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Abstract

In the coal fire control project, the multiple water injections used to extinguish coal fires and the coal fires that reignite
can cause many forms of ground collapse to occur, threatening project safety. Therefore, studying the thermal damage and
the mechanical strength of sandstone, a main weight bearer in coal measure strata, exposed to heating—cooling cycles, is
crucial. In this study, the sandstones were first heated to 800 °C and cooled using water. The sandstones were heated to a
setting temperature (100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C) and cooled using water again.
The ultrasonic p-wave velocity, density, and water absorption of the sandstones were tested. Uniaxial compression tests and
shear tests were conducted on the sandstones. The thermal damage in sandstones was analysed using rock energy theory.
The results show that, compared with the mechanical strength of the sandstone at room temperature, the mechanical strength
of the sandstone exposed to 800 °C for the first time is decreased by less than 20%. When the sandstone is exposed to high
temperature again, the critical threshold temperature is 400 °C. When the temperature exceeds 400 °C, the thermal damage
aggravated again and the mechanical strength rapidly degraded.

Keywords Thermal damage - Mechanical property - Heating—cooling cycle - Energy evolution - Thermal expansion

Introduction

A considerable proportion of the energy in China is gener-
ated from coal and this will continue to remain the same
(Li et al. 2020b). Spontaneous combustion of coal (coal
fires) occurs frequently in shallow coal fields located in
Xinjiang province, Ningxia, and Shaanxi provinces and
other places in China (Deng et al. 2021; Shao et al. 2021)
where coal resources are being burnt continuously (Deng
et al. 2020; Zhou et al. 2015). The temperatures at coal fire
centres exceed 800 °C (Deng et al. 2020; Shi et al. 2017),
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transforming the surrounding rock into a high-temperature
rock mass. In the coal fire control project, the grouting or
watering used to extinguish fires (Zhou et al. 2015) rapidly
cools the high-temperature rock. However, the rock could be
heated up to a certain temperature owing to the coal reburn-
ing. The re-suppression of recrudescence is necessary to
eliminate coal fires. Sandstone is an important load-bearing
constituent of coal measure strata. Various types of ground
collapses (Fig. 1) that occur in the process of repeated water
injection are accompanied by sandstone breaking, which
seriously threatens the safety of the coal fire control project.
The collapses indicate that the thermal damage in sandstone
re-exposed to high temperatures has increased and that the
mechanical strength of the sandstone has weakened.
High-temperature sandstone is involved in various geo-
logical engineering applications, such as nuclear waste dis-
posal (Mahanta et al. 2020), geothermal resource exploita-
tion (Ranjith et al. 2012), coal mining (Pathiranagei and
Gratchev 2021) and underground coal gasification (Xiao
et al. 2021a). Thus, a study on the thermal damage and
its effect on the mechanical strength of the rock will be
important. The conclusions made by related previous
studies could be divided into three categories. First, the
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Fig. 1 Photographs of surface collapses that have occurred in the coal
fire control project site after grouting/watering was used to extinguish
coal fires in Shaanxi Province, China, showing the following: a single
crack; b surface subsidence; and ¢ crack zone

mechanical strength of sandstone degrades with increas-
ing temperature and it almost loses its bearing capacity
at 800 °C (Li et al. 2020a; Kong et al. 2016). Second,
the strength of sandstone increases with temperature up
to 400 °C and rapidly degrades at temperatures exceeding
400 °C. The mechanical strength of sandstone at 800 °C is
less than that of raw sandstone by more than 40% (Mahanta
et al. 2020; Sirdesai et al. 2017). In two categories of
conclusions, 400 °C is considered a threshold tempera-
ture with respect to the thermal damage and mechanical
strength of sandstone. As for the third conclusion, Fig. 2
shows a different characteristic that the mechanical com-
pressive strength of the sandstone at temperatures below
800 °C increases slightly with temperature (Ranjith et al.
2012; Wei et al. 2019; Shi et al. 2020; Fan et al. 2022;
Xiao et al. 2021a, b). Among that, the results of Wei et al.
(2019), Shi et al. (2020), and Fan et al. (2022) showed
that the strength of sandstone between 600 and 800 °C
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Fig.2 Relationship between normalized compressive strength of
sandstone and its temperature as reported in the literature

@ Springer

decays compared with the raw sandstone, but the attenua-
tion does not exceed 20%. Differences in the structure of
raw sandstone and various treatments to which they have
been subjected to during the experiments may be contrib-
uting to these differentiated conclusions. Figure 2 depicts
that at temperatures below 800 °C, the mechanical strength
of the sandstone that has undergone one cycle of heating
and cooling slightly degrades; therefore, it can sustain its
load-bearing capacity. However, when re-ignition of coal
fires occurs at control project sites, the cooled sandstone is
heated again up to a certain temperature and can be cooled
again through re-watering. Little attention has been paid to
the thermal damage caused to the sandstone by exposing it
to several heating—cooling cycles and how the mechanical
strength of sandstone gets affected under those conditions.
Therefore, it is necessary to study the failure mechanism
of the sandstone subjected to heating at different tempera-
tures after reaching a high temperature.

The critical temperature threshold of the sandstone
experiencing the effects of changes in temperature for the
first time was between 400 and 600 °C (Sun et al. 2020;
Shen et al. 2021; Mahanta et al. 2020). In addition, Sun
et al. (2020) reported that when sandstone is treated ther-
mally, its thermal damage increases and its mechanical
strength decreases. The influence of thermal cycles is not
considerable at temperatures <400 °C. Pathiranagei and
Gratchev (2021) observed similar behaviour in sandstone
and emphasised that the decrease in rock strength cannot
be neglected at temperatures exceeding 600 °C. Their study
findings indicated that a threshold temperature should be
considered in thermal cycling experiments. Combined with
the phenomenon on coal fire control site, this paper specu-
lates that there exists a critical temperature threshold for
sandstone that has experienced 800 °C temperature once.
The sandstone’s mechanical strength begins to deteriorate
when the temperature is increased beyond the critical tem-
perature threshold. Thus, a study on the temperature thresh-
old would enable a detailed understanding of the failure
mechanism of thermally cycled sandstone.

In this context, the geology of the coal fire control project
site with a complex high-temperature environment was con-
sidered the research background. The sandstone samples col-
lected from the coal fire area were first heated to 800 °C and
cooled using water. Second, the rock samples were heated
to a set of temperatures (100 °C, 200 °C, 300 °C, 400 °C,
500 °C, 600 °C, 700 °C, and 800 °C) and cooled using water.
Third, the ultrasonic p-wave velocity (v), density (p), and
water absorption (w) of the sandstone samples were tested
to determine the thermal damage caused to the samples.
The uniaxial compression and shear tests were conducted to
study the variation in the mechanical properties of the sand-
stone samples. Rock energy and energy dissipation theories
were used to assess the thermal damage in the samples.
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Materials and methods
Sandstone sample preparation

Sandstones were collected from the Sandaoba coal
fire zone in Urumgqi, Xinjiang Province, China. To
facilitate the ease of transportation, the sandstones
were processed on site and cube blanks with a size of
300 mm X 300 mm X 300 mm (L X Wx H) were obtained.
The samples were made from the blanks at the labora-
tory. They were of two sizes: 50 mm X 100 mm (@ X h)),
and 60 mm X 60 mm X 40 mm (/X w X h,) in the labora-
tory. The samples with a size of 50 mm X 100 mm (@ X h;)
were used in the uniaxial compression test. The rest of
the samples were prepared for the uniaxial shear test. The
geological characteristics of the coal seam and sandstone
samples are depicted in Fig. 3.

Laboratory equipment

Figure 4a—c depict the ultrasonic p-wave speed detector
used to measure the ultrasonic p-wave velocities in the
samples, KSL-1200X muffle furnace (with a maximum
temperature of 1200 °C) used to heat the samples, and
the electric blast drying oven used to dry the samples,

Fig. 3 a Stratigraphic histogram
of Sandaoba coal fire zone in

Loess

respectively. Figure 4d shows the electro-hydraulic servo
universal testing machine used in the uniaxial compression
and shear tests.

Experimental method and procedure
Cyclic heating-cooling of sandstone samples

Figure 5 depicts that the sandstone samples were treated
under working conditions 0 (Cy) and n (C,) with n fall-
ing between 1 and 8. During C, treatment, the samples
were first slowly heated to 800 °C and maintained at that
temperature for 2 h. Second, the samples were quickly
removed from the high-temperature atmosphere furnace
and placed in cooling water to enable them to cool to
room temperature (25 °C). Last, the cooled samples were
collected and dried. Under working condition 4 (C,), the
samples that had been exposed to working condition C,
were slowly heated to 400 °C and kept at that temperature
for 2 h. Then, the samples were quickly placed in water
to cool them to room temperature (25 °C). To prevent hot
rocks from influencing the water temperature, the flowing
water was used to cool the samples. Sample processing is
illustrated in Fig. 5.

Urumgqi, Xinjiang Province,
China; b sandstone samples
before they underwent cyclic
heating—cooling treatment; and
¢ sandstone samples after they

Sandstone

underwent cyclic heating—cool-
ing treatment. Notes: Group 1.

Mudstone

Samples used in the uniaxial
compression test and Group 2.
Samples used in the uniaxial
shear test

Sandstone

Mudstone

Coal
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Experimental procedure

The ultrasonic p-wave velocities in the sandstone samples
before the samples underwent cyclic heating—cooling were
measured. The samples that had differing wave veloci-
ties were removed and the remaining sandstone samples
were numbered. The numbered samples were weighed and
measured to obtain the density of the raw sandstone.

The samples were pre-treated by subjecting them to
cyclic heating—cooling. Ersoy et al. (2019) reported that
the heating rate was set at 3 °C/min to reduce thermal
damage in the samples due to rapid heating. The C, sam-
ples were placed in the electric blast drying oven and dried
for 24 h. The weight, volume, and p-wave velocity of the
dried samples were measured immediately after being
dried. The C, samples were removed from the water and
kept in a ventilated area for 30 min to remove their surface
water. The mass of each sample was obtained to determine
the amount of water absorption. Then, the samples were
re-dried to analyse the variation in their wave velocities.
Finally, the uniaxial compression and shear tests were per-
formed on the samples.

In the uniaxial compression test, the load applied to
the rock samples was controlled using axial displace-
ment, which changed at the rate of 0.002 mm/s. In the
shear test, the load was changed using axial compression
at a loading rate of 3000 N/s. The shear angle was set at
45°. The test was terminated when the sample surfaces
collapsed.

Sandstone parameter definitions

For quantitative analysis of the variations in physical
parameters of the sandstone, the rate of change of ultra-
sonic p-wave velocity was defined as k, (Eq. (1)). The
change in the water absorption rate was defined as k,,
(Eq. (2)) given as follows:

k _Vn Yo

— 0 % 100%
= ‘ (1)
k=20 100%
YT W, ° @)
= 20 T o 100%
Wy = — o (3)

n

where v, and v, are the ultrasonic p-wave velocities of C,
and C, sandstone samples, respectively; w, and w, are the
water absorption rates of the C, and C, sandstone samples,
respectively and m,,, and m,, are the undried and dried mass
of C, sandstone respectively.
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Results
Variation in sandstone physical properties
Appearance of sandstone

As shown in Fig. 3c, raw sandstone is grey, whereas
sandstone that has undergone cyclic heating and cool-
ing is tawny. No cracks can be seen on the surface of pre-
treated sandstone. The surface colour of the C,—C, sam-
ples (100-400 °C) is not distinctly different from that
of C, samples. However, the colours of Cs—Cg; samples
(500 °C-800 °C) change considerably. The colour becomes
pale when the temperature exceeds 400 °C. The change in
the sample colour can be attributed to the chemical reactions
of metallic elements, such as iron (Ersoy et al. 2019; Shen
et al. 2021; Shi et al. 2021), contained in the samples. The
chemical reactions that can be expressed using Eqs. (4) and
(5) occur in iron during thermal cycling, causing the samples
to turn red because of the presence of red Fe,0;.

4Fe;04 + O, £ 6Fe, 05 @)

Changes in the physical parameters of sandstone

Table 1 lists the physical parameters of the samples meas-
ured in the uniaxial compression test. The density and
p-wave velocity of raw sandstone exceed those of C sand-
stone. The water absorption of raw sandstone is less than
that of C,, sandstone. These changes are caused by the ther-
mal damage that occurs when the samples are subjected to
high temperature and water cooling. Figure 6 presents the
relationship between density, k,, k,, and the temperature of

Table 1 Physical parameters of 50 mmX 100 mm (@ X h;) sandstone
samples

Name Condition p-wave M, m, Volume (cm®)

velocity (2) (2)

(km/s)
NY1,23 25°C 3.03 451.25 433.73 186.27
0Y1,23 C, 1.61 455.78 427.35 190.62
1Y1,23 C, 1.58 455.61 427.02 190.15
2Y123 C, 1.60 456.53 427.97 190.67
3Y123 G, 1.54 456.21 427.19 190.67
4Y123 C, 1.56 457.05 427.84 190.42
5Y12,3 Cs 1.41 458.33 427.63 190.89
6Y1,2,3 Cq 1.35 459.69 427.87 191.14
7Y123 C, 1.28 459.26 42732 191.32
8Y1,23 Gy 1.21 460.07 42721 192.41
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Fig.4 a Ultrasonic p-wave
speed detector. b KSL-1200X
muffle furnace. ¢ Electric

blast drying oven. d Electro-
hydraulic servo universal testing
machine

the samples. The temperature affects the sandstone in two
stages. The first stage is between 100 and 400 °C, and the
second stage is between 500 and 800 °C. In the first stage,
the temperature increases but p fluctuates around 2.242 g/
cm?®, indicating that p is insensitive to temperature. In
the second stage, the temperature is above 400 °C and p
decreases sharply as the temperature increases, indicating a
negative linear relationship with temperature. p is reduced
to 2.232 g/cm?® at 800 °C. The p-wave velocity and water
absorption of sandstone are related to p. In the second stage,
k, changes from —2.49 to —24.85%. k,, increases from 1.42
to 15.62%, indicating a positive linear correlation with tem-
perature. This synergistic change indicates that new cracks
occur and expand inside sandstone in the second stage
(Yavuz et al. 2010).

Uniaxial compression test

Stress—strain curve characteristics of thermally cycled
sandstone

Figure 7 depicts the typical stress—strain curves of ther-
mally cycled sandstone. The initial compression stage,
non-linear elastic stage, linear elastic stage, yield stage
and post-peak failure stage of sandstone are represented in
the stress—strain curves by the segments OA, AB, BC, CD,
and DE, respectively. In the first stage of C,, C,, C;, and

Heating
section

Thermostatic
section

Cy Cyg

—_—

K
S G

Water cooling
section

;
;
£ Ce

Cs

Cy

Temperature [C]

) 4 b oottt 7t

Time [min]

Fig.5 Cyclic heating—cooling treatments of different groups of sand-
stone samples

C, sandstone samples, the strain values (g,,) are approxi-
mately equal and are less than 0.004, which indicates that
during the 100—400 °C heating—cooling cycle, no dam-
age occurs in sandstone samples. Almost no new micro-
cracks occur in sandstones (Ersoy et al. 2021; Sirdesai
et al. 2017). In the second stage of Cs, Cg, C;, and Cy
sandstone samples, ¢,, becomes considerably long and
exhibits a growing trend as temperature increases, which
indicates the presence of new micro-cracks. The thermal
damage increases as the temperature increases beyond
400 °C (Sirdesai et al. 2017).

In the first stage, €45, €0, and e, are almost equal.
However, in the second stage, the three parameters change
considerably as the temperature increases: €, and e,
become longer and ez~ becomes shorter. The stress cor-
responding to point C decreases gradually. The phenom-
enon implies that the deformation of sandstone increases
under the same stress load. The failure mode of sandstone
changes from brittle to ductile (Kong et al. 2016) and the
plastic deformation of sandstone increases; however, its
load-bearing capacity decreases (Li et al. 2020a).

Mechanical characteristics of the sandstone subjected
to thermal cycling

Table 2 lists the mechanical parameters of sandstone samples
recorded during the uniaxial compression test. Figures 8 and
9 present the variation with temperature in peak stress, elas-
tic modulus, peak strain and the Poisson’s ratio of sandstone
samples subjected to different thermal cycles. The changes
in the mechanical strength are not noticeable in the first
stage. The peak stress, elastic modulus, peak strain and the
Poisson’s ratio fluctuate slightly from 50.00 to 50.95 MPa,
6.94 to 7.07 GPa, 0.0144 to 0.0147, and 0.20 to 0.22,
respectively. In the second stage, the mechanical strength
deteriorates rapidly as temperature increases. Compared with
sandstones under C, the values of peak stress and elastic
modulus decrease by 5.0-19.7% and 11.0-21.1%, respec-
tively. However, the percentage increase in peak strain and
the Poisson’s ratio is between 14.5 and 33.1% and between
30.0 and 70.0%, respectively. The compressive strength
behaviour confirms that plastic deformation of the sand-
stones increases and ductile failure occurs during the sec-
ond stage.
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Table 2 Mechanical parameters

Name Condition Peak stress Peak strain  Elastic modulus Poisson’s ratio Shear
of 50 mm x 100 mm (@ X h;) (MPa) (1073 (GPa) stress
sandstone samples (MPa)

NY1,2,3 25°C 63.42 1.06 9.41 0.38 34.52

0Y1,2,3 Cy 51.03 145 7.06 0.20 31.93

1Y1,2,3 C, 50.90 1.44 7.03 0.20 31.65

2Y1,2,3 C, 50.13 1.46 7.01 0.22 31.86

3Y1,2,3 C, 50.00 1.47 7.07 0.20 31.39

4Y1,2,3 C, 50.95 1.44 6.94 0.22 31.47

5Y1,2,3 Cs 48.48 1.66 6.28 0.26 30.51

6Y1,2,3 Cs 47.19 1.74 6.10 0.28 29.81

7Y1,2,3 C, 45.13 1.85 5.95 0.32 29.55

8Y1,2,3 Cq 40.97 1.93 5.57 0.34 27.17

Shear test

The shear test results of the sandstone samples are
depicted in Fig. 10. In the first stage, the shear strength
is between 31.39 and 31.86 MPa and it has been hardly
affected by temperature. In the second stage, the shear
strength decreases rapidly with increasing tempera-
ture reaching 27.12 MPa at 800 “C. The shear strength
of Cs—Cy samples is reduced by 4.4 ~14.9% compared
with that of the C; sandstone. Compared with the uni-
axial compression strength at any particular temperature,
the shear strength has a smaller attenuation at the same
temperature. This phenomenon could be attributed to
the different loading methods used in the two sets or to
sample size differences. The variation patterns of shear
strength and uniaxial compressive strength are similar.
The reasons for the decrease in the shear and compressive
strengths would be discussed in detail in the “Discussion”
section.
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Fig.6 Relationship between the physical parameters (p, k,, k,) of
thermally cycled sandstone with temperature
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Effects of thermal cycling on the energy evolution
law of sandstone

The damage of loaded rock is accompanied by energy evolu-
tion that reflects the crack expansion and damage evolution
inside the rock (Han et al. 2020; Luo et al. 2020; Xie et al.
2009; Zhang et al. 2020a). It specifically includes the fol-
lowing two aspects: (1) the original cracks, including the
cracks caused by thermal damage, are reflected by the strain
energy dissipated during the initial compression and non-
linear elastic stages (Luo et al. 2020; Zhang et al. 2020a)
and (2) the increase in the energy at the yield stage, implying
the formation of new cracks (Qin et al. 2020; Zhang et al.
2020b). Luo et al. (2020) concluded that the work required
for the propagation of rock cracks during compression could
be quantified using the dissipated strain energy. A high pro-
portion of the strain energy dissipated in the stages preced-
ing the yield stage indicates that the rock has numerous
inherent cracks. Cracks formed in high-temperature rocks
are of two forms: structural cracks and thermally induced
cracks. If the structural cracks can be assumed almost simi-
lar, the exacerbated thermal damage of high-temperature
sandstone can be represented by an increase in the dissipated
strain energy before reaching the yield stage.

Rock energy theory

The discussion that follows is based on the uniaxial com-
pression test results. If energy dissipation, such as that
caused by the friction between sandstone sample and test-
ing machine, is neglected, the samples can be assumed to
completely absorb the work of the testing machine. In this
study, the work was recorded as the total strain energy (U;
Han et al. 2020; Xie et al. 2009). Part of U, defined as the
elastic strain energy (U°¢), will be stored in the elastic struc-
ture of sandstone (Han et al. 2020). The energy remaining
is the dissipated strain energy (U%).
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Fig.7 Stress—strain curves of sandstone exposed to different thermal cycles

Based on the relationship between work and energy, U can
be calculated by integrating the stress—strain curve of the sand-
stone sample (Eq. (6)).

S
U= /Uldfl = 2 5(51i+1 —€1)(0y; + 01341) (6)
i=0

The energy relationship at time / during compression can
be expressed using Eq. (7) as follows:

U =U+U! 7

Equations (8) and (9) can be obtained using Hooke’s law
as follows:

1
U = o, ®
o =E; € )

Thus, U° can be calculated using Eq. (10) as follows:

| o2
Ule = 56”8% ~ Z_E'O (10)
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where o, and ¢, represent the stress and strain in the samples,
respectively, during the uniaxial compression test; 6;; and &;
represent the stress and strain at time 7 of the stress—strain
curve, respectively; n represents the total number of count-
ing points; ee /i represents the elastic strain at time i; E;
represents the elasticity modulus of sandstone at time i and
E, represents the elastic modulus of sandstone in the BC
segment of the stress—strain curve.

Energy consumption characteristics of sandstone
under the influence of temperature

The C5 and Cq sandstone samples were selected to illus-
trate the energy consumption law. In Fig. 11, the curves
of U, U¢ and U show different characteristics in different
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Fig.9 Relationship between temperature and the peak strain and the
Poisson’s ratio of thermally cycled sandstone
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Fig. 10 Relationship between temperature and the shear strength of
sandstones with thermal cycle treatment

segments. In the OA segment, U, U® and U? increase
slowly. In the AB segment, U? exceeds U¢ within the unit
strain (the original cracks in the samples are compacted
again and consume most of U). The original cracks inter-
sect at point B. In the BC segment, U¢ shows a linear and
rapid growth with strain. However, U? hardly increases,
indicating that only a few new cracks have developed.
This result is consistent with the conclusions reported by
Qin et al. (2020). In the CD segment, the growth rate of
U® decreases and U increases slowly. Thus, new micro-
cracks have appeared because of external forces (Zhang
et al. 2020a). When raw cracks penetrate the new cracks
(point D), the stress attains its peak value and the sand-
stone is damaged. In the DE segment, U* decreases rapidly
while U? increases. U® is released as the sandstone fails.
Particularly, U* appears as a ‘platform’ in the CD segment
of the stress—strain curve of the sample heated to 800 °C,
which indicates that ductile failure has occurred in the
sample.

Relationship between U9 and thermal damage
in the high-temperature sandstone

The relationship between U¢ and U and the temperature of
sandstone samples before reaching the yield stage is shown
in Fig. 12. They hardly change during the first stage.
During the second stage, as the temperature increases,
the proportion of U“ increases. The U proportion in Cs
sandstone is 8.40% greater than that of C, sandstone. The
increasing proportion of U? indicates an increase in the
micro-cracks within the sandstone. The sandstones with
evident differences in p-wave velocity were removed as
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(b) Energy evolution characteristics with strain of 8Y?2 sandstone sample

mentioned in the “Experimental procedure” section. The
number of structural cracks in the remaining sandstone
can be approximately equal. Thermal cycling causes an
increase in the internal cracks in the sandstone, result-
ing in increasing the U“ proportion before reaching the
yield stage. Therefore, the increasing U? proportion dem-
onstrates that the thermal damage has intensified starting
from 400 °C.

Discussion

In this study, the uniaxial compressive and shear strengths
of raw sandstone were chosen as 63.42 and 34.52 MPa,
respectively. The compressive and shear strength of sand-
stone exposed to 800 °C for the first time (Cy) were 51.03
and 31.39 MPa, respectively. They were attenuated by
19.53% and 9.07%, respectively, indicating that load-bearing
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Fig. 12 Relationship between U¢ and U¢ and temperature of sand-
stone samples before reaching the yield stage

capacity of sandstone has not considerably decreased. Thus,
no surface cracks would appear at the coal fire—extinguishing
site before repeated water injection is commenced. When
sandstone is exposed to high temperatures again, the ther-
mal damage in the sandstone and mechanical strength of the
sandstone begins to change as the temperature rises again
above 400 °C.

Thermal damage in sandstone subjected to cyclic
heating-cooling treatment

Sandstone comprises several minerals, such as quartz, kao-
linite, plagioclase, and calcite, which have different ther-
mal expansion coefficients (McCabe et al. 2010; Crosby
et al. 2018; Ersoy et al. 2019; Sun et al. 2020). Tempera-
ture affects the thermal expansion of minerals (Mahanta
et al. 2016; Kumari et al. 2017; Ersoy et al. 2021). At tem-
peratures below 400 °C, the negligible difference in ther-
mal expansion does not lead to new cracks and does not
weaken sandstone mechanical strength (Pathiranagei and
Gratchev 2021; Sun et al. 2020). When the temperature
exceeds 400 °C, the differential thermal expansion causes
thermal stress within the rock, promoting the formation of
new cracks (Kumari et al. 2017; Ersoy et al. 2019; Shen et al.
2020). When the high-temperature sandstone is cooled by
water, a large temperature gradient occurs inside the rock,
which promotes un-coordinated thermal expansion and
aggravates rock strength attenuation (Tao et al. 2018; Fan
et al. 2022). In addition, high temperatures cause mineral-
to-thermal phase transformation in sandstone (Kumari
et al. 2017; Pathiranagei and Gratchev 2021). For example,
a-quartz transforms into p-quartz at 573 °C (Chakrabati
et al. 1996; Pathiranagei and Gratchev 2021), which fur-
ther damages the rock micro-structure. When sandstone is
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Fig. 13 Formation of thermal damage in sandstone. a Raw sand-
stone at room temperature. b Sandstone exposed to 800 °C for the
first time. ¢ Sandstone exposed to 100400 °C for the second time.
d Sandstone exposed to 500 °C for the second time. e Sandstone
exposed to 800 °C for the second time

cooled, f-quartz reversely transforms into a-quartz (Shen
et al. 2020). Water cooling causes a reverse thermal phase
transition of the minerals, which again stimulates crack
generation and propagation. The degree of inter-connection
associated with internal cracks affects the physical properties
and mechanical strength of sandstone.

During the heating of C, sandstone to 800 °C, the rock
underwent uncoordinated thermal expansion and thermal
phase transformation of its minerals successively. When
sandstone was cooled using water, the cold shock was condu-
cive to the continuous development of uncoordinated thermal
expansion and reverse thermal phase transition. The thermal
expansion and thermal phase change reduced the mechani-
cal strength of C, sandstone by less than 20%. When the
C,—C; sandstones were subjected to thermal cycles again,
the thermal damage that occurred in the rock and the changes
in its mechanical parameters were different. In C,—C, sand-
stone (the first stage), the thermal expansion was negligible
and water cooling had no positive effect on the cracks. In
Cs—C; sandstone (the second stage), uncoordinated thermal
expansion and reversible thermal phase transitions occurred
because of the effects of temperature and water cooling,
which increased the thermal damage and deteriorated its
mechanical strength. Therefore, thermally cycled sand-
stone exposed to different temperatures after being heated to
800 °C has a critical threshold temperature of 400 °C.

Damage process of sandstone subjected to cyclic
heating-cooling treatment

The main body (E), defined as the elastic core (Wang et al.
2014), of the rock with few cracks fully bears the applied
load (Elkadi and Van Mier 2006). In this study, the entire
raw sandstone was considered E. As illustrated in Fig. 13,
the sandstone volume increases when sandstone is subjected
to 800 °C for the first time. Un-coordinated thermal expan-
sion of mineral particles occurs extending from the red line
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Fig. 14 a Uncoordinated a
thermal expansion of mineral
crystals on the rock surface. b
Coordinated thermal expansion
of mineral crystals in the E of
rocks

Particulate <—

Surface «——

Crack

to the sandstone surface, causing micro-crack creation (Shen
et al. 2020). At the high temperature of 800 °C, uncoordi-
nated thermal expansion occurs. Water cooling promotes the
further development of thermal expansion. By contrast, the
mineral particles of E within the red circle undergo coordi-
nated expansion. The expansion and contraction volumes
of each particle are equal, and no micro-cracks appear. In
the first stage, the E of sandstone is not destroyed at low
temperatures (100400 °C) and when placed in cold water.
When the temperature exceeds 400 °C in the second stage,
the width and length of the micro-cracks outside the red
circle increase because of the high temperature and water
cooling. The expanded micro-cracks provide space for the
un-coordinated expansion of the mineral particulates in E.
As thermal damage increases, E shrinks and the mechanical
strength decreases. This step-by-step process reveals that
the damage caused by temperature and water cooling occurs
only gradually starting from the surface and moving inwards.
Peng et al. (2019) illustrated this process.

The causes of un-coordinated and coordinated thermal
expansion of the mineral particles in sandstone are illus-
trated in Fig. 14. The particles undergo thermal expansion
and are squeezed by thermal stress caused by the thermal
expansion of other minerals and are simultaneously sub-
jected to bonding forces of the cement (Shen et al. 2020).
The thermal stress and bonding force of the surface par-
ticles of sandstone are not equal. The unbalanced force is
converted into a tensile force, which destroys the particles
and cement (Mahanta et al. 2016). Inter-granular and trans-
granular micro-cracks will appear in the sandstone (Wang
et al. 2017). Each mineral particle in the E is tightly wrapped
around other particles. The thermal stress and bonding force
of each mineral particle are equal. The particles expand and
contract to the same extent without cracking. The thermal
stress concentration is generated at the crack tips of sand-
stone subjected to high temperatures (>400 °C), promoting

—> Thermal stress

Bonding force

Particulate
\l\

crack expansion. The particles on either side of the crack
undergo un-coordinated thermal expansion, worsening the
thermal damage. Thus, as the temperature increases, the
thermal damage in E of sandstone subjected to water cool-
ing increases and its mechanical strength deteriorates.

Future research work

The thermal damage and mechanical properties of sandstone
exposed to cyclic heating—cooling were investigated. The
coordinated thermal expansion and un-coordinated thermal
expansion were used to explain the damage process. Math-
ematical methods that can be used to analyse the thermal dam-
age in sandstone are not available. Thus, a thermal damage
assessment model should be developed. Our future research
will attempt to express the relationship between temperature
and thermal damage using a mathematical equation. It will
help us understand quantitatively the effects of different cyclic
heating—cooling conditions on high-temperature sandstone.

Conclusion

In this study, sandstone samples were heated to 800 °C
and cooled using water. Then, they were heated to a set
of temperatures (100 °C, 200 °C, 300 °C, 400 °C, 500 °C,
600 °C, 700 °C, and 800 °C) and cooled using water. Using
uniaxial compression as well as shear test results and rock
energy analysis, the thermal damage and mechanical prop-
erties of sandstone subjected to cyclic heating—cooling
were determined. Moreover, the coordinated and unco-
ordinated thermal expansions of sandstone were used to
identify the dynamic relationship between thermal expan-
sion and crack development. The conclusions of this study
are given as follows.
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1. The effect of temperature on sandstone in a cyclic
heating—cooling environment and exposed to a high
temperature could be divided into two stages, demar-
cated at 400 °C. In the first stage (100-400 °C) of the
second thermal cycle of sandstone already subjected to
800 °C once, the parameters, such as the surface col-
our, density, water absorption and ultrasonic p-wave
velocity, showed almost no change. In the second stage
(500-800 °C), the surface colour gradually became
pale as the temperature increased. p and k, had a nega-
tive linear correlation with temperature. p reduced to
2.232 g/em? and the ultrasonic p-wave velocity reduced
by 24.85% at 800 °C. k,, had a positive linear correla-
tion with temperature, increasing to 15.62% at 800 °C.

2. During the first stage, the reduction of compressive and
shear strengths was not obvious. During the second
stage, the peak stress and elastic modulus of sandstone
decreased by 5.0-19.7% and by 11.0-21.1%, respec-
tively. The attenuation of shear strength was between
4.4 and 14.9%. The peak strain and the Poisson’s ratio
increased by 14.5-33.1% and by 30.0-70.0%, respec-
tively. Therefore, the critical threshold temperature of
sandstone heated to different temperatures after being
first heated to 800 °C was 400 °C.

3. During the first stage, the proportion of U¢ and U in
sandstone (before reaching the yield stage) hardly
changed. During the second stage, the U“ proportion of
C; sandstone exceeded that of C, sandstone treated by
8.40%. The U? proportion increased as the temperature
increased. The percentage of dissipated strain energy
was consistent with the thermal damage in sandstone.
The thermal damage aggravated after the temperature
increased beyond 400 °C.
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