment, leading to decreases in parameters such as peak
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stress (Fig. 5). From the microscopic analysis of sandstone
sections, it can be concluded that damage is gradually aggra-
vated by increases in temperature, which is consistent with
the analysis of Fig. 11.

3.4.3 Relationship Between Grain Size and UCS

Rock has variable heterogeneity, porosity, grain-size distri-
butions and shapes, which affect its physical and mechanical
properties (Ju et al. 2008). It is worth accurately describing
the grain-size distribution and pore characteristics of rock
to establish relationships with its physical and mechanical
properties. The grain size was estimated from the thin-sec-
tion microscope images in Fig. 15. The grain size is influ-
enced by the difference between the samples themselves
and by heating treatment. For example, thermally-induced
micro-cracks divide the mineral particles, causing a change
in particle size. The ratio of grain length (L) to width (W)

@ Springer

Induce ergranular cracks /‘7 5 BV /
between two quartz gra 4

Induced intergranular cracks
between two quartz grains

t

f —~

1 Connected cracks]
| 1
\

e
Induced tranagranular I i
crac in the quartz { onnected Cracks

i Pore structure]

was used to determine a grain size factor a, as follows (Ding
et al. 2020):

a= ©)

Figure 16(a) depicts the relationship between the average
grain size factor of sandstone and its compressive strength
at different temperatures, it shows that there is good cor-
respondence between the trends in grain size factor and
uniaxial compressive strength, which are almost opposite,
representing a reciprocal relationship; the smaller the grain
size, the greater the uniaxial compressive strength. In the
500 °C-600 °C range, the size of sandstone grains decreases
significantly, suggesting that cracks induced by temperature
reduce grain sizes; for example, transgranular cracks may
split mineral particles.

The uniformity of the rock mineral grain-size distribution
also affects the physical and mechanical properties of rock.
This can be characterized by the standard deviation of grain
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size. The more uneven the size distribution, the better the
sandstone grain gradation and the greater the mechanical
strength. Figure 16(b) shows the variation in the standard
deviation of mineral grain size with temperature in sand-
stone, showing that the trends in the two changes are similar.
The standard deviation of grain size is the maximum at 500
°C, indicating that the grain size distribution is not uniform
at this temperature. This also means that the grain size is
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well graded and the pores between mineral particles will be
few, so that the uniaxial compressive strength of sandstone
is greatest at 500 °C.

3.5 XRD Analysis

The mineral composition of the rock is an important factor
affecting its physical and mechanical properties (Zhang
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Fig. 16 Effect of grain size on the UCS after thermal treatment. (a) Grain size factor; (b) Standard deviation of grain size

et al. 2020b). Any physical or chemical reaction in rock
essentially changes its mineral composition. Figure 17
shows XRD patterns of the rock at different temperatures.
According to these patterns, the minerals in the sandstone
are mainly quartz with small amounts of muscovite, feld-
spar and kaolinite. Analysis of the diffraction peaks at dif-
ferent temperatures shows that there is no obvious change;
however, the quartz changed after heat treatment. This can

be determined from the changes in diffraction intensity
and diffraction angle in the XRD spectra. For example, the
maximum diffraction intensity of the quartz changes at a
different temperature, the maximum diffraction intensity of
the quartz is 196632 at room temperature, and the lowest is
90257 at 700 °C, which is about 46% of that at room tem-
perature. In addition, some trace minerals have different
diffraction angle at different temperatures. Kaolinite has
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diffraction intensity peaks of 7945 and 6848 at the dif-
fraction angle of 12.2°at 300 °C and 400 °C, respectively,
but not at other temperatures. Quartz is the most abun-
dant mineral in sandstone, so changes in quartz properties
will greatly affect the physical and mechanical properties
of the rock. For example, a transition from a-quartz to f§
-quartz occurs at 573 °C and a transition from B-quartz to
B-tridymite occurs at 870 °C (as shown in Eq. 10; Xi et al.
1994). Phase transition of quartz is accompanied by volu-
metric expansion, which increases cracking. Meanwhile,
quartz phase transition transforms the quartz structure and
physical properties, which greatly affect the physical and
mechanical properties of the rock. This was fully demon-
strated in the previous analysis.

Kaolinite also reacts at high temperature, further affect-
ing the physical and mechanical properties of sandstone.
For example, kaolinite changes to a metakaolinite phase
at temperatures of 480 °C—600 °C and, at about 980 °C,
metakaolinite transforms to Al-Si spinels and decomposes
Si0, at the same time. This sequence of reactions is shown
by Eq. 11 (Wang et al. 2010).

At 800 °C-900 °C, muscovite removes a large number
of hydroxyl groups in the mineral structure and the min-
eral characteristics change greatly, which further weakens
the physical and mechanical properties of sandstone (Liu
2009).

573°C 870°C o
a —quartz — B —quartz — f — tridymite (10)

480—-600°C
ALO, -2H,0 -

980°C . )
- Al 05 - 35810, + Si0,

ALO, - 2510, + 2H,0 )

3.6 Comparison With Existing Literature

The most direct impacts of thermal damage are changes
to the physical and mechanical properties of rock, such as
its uniaxial compressive strength, tensile strength, elas-
tic modulus, Poisson's ratio, mass, thermal expansion
and P-wave velocity. Thermodynamic properties differ
due to the different types and structures of the sandstone.
Changes in the normalized peak strain and normalized
uniaxial compressive strength of the sandstone under
different heat-treatment conditions as reported by exist-
ing studies are summarized in Fig. 18. As can be seen
in Fig. 18(a), the uniaxial compressive strengths of dif-
ferent types of sandstones show fluctuating changes after
heat treatment. The studies by Wu et al. (2017), Ping et al.
(2019) and Wang et al. (2013) showed an overall increase
in uniaxial compressive strength before 500 °C, which
is similar to the results of this paper. After 500 °C, the

—=— Current study

—e— Ping ct al.2019

—— Wang et al.2013

—v— Wu ct al.2007

—o— Ilajpal and Torok 1998
—<— Zhang ct al.2017
—— Sirdesal et al.2017

Normalized UCS

S
=
T

0.0 L L L L 1 L L
0 200 400 600 800 1000 1200 1400

Temperature (°C)

(a)

—=— Current study
—e— Wang et al. 2013
1.0 b —— Wuetal. 2007
—v— Ping et al. 2019
—— Sirdesai et al. 2017

Normalized peak strain

0 200 400 600 800 1000 1200 1400
Temperature(°C)

(b)

Fig. 18 Comparisons with existing literature. a Variation of the nor-
malized UCS with temperature; (b) Variation of normalized peak
strain with temperature

uniaxial compressive strength of the sandstone is gener-
ally decreasing. Analysis of the normalized peak strains
in Fig. 18(b) shows that the results of this paper are simi-
lar to those of other literature in that the peak strains are
increasing. The variability in the strength and deformation
characteristics of different types of sandstones is mainly
related to the internal structure and mineral fraction, which
is the key and difficulty of this paper.

4 Conclusions

The physical and mechanical properties of rock change
greatly after heating, mainly due to changes in mineral
composition and microstructure. In this paper, the physical
and mechanical properties of sandstone treated at a range of
temperatures (25 °C-1000 °C) were analysed. The essence
of thermal damage was further revealed by AE monitoring,
SEM, polarized light microscopy and XRD.
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(1) It was found that the mechanical parameters of the sand-
stone, such as average uniaxial compressive strength
and peak strain generally show trends of improvement
at about 25-500 °C and then weaken at 600 °C-1000
°C. The opening degree of crack decreases at the low
temperature observed from SEM images, resulting in
improved mechanical properties. At high temperatures,
cracks interconnect with each other, which degrades the
mechanical properties of the sandstone. The damage
mode in the sandstone is mostly shear failure, with the
higher the temperature the more severe the damage.

(2) AE signals become more active with increasing tem-
perature. Parameters such as AE hits, AE events, AE
energy and AE counts all increase with temperature.
The analysis of the AE b-values indicate that small
cracks are predominantly produced within the rock dur-
ing the initial loading stage and that large-scale cracks
develop during the later loading stage. The study shows
that the static and dynamic damage degree to the sand-
stone becomes increasingly serious with increases in
temperature and external force by defining three dam-
age variables including thermal damage variables,
compressive damage variables and dynamic damage
variables.

(3) The mineral composition of the sandstone does not
change significantly with increasing temperature
according to XRDj; however, physical and chemical
reactions in quartz, muscovite and kaolinite at high
temperatures seriously affect the physical and mechani-
cal properties of the sandstone. It also draws that the
crack distribution is the fundamental cause of thermal
damage based on polarized light microscopy. Grain size
and pore distribution also affect the uniaxial compres-
sive strength of the rock, with larger grains with a less
even distribution being associated with better mechani-
cal properties in the sandstone.
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