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Abstract

Previous studies on thermal induced damage of rocks concentrated mainly on the analysis of macro-mechanical properties.
This paper documents physical and microstructural characteristics of sandstone after high-temperature treatment by using
several testing methods at the micro scale. Results indicate that physical including mechanical parameters of tested sandstone
show some strengthening effect up to a temperature of about 100 °C, which is related to the evaporation of free water and
the thermal expansion of mineral particles. Beyond 100 °C, the physico-mechanical properties of sandstone are weakened
significantly. Mass loss and porosity show a continuously growing with increasing temperature, while P-wave velocity, split-
ting tensile strength, compression strength, and elastic modulus are decreasing. Nuclear magnetic resonance (NMR) imaging
tests were carried out to capture the variations in porosity and pore size distribution characteristics of sandstone during the
heat treatment. With increasing temperature, the number of macropores and microcracks increase and coalesce. There is a
linear relationship between rock porosity and tensile as well as compressive strength. Differential thermal analysis (DTA)
shows that the a-f phase transition of quartz minerals occurs at a temperature of 573.4 °C. Additionally, between 400 and
600 °C, more transgranular microcracks are observed detected by optical microscope and scanning electron microscopy
(SEM) observations, which proves that quartz phase transition is an important factor to induce microcracks. Thermal treat-
ment also has a significant influence on the variation of the brittle index of sandstone, which makes thermal-induced plastic
deformations of the sandstone more obvious.

Keywords Sandstone - Thermal damage - Pore structure characteristics - Microscopic mechanisms

Introduction engineering is often affected by sudden high-temperature

jumps such as explosion or fire. Post-disaster reconstruc-

The influence of temperature on strength, deformation, and
stability of rock masses has become an important scientific
problem in the field of rock mechanics and engineering
(Brotons et al. 2013; Tian et al. 2014). With the development
of geothermal energy generation, oil exploitation, nuclear
waste storage, and the utilization of deep underground space,
research on the characteristics of rocks and bedrock at ele-
vated temperatures is becoming more and more important (Yi
et al. 2019; Shafiei and Dusseault 2013; Liu et al. 2014; Wood
and Kaewsomwang 2018). Additionally, deep rock mass
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tion, repair, reinforcement, as well as safety assessments also
need to consider changes in the mechanical behaviour of the
rock after potentially subjected to high temperature (Hajpal
2002; Chakrabarti et al. 1996). Therefore, the influence of
temperature changes on the mechanical properties of rocks is
an important factor that cannot be ignored when studying the
problems of deep rock engineering.

Rock as a natural geological material is a mixture of vari-
ous mineral particles and pores. Rocks contain many defects
such as non-uniform distribution of joints and cracks. These
defects play a vital role for the macroscopic deformation
of rocks under mechanical and thermal loading and lead to
inhomogeneous, anisotropic, and inelastic behaviour (Zhao
et al. 2019; Braun et al. 2019). Over the last decades, sub-
stantial effort has been made to explore the thermal effects
on various rock types regarding physical and mechanical
properties. For example, Tian et al. (2012) systematically
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reviewed the effect of high temperature on the physical
properties (including bulk density, porosity, permeability,
and compressional wave velocity) of sandstone based on
an extensive literature study. They reported that changes in
the physical properties of sandstones are too small to be
neglected after heat treatments at 100-200 °C but usually
decline significantly above 400 or 500 °C treatment. Li et al.
(2020) studied the changes in pore structure and mechani-
cal properties of sandstone after high-temperature treatment
using nuclear magnetic resonance. They observed that high
temperatures significantly increased the porosity and perme-
ability of the sandstone and that the compressive strength
continued to decrease with increasing temperature. Lii et al.
(2017) carried out Brazilian tests on the Linyi sandstone at
temperatures ranging from 25 to 900 °C. They found that
the indirect tensile strength and longitudinal wave veloc-
ity of the sandstone decreased with increasing tempera-
ture over the entire temperature range tested. Brotons et al.
(2013) studied the physical and mechanical properties of a
porous rock (San Julian’s calcarenite) heated up to 600 °C
that involved UCS tests with two different cooling meth-
ods. Their results showed that the compressive strength and
elastic modulus decrease proportionally to the temperature
and that the thermal weakening effect greatly depends on
the cooling method. It can be generalized from the studies
mentioned above that temperature usually causes signifi-
cant “thermal damage” to rocks, weakening their strength
and physical properties. However, studies have also indi-
cated that rock strength may not necessarily decrease with
increasing temperature. Ranjith et al. (2012) carried out
uniaxial compression tests on the Hawkesbury sandstone at
various temperatures from 25 to 900 °C. They reported that
the compressive strength and elastic modulus of the sand-
stone increased with increasing temperature before 500 °C,
whereas the opposite variations were observed for tempera-
tures greater than 500 °C. Rao et al. (2007) investigated the
mechanical properties such as the indirect tensile strength,
compressive strength, elastic modulus, and mode I fracture
toughness of thermally treated sandstone. They observed
that these mechanical parameters are linearly increased with
the increasing temperature below a specific temperature of
200 or 250 °C. Mahanta et al. (2016) further studied the
influence of thermal treatment on the mode I fracture tough-
ness of three kinds of Indian rocks. Test results indicated that
fracture toughness decreased progressively with increasing
temperature, but all these rocks showed varying degrees of
increase in fracture toughness up to a temperature of 100 °C.
They stated that the increase in fracture toughness might be
related to the evaporation of free water and the closure of
pre-existing fractures within the rock.

In summary, current research on the thermal damage
of rocks mainly focuses on the macroscopic physical and
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mechanical properties. Due to the significant difference in
different rock types, rock-forming conditions, and mineral
compositions, various microscopic damage mechanisms have
been put forward for rock weakening by high temperatures,
including thermal expansion (Sirdesai et al. 2019; Meng
et al. 2020), thermal cracking (Fredrich and Wong 1986;
Griffiths et al. 2018; Wong et al. 2021; Zuo et al. 2018),
water release (Wong et al. 2020; Tian et al. 2014), phase
transition (Glover et al. 1995; Wang et al. 2019; Zhang et al.
2021), decomposition (Liu et al. 2019), melting (Ersoy et al.
2021; Tripathi et al. 2021), recrystallization (Wadsworth
et al. 2016), and dehydroxylation (Funatsu et al. 2004; Mollo
et al. 2011; Heap et al. 2012). To reveal the underlying
mechanisms of temperature effects on rock strength, many
scholars have also studied the physical characteristics of
rocks during the destruction process considering electromag-
netic radiation (Vostretsov et al. 2010), acoustic emission
(Rong et al. 2018; Li et al. 2018), micro-seismicity (He et al.
2011), and infrared thermal radiation (Ma and Zhang 2019).
However, the internal structure of rocks experience com-
plex changes under high temperature and extreme loads. The
development of microcracks and pores caused by changes in
the internal stress field under extreme temperature as well
as changes in the mineral composition and structure caused
by physical and chemical reactions can have a significant
impact on the mechanical behaviour of rocks (Liu et al.
2016, 2019; Meng et al. 2020). Therefore, it is necessary to
carry out an in-depth study of the mineralogical and micro-
structural characteristics of rocks exposed to different high
temperatures, which will be helpful in accurate predictions
of rock stability in engineering applications.

The aim of this study is to reveal the underlying mecha-
nisms of temperature influence on rock strength. The effect
of temperature on the physical and mechanical properties
of sandstone was first analysed. Temperature-induced
microscopic damage was then investigated through an
integrated approach involving petrographic thin section
analysis, scanning electron microscopy (SEM) observa-
tion, X-ray diffraction (XRD), and differential thermal
analysis (DTA). On this basis, relationships between the
microscopic failure mechanisms and the macroscopic
mechanical characteristics for sandstone exposed to high
temperature are deduced. To better understand the damage
process and mechanisms, the results of this study were
compared with previously published literature on different
types of sandstone. The results suggested that the mis-
match in thermal expansion of the mineral grains and their
chemical decomposition at different temperatures are the
main reasons for the deterioration in rock strength. Addi-
tionally, the mechanical properties of sandstones contain-
ing more clay minerals are more likely to be strengthened
by temperature.
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Fig. 1 Micrographs of the
Changsha sandstone obtained
by optical microscope under

a plane and b cross-polarized
light (Qtz, quartz; Pl, plagio-
clase; Cal, calcite; Ser, sericite)

Materials and methods
Sample preparation

In this study, the fine-grained sandstone collected from
Changsha city (Hunan province, China) was selected for
experiments due to its isotropic and homogeneous. The sur-
face colour is greyish-white with a certain light green at room
temperature. Microstructure and mineralogical characteristics
of sandstone were studied by optical microscope (Fig. 1). The
X-ray diffraction technique is used to determine the mineral
composition of the sandstone, and the specific mineral con-
tent in weight percentages are quartz (65.68 wt%), feldspar
(21.35 wt%), montmorillonite (4.58 wt%), muscovite (3.67
wt%), and chlorite (4.72 wt%), as listed in Table 1.

To eliminate the effects of anisotropy, all sandstone sam-
ples are drilled from a single rock block in the same direc-
tion and prepared according to the recommendation of the
International Society of Rock Mechanics (ISRM) (Zhou
et al. 2012; Bieniawski and Hawkes 1978). The diameter
of the samples was about 50 mm, and two different length/
diameter ratios were processed, 2.0 and 0.5 for the uniaxial
compression and indirect tension tests, respectively. The
circumference and end surfaces of the samples were pol-
ished to ensure that the non-parallelism of the end surface is
less than 0.02°, and the surface unevenness is less than 0.02
mm. For further analysis, samples with similar density and
P-wave velocity were selected to minimize the influence of
rock inhomogeneity. The bulk density and P-wave velocity
of the dry samples was approximately 2.59 g/cm® and 3247
m/s, respectively. In addition, the average value of the total

(b)

porosity of the tested sandstone specimens (before thermal
treatment) is about 3.21%, determined by using the nuclear
magnetic resonance (NMR) tests, as shown in Fig. 2.

On the other hand, we further measured the porosity of
sandstone specimens before high-temperature treatment using
a conventional mercury intrusion porosimetry (MIP) method.
The test results are shown in Fig. 3. It could be observed
from Fig. 3 that the cumulative pore volume increases slowly
along with the pressure before closing to 100 psia. However,
when the pressure exceeds 100 psia, the cumulative pore
volume correspondingly increases rapidly. Furthermore, if
the pressure is higher than 3000 psia, the cumulative pore
volume nearly keeps constant. In the mercury ejection curve,
the cumulative pore volume remains constant when the pres-
sure is higher than 1000 psia but declines as the pressure
decreases to 1000 psia below. In addition, the porosity of
the sandstone specimens obtained using the MIP method
is smaller than that measured by the NMR test; they were
approximately 3.07% and 3.21%, respectively. The main
reason for this discrepancy is that many rock samples, espe-
cially low-porosity and low-permeability rock samples, are
less than 100% saturated with piezometric mercury, while
the NMR technique can detect very small pores in rock
samples, which also proves that the NMR technique has its
unique advantages in measuring small pores and complex
pore distribution.

Experimental setup and procedure

The experimental technique and test procedures are given
in Fig. 4. It can be divided into four sections: sample

Table 1 Summary of the

. . - Mineral composition  Chemical formula Grain radius (mm)  Content (wt%)
main mineral composition of
Changsha sandstone Quartz Si0, 0.25-0.6 65.68
Feldspar KAISi;04, NaAlSi;Oy, CaAl,Si;04 0.4-0.6 21.35
Montmorillonite (Na, Ca), 35(Al, Mg),[Si,0,4l(OH),nH,0  0.1-0.2 4.58
Muscovite KAl (AlSi;0,4)(OH), 0.06-0.3 3.67
Chlorite (Mg, Fe)s(Al, Fe),Si;0,,(0OH), 0.08-1.2 4.72
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heating process, measurement of physical parameters, in Fig. 4a. The maximum heating temperature of
mechanical strength tests, and mineralogical and micro- the furnace is 1300 °C, and the heating rate can
structural analyses. The detailed test procedure and setting be servo-controlled. For this study, the temperature
parameters are as follows: was set to eight levels: room temperature (25 °C)
and 100, 200, 400, 600, 800, 1000, and 1200 °C,
(I) Sample heating process: the thermal treatment of with seven specimens in each group (six samples
sandstone was conducted in a high-temperature box- were used for mechanical testing and the other one
type resistance furnace (muffle furnace), shown for mineralogical analysis). The heating process was
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Part IV. Mineralogical and microstructural analysis

Fig.4 Experimental system and test procedure

an

carried out with 3 °C/min until the specified tem-
perature was reached, and then the temperature was
kept constant for 2 h to ensure that the temperature
is uniform inside the sample. Thereafter, samples
are naturally cooled down to room temperature in
the furnace to avoid thermal shock damage caused
by the temperature difference between the heating
furnace and outside environment (Shen et al. 2020;
Nasseri et al. 2009). After completion of the heat
treatment, all specimens were placed in a drying
oven at room temperature (around 25 °C) for the
experiments of the next stage.

Measurement of physical parameters: after comple-
tion of the thermal treatment, some basic physical
parameters of all sandstone samples will be first
measured, including weight, volume, bulk density,
P-wave velocity, and porosity. The variation in bulk
density can be calculated from the tested weight
and volume of samples. P-wave velocity was deter-
mined using an HS-YS4A ultrasonic detector, and
the measurement process was carried out according
to the suggested method by ISRM (Aydin 2014).
During the test, the ultrasonic transducer is aligned
with the centre of the two ends of the sample, and
petroleum jelly is used as a coupling agent to main-
tain a good coupling between the transducer and
the tested sandstone surface, shown in Fig. 4b.
Regarding the porosity measurement, a low-field
AniMR-150 NMR testing system was adopted in
our work, as shown in Fig. 4d. It should be noted

(IID)

av

Part III. Mechanical strength test

that the NMR method focuses on obtaining the
pore structure and porosity of rocks by measuring
the relaxation properties of hydrogen-containing
nuclear fluids inside the rock. Since natural rocks
rarely contain fluids, NMR tests can hardly detect
any electromagnetic signals on dry rocks. Addition-
ally, the water saturation degree of the rock plays
a significant effect in the porosity measurement
results. Therefore, rock samples must be treated in
a vacuum water saturation device (Fig. 4c) for more
than 48 h to reach a fully saturated state. The theory
of low-field NMR techniques will be described in
detail in the next section.

Mechanical strength test: before mechanical strength
testing, all sandstone samples were dried in a muf-
fle furnace at 105 °C for about 24 h, as shown in
Fig. 4e. After that, the uniaxial compression and
Brazilian disc tests on dry sandstone samples were
carried out on an RMT150C hydraulic servo testing
machine, as shown in Fig. 4f. The loading capacity
of this machine can be up to 2000 kN, and the test-
ing system can record vertical loads and displace-
ment. For the Brazilian disc test, the sandstone
disc was compressed diametrically under force-
controlled loading by a flat load platen without any
cushion strips or loading jaws on the specimen. A
constant loading rate of 0.02 kN/s was selected for
the compression and indirect tension tests.
Mineralogical and microstructural analysis: in
terms of thermal analysis, the mass loss and heat
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exchange of sandstone minerals due to chemical
and physical reactions were measured with a simul-
taneous thermal analyser (NETZSCH Instruments
Co., STA 449C) at a heating rate of 3 °C/min,
between 25 and 1200 °C, under an air atmosphere,
showed in Fig. 4g. In addition, the mineral frac-
tions of sandstone specimens subjected to different
high temperatures were analysed using the powder
compact method on a D8-Advance X-ray diffrac-
tometer, shown in Fig. 4h. To reveal the variation in
microstructural characteristics of sandstone, optical
thin-section microscopic observation and scanning
electron microscopic analysis were also carried out
on sandstone samples after exposure to different
high temperatures, shown in Fig. 4i and j.

Theory of low-field NMR techniques

Nuclear magnetic resonance (NMR) is used to measure the
porosity of sandstone, which is based on the magnetic prop-
erties of atomic nuclei and their interaction with the applied
magnetic field. It mainly measures the relaxation character-
istics of the hydrogen-containing nuclear fluid in the rock
pores. When a water-saturated sandstone is put into a con-
stant magnetic field, the application of the radio frequency
(RF) field will cause the hydrogen nuclei to resonate and
absorb RF pulse energy. When the RF field is removed, the
absorbed RF energy will be released by the hydrogen nuclei.
The process of the energy release can be detected through
a special coil, and a signal whose amplitude is attenuated

e
.

Fig.5 Multi-exponential relaxa-
tion decay curve T, in porous
media (Xue et al. 2018)

.

Co \‘.".
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exponentially with time can be received, which is the nuclear
magnetic resonance signal (Li et al. 2016). As the rock skel-
eton does not generate magnetic resonance signals when the
specimen is fully saturated, pore water distribution charac-
teristics measured by NMR can truly reflect the pore struc-
ture characteristic of the sandstone.

In addition, for samples with different properties, the
energy release rate is different. The pore structure of the
rock usually has a pore size distribution, and each pore size
has its own characteristic relaxation time T,. By analysing
the distribution difference of the T, curve, a change in rock
pore structure can be detected. Figure 5 shows the multi-
exponential relaxation decay curve in porous media (Xue
et al. 2018).

The pores on the left side in Fig. 5 represent the size and
number of pores within the sample being tested. In NMR
testing, the size of the pore diameter within the rock cor-
responds to the position of the different diffraction peaks on
the X-axis, and the diversity of pore diameters determines
the number of diffraction peaks in the T, distribution curve.
According to the distribution characteristics of the peaks
of the multi-exponential relaxation decay curve T, shown
in Fig. 5, the pore aperture can be observed. The larger the
pore size of the rock, the longer the corresponding relaxa-
tion time, and the stronger the shift of the T, distribution
curve to the right. The relationship between pore size and
relaxation time 7, can be expressed as (Yao et al. 2010; Jin
et al. 2020).
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where T, is the relaxation time (s) of pore fluid caused by
surface relaxation, p, is the relaxation strength of surface
fluid (m/s), S is the surface area of the pore (m?), and V is
the volume of pore fluid (m?).

Results and discussion
Physical properties of heated sandstone

Colour changes and surface cracks of the sandstone after dif-
ferent high-temperature treatments are shown in Fig. 6. The
colour of the specimens of the Changsha sandstone selected
for this study was greyish-white with a certain light green
at room temperature. The surface of the samples is flat and
clean, with no obvious defects observable by the naked eye.
After high-temperature treatments at 100-200 °C, the sand-
stone mainly underwent dehydration of free water, and there
was almost no significant change in surface colour and vol-
ume. After treatment at 400—-600 °C, the surface colour of
the sample gradually changed from greyish-white to red or
light yellow, and the light green on the surface of the sam-
ples gradually disappeared. The typical chemical reaction
caused by heating is the oxidation of iron in the calcium
matrix, which leads to a change in colour from light green
to red (Gautam et al. 2016; Hajpal and Torok 2004).

Above 800 °C, morphological changes became more obvi-
ous, and the volume expanded significantly. When the temper-
ature was further increased to 1000 °C, some mineral grains
underwent a considerable degree of expansion, the surface of
the sample became rough due to loosening of mineral parti-
cles, and some obvious macroscopic cracks appeared. When
the temperature exceeded 1200 °C, the surface colour of the
sandstone sample changed from yellow to black, and some
transparent crystals appeared on the surface. This phenom-
enon might be caused by the melting of the aluminosilicate

Fig.6 Surface colour changes
and crack evolution in sandstone
after high-temperature treatment

25°€

100°C

in the sandstone (Sirdesai et al. 2019; Zhang et al. 2017). The
sandstone specimens experienced high-temperature meta-
morphism, and the overall structure changed. Some of them
were severely damaged and lost almost their bearing capacity.
Therefore, samples treated at 1200 °C were not used subse-
quent mechanical testing.

Figure 7 documents that the density of tested sandstone
generally decreases linearly after high-temperature treat-
ment compared to room temperature. However, the mass
loss after high-temperature treatment did not show a lin-
ear increase but showed a parabolic relation (growth rate
gradually slowed down). There might be two reasons for
the variation of sandstone density after thermal treatment:
at low temperature, the heat treatment causes internal water
loss, and the reduction in weight during this stage is the
leading factor causing the decrease in density. However, as
the treatment temperature increases, the internal moisture of
the sandstone is completely lost. Even at higher temperature,
the mass variation caused by the thermal decomposition of
mineral components is relatively small, and as a result, the
weight remains nearly constant. However, increasing tem-
perature causes mineral expansion, increasing volume, and
consequently decreasing density. Mass loss and change in
density of the sandstone as function of temperature follow
the relationships (regression analysis):

&(T) =3.95 - 4.38¢77/24138 (R? = 0.99) )

p(T) = 2576.57 — 0.188T (R? = 0.98) 3)

where &(T) and p(T) stand for mass loss and density of the
sandstone samples after heating at temperature 7.

The acoustic parameters affected by temperature are
important for analysing the occurrence and development of
internal microcracks in heat-treated rocks, and they are also
useful to study the physical and mechanical properties of
the rock (Liu and Xu 2015). In this study, the ultrasonic

200°C:

400°C ‘

@ Springer



83 Page8of23

Bulletin of Engineering Geology and the Environment (2023) 82:83

Fig.7 Rock density and mass loss
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P-wave velocity of all sandstone samples before and after
high-temperature heating was measured (Fig. 8).

Figure 8 shows that P-wave velocity increases up to
about 100 °C. The main factor contributing to this phe-
nomenon is the closure of pre-existing microvoids and
microcracks within the rock due to the thermal expansion
of mineral particles, increasing the compactness of the

Fig.8 P-wave velocity vs.
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sandstone. When temperature exceeds 100 °C, the P-wave
velocity continuously decreases with increasing tempera-
ture, indicating that the high temperature has caused obvi-
ous thermal damage to the sandstone. On the one hand,
under the influence of high temperature, the evaporation
of free water forms water vapour, which causes an increase
in pore volume and hinders the propagation of ultrasonic
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waves to some extent; on the other hand, the uneven expan-
sion of different minerals at high temperature leads to
induced thermal stresses, which leads to development and
expansion of microcracks and micro holes in the rock, but
also to stronger attenuation of the ultrasonic wave energy.
The following equation describes the relationship between
P-wave velocity and temperature:

Vp = 3251.03 + 0.17T — 0.00672 — 4.2¢™5T% (R® = 0.98)
“

NMRT, spectrum distribution and pore characteristics

The T, spectrum of sandstone samples after treatment at
different temperatures is shown in Fig. 9a. Peak position and
area of the T, spectrum represent size and corresponding
number of pores, and the curve represents the distribution
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Fig.9 NMR test results and the pore structure characteristics of sand-
stone after different high-temperature treatments: a T, spectrum of
sandstone specimens; b curves of cumulative porosity of sandstone

pores in terms of size (Frosch et al. 2000). In this study, the
NMR T, spectrum of the sandstone sample shows 3 peaks
at around 0.5 ms, 1 ms, and 80 ms. The abscissa positions
of these three relaxation peaks are similar, which indicates
that the pore size distribution of sandstone has not changed
substantially up to 1000 °C.

In the temperature range between 25 and 200 °C, the
peak value of the first relaxation peak does not change
much. However, when the temperature exceeds 200 °C,
the first peak value decreases first and then increases,
which is related to the expansion of rock particles and
the initiation of new microcracks at higher temperature.
Additionally, with increasing temperature, the positions
of the three relaxation peaks of the T, curve gradually
move away from the coordinate origin, which indicates
that the average diameter of the pores is increasing under
high temperature.

ey ey
Micropores

al L R LR
| Macropores
6 I
25°C ;
__ 54 | —*—100°C |
> —»—200°C I
2, —=— 400°C :
2 —e— 600°C .
o 0,
g , —a— 800°C
S o3
2
=
EREE
g 2
=
@]
l -
0 -
10” 10" 10 ' 10° 10"
Relaxation time T (ms)
IOO T I ) I ¥ T ¥: I L T 1
904 - Micropores Open pore & fracture_ 1
] Bl Macropores — J
80 Closed pore — = % T
S 70 ]
= ] N
2 604 " i
5 3 .‘
r=9 4 1 4
S 504 4
E L -
= 404 _
=
g ] ]
S 304 o
204 -
10 —

25 100 200 400 600 800 1000

Temperature (°C)

(d)
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Figure 9b shows the relationship between cumulative poros-
ity and relaxation time for sandstone after treatment at different
high temperatures. The variation of porosity after treatment
was calculated as shown in Fig. 9c. By regression analysis,
rock porosity and temperature meet the following equation:

P(T) =3.16+0.0017T + 4.16T% — 2.28¢~°T3 (R = 0.98)
&)

Figure 9c documents that porosity exhibits a completely
opposite trend in comparison to the P-wave velocity (see
Fig. 8). At 100 °C, the rock porosity is slightly decreased,
suggesting that the thermal expansion of minerals particles
and the closure of pre-existing microcracks have produced
a more compact rock, which leads to “negative” damage.

Many scholars have studied the consistency between
nuclear magnetic resonance and mercury intrusion method
in respect to the estimation of the pore structure and believe
that the T, cut-off line can be used to segment the T, spec-
trum of saturated rocks, for instance, into bound pores and
free pores (Coates et al. 1999; Westphal et al. 2005). The
bound pores and free pores also indicate the closed and open
states of pores in the rock, respectively (Yao et al. 2010).
The bound water generally exhibits a shorter T, relaxa-
tion time, and the movable water has a longer T, relaxation
time. Therefore, T, cut-off value is a key parameter to dis-
criminate the form of movable and bound water and then to
evaluate pore structure and pore size distribution. According
to Li et al. (2015) and Tang et al. (2016), for rock or coal
masses, the average T, cut-off is 10 ms. A value of T, < 10
ms corresponds to micropores that are filled with bound
water, and a value of T, > 10 ms corresponds to macropores
or microcracks from which the water can be easily drained.
Therefore, this paper also uses 10 ms as the T, cut-off line
to further analyse the pore size distribution of the sandstone
as shown in Fig. 9a and b.

Figure 9d shows that the proportion of micropores and
macropores in sandstone changes obviously with increas-
ing temperature. In the temperature range between 25 and
200 °C, the proportion of micropores in sandstone is higher,
but with increasing temperature, the number of micropo-
res decreases, and the proportion of macropores increases.
When the temperature is between 400 and 600 °C, the
number of macropores exceeds the number of micropores.
When the temperature continues to rise, the proportions of
macropores and micropores become approximately equal.

The distribution of hydrogen nuclei ("H) in the water-
saturated rocks can be obtained with the help of magnetic
resonance imaging (MRI) technology; generally, the MRI
signal can be visualized as a grayscale image. Because water
has difficulty penetrating the rock matrix, greyscale images
of water-saturated rocks can reveal the distribution of pores
and microcracks in damaged rock specimens. Since the grey-
scale value depends on the density of the 'H, it is easy to
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surmise that the larger the pores and cracks, the higher the
density of the 'H, the higher the greyscale value, and the
brighter the pixels. To improve the recognizability of the
MRI images, we converted the grayscale images into proton
density-weighted photos according to the grayscale values of
the pixels, as shown in Fig. 10. On the colour bar, a high pro-
ton density (light) denotes a relatively high moisture content
(Xie et al. 2018). From 25 to 100 °C, the main colour of the
NMR images is blue, the bright spots are evenly distributed,
and some areas are darker. This indicates that the number of
pores in this section is small, the distribution is uniform, and
most of the pores are of small size. When the temperature
rises to 200 °C, the area of the blue bright spots increases
gradually, which indicates that the temperature has caused
damage and deterioration of the sandstone, increasing the
number of micropores and microcracks and further enlarging
the size of primary microcracks.

When the temperature reaches 400 °C, the blue areas
continue to increase and brighten, and some green aggre-
gation areas appear in some regions. The damage effect
of temperature is further strengthened, and microcracks
gradually converge in the rock and coalesce, forming larger
microcracks, thus providing more channels for the entry of
water. During the 600 to 1000 °C phase, more penetration
and aggregation is observed (indicated by green areas). The
bright and white areas in the MRI results become larger and
larger, which indicates that a large number of intergranular
and transgranular microcracks have been produced, and the
length and width of the microcracks gradually increased.
It is noteworthy that some minerals in sandstone melt and
recrystallize when the treatment temperature rises to 1200
°C, resulting in redistribution of the pore structure and a
reduction of the overall porosity during recrystallization, and
some larger bubbly pores are produced in some local areas.

Strength and elastic modulus

Compressive stress—strain curves and tensile load—displacement
curves of sandstone exposed to different temperatures are shown
in Fig. 11aand b.

The stress—strain curves of specimens treated before at
different temperatures are not linear but reveal an obvious
microcrack compaction process. Generally speaking, the
higher the treatment temperature was, the longer the stage
of closure of primary microcracks. This is consistent with
the previous results of NMR imaging. Therefore, high tem-
perature increases the porosity of the rocks, so the crack and
pore closure stage becomes longer.

Figure 12 shows the temperature dependence of compres-
sive strength, tensile strength, and elastic modulus of sandstone
after different high-temperature treatments. In this study, the
elastic modulus is determined by the slopes corresponding to
40% and 60% of the compressive strength in the rising stage of
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Fig. 10 MRI results of cross-
sections of samples subjected to
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the stress—strain curve. The graphs illustrate that uniaxial com-
pressive strength, indirect tensile strength, and elastic modulus
of sandstone in general decrease with increasing temperature,
but all three mechanical parameters show an exception up to
the temperature of about 100 °C. The main reasons for this
phenomenon may be related to the increased inter-particle
friction due to the evaporation of pore water and the closure
of pre-existing microcracks due to the thermal expansion of
mineral grains. Under the combined effect of these two factors,
the compactness and strength of the sandstone are enhanced.
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However, with increasing temperature, the uneven expansion
of different minerals at higher temperature leads to an increase
in thermal stresses; consequently more microcracks are gen-
erated, which result in strength decrease. Figure 13 gives the
relation between rock porosity and mechanical strength, which
indicates a good linear relationship between rock porosity and
strength. It can be concluded that thermal treatment changes the
porosity characteristics and initiates micro mechanical damage
of the rock, which is the main reason for its mechanical prop-
erty degradation. Based on a regression analysis, the following
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Fig. 11 Mechanical test results of sandstone after different temperature treatments: a uniaxial compressive stress—strain curves; b axial load—dis-

placement curves obtained from Brazilian tests
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Fig. 12 Rock strength (a) and elastic modulus (b) vs. temperature (mean value and standard deviation)

relations are obtained for the uniaxial compressive strength
(UCS) and the Brazilian tensile strength (TS):

UCS = 226.47 — 32.08P (R* = 0.98) (6)

TS =12.26 — 1.59P (R* =0.95) (7)

Beyond a temperature of about 400 °C, the elastic modu-
lus decreases rapidly, which might be closely related to the
brittleness characteristics. In order to quantify this finding,
the relationship between the brittleness index (defined as
ratio between tensile and compressive strength) and tem-
perature is presented (Altindag 2010) as shown in Fig. 14.
The brittle index shows a significant drop at a temperature
between 400 and 600 °C, which is also reflected by the
behaviour of the elastic modulus. The main reason for this
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Fig. 13 Rock strength vs. porosity (mean value and standard deviation)
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sharp decline of the brittle index of sandstone is the compre-
hensive effect of the development of transgranular microc-
racks and the thermoplastic deformation of some minerals
after high-temperature treatment (Ranjith et al. 2012). More
details on the intrinsic mechanisms which are responsible for
the brittle index decline in rocks at high temperatures will
be discussed in the following sections.

Thermal effects and evolution
of micro-damage

Thermal expansion and cracking mechanisms
The internal energy of rocks increases gradually under the

action of high temperature, resulting in thermal expan-
sion of mineral components. Due to the different thermal
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Fig. 14 Berittleness index vs. temperature (mean value and standard deviation)
expansion coefficients and anisotropy of different mineral

particles, a local concentration of thermal stresses occur at
the particle contacts.

Figure 15 shows optical electron microscopy images
of sandstone specimens exposed to different temperatures
(25-1200 °C). The images are magnified by a factor of 10.
It becomes visible that at room temperature, there are more
intergranular microcracks in the sandstone, and the connec-
tivity between the cracks is better. When the temperature
rises to 100 °C, mineral particles touch each other more
closely, and some primary microcracks are closed. When
the temperature reaches 200 °C, the width of intergranular
microcracks increases, and some new intergranular micro-
cracks gradually develop. When the temperature reaches
400 °C, the surface of the crystals has become very rough,
intergranular microcracks have developed, and transgranular
microcracks are forming (presumed to be caused by uneven
deformation of mineral particles, resulting in thermal stress
of the structure). Between 600 and 800 °C, the microscopic
pictures change significantly, intergranular microcracks and
transgranular microcracks are well developed, and voids
between particles have increased, which is presumed to be
caused by the melting of fillers or some minerals. When

Minerals:
Qtz: Quartz
Ser: Sericite
Ms: Muscovite

Pl: Plagioclase
Cal: Calcite

Microcracks:
grain boundary microcrack
transgranular microcrack

Fig. 15 Optical microscopic images of sandstone specimens after different high-temperature treatments
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the temperature reaches 1000 °C, the sandstone crystals
are gradually damaged by transgranular microcracks, and
the integrity of the crystal structure is obviously damaged.
When the temperature rises to 1200 °C, uncrystallized rocks
have fewer micro-fissures but many holes due to the melting
of some mineral particles.

In order to clarify the effect of the average thermal
deformation of mineral particles at different temperature
on microcrack growth, the average particle size of mineral
particles after exposure to different high temperatures was
counted by arranging measuring lines under optical and
electronic microscopes. The thermal deformation parameters
of mineral particles after exposure to high temperature are
shown in Fig. 16. It can be inferred that below about 600 °C,
with increasing temperature, the size of mineral particles
increases approximately linear and continuously. Therefore,
it can be concluded that below about 600 °C, the forma-
tion of new microcracks in rocks can be mainly attributed
to the structural thermal stress caused by the non-uniform
deformation of mineral particles. However, when the tem-
perature exceeds about 600 °C, the crystal particles show a
downward trend, and at 1000 °C, the thermal deformation
becomes negative. The main reason for this phenomenon is
the melting and transgranular microcracks of the crystals,
which results in a large reduction in the average particle
size. Especially after high-temperature treatment at 600 °C,
a large number of transgranular microcracks were found
within the quartz mineral grains. It can be concluded that the
quartz phase transition might be one of the important factors
leading to the significant reduction of sandstone grain size.

Mineralogical changes due to heat

For each mineral, the lattice type, the number of atoms in
the cell, the position of atoms, and the size of the cell are
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Fig. 16 Thermal expansion of the average particle size vs. tempera-
ture (mean value and standard deviation)
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specific. Under the condition of heat treatment, the perio-
dicity of mineral crystals will be destroyed to some extent,
resulting in additional phase differences and changes in the
diffraction intensity of minerals. By comparing the XRD
information and the content of rock minerals after differ-
ent temperature treatments as shown in Fig. 17a and b, it is
found that the most significant change is that the diffraction
peaks of some minerals disappear after heat treatment. For
example, the diffraction peaks of muscovite and chlorite dis-
appear after treatment at 800 °C, and the diffraction peaks of
montmorillonite and feldspar minerals decrease sharply after
treatment at 1200 °C. However, quartz minerals are rela-
tively stable, and no disappearance of the diffraction peaks is
observed in the temperature range between 25 and 1000 °C,
but the diffraction intensity differs after treatment at differ-
ent temperatures. When the temperature rises to 1200 °C, the
diffraction peaks of cristobalite appear. Very similar results
were also reported by Wadsworth et al. (2016). These phe-
nomena indicate that some thermal reactions must occur in
sandstone at different stages of high-temperature treatment.

Furthermore, the physicochemical reactions of sandstone
during exposure to high temperature were studied by using
differential scanning calorimeter (DSC) and thermal grav-
ity (TG) analysis in an air environment (Fig. 18). It can be
observed that the DSC curve of sandstone shows a trough at
about 151.5 °C and two further troughs at about 573.4 and
701.5 °C, indicating that endothermic reactions have taken
place. We can conclude that the first trough at a tempera-
ture of 151.5 °C is caused by evaporation of free water in
the rock, because the TG curve is significantly reduced by
1.19% in the temperature range from 25 to 200 °C. In addi-
tion, the XRD results show that there is no disappearance
of the diffraction peaks of rock minerals below 600 °C, and
although the endothermic process of rocks occurs at the peak
of 573.4 °C, it does not cause a decrease of the TG curve, so
it can be inferred that the o-f phase transformation of quartz
minerals occurs in this stage (Lider and Yurtseven 2018;
Karunadasa et al. 2018).

With regard to the third trough of the DSC curve at
701.5 °C, the corresponding TG curve shows a significant
weight loss, indicating that there is a decomposition reac-
tion of minerals. This mass loss corresponds to the fact
that there are many water-bearing minerals in the sand-
stone, such as montmorillonite, muscovite, and chlorite
(as evidenced by Liu et al. 2016 and Chen et al. 2017). In
these water-bearing minerals, water can be divided into
two major types, namely intergranular water and crystal-
line water. As intergranular water is not involved in the
crystalline composition of the mineral, its loss temperature
is generally low. However, as the treatment temperature
increases, the crystalline water is gradually removed from
the mineral particles, resulting in the destruction of the
crystal structure of minerals through dehydration. Such
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Fig. 17 XRD analysis (a) and mineral content vs. temperature (b)

a reaction is also called dehydroxylation (Funatsu et al.
2004; Mollo et al. 2011; Heap et al. 2012). Therefore, it
can be concluded that the diffraction peaks of muscovite
and chlorite disappear after treatment at 800 °C is mainly
caused by the dehydroxylation effect. However, it should
be noted that the diffraction peaks of the montmorillon-
ite minerals did not disappear after the high-temperature
treatment at 800 °C, which may be related to the crystal
structure of the minerals and the higher temperature of
dehydroxylation (Wu et al. 1999; Lin et al. 1999; Wolters
and Emmerich 2007).

In addition, it should be noted that there are two exother-
mic valleys at the temperature of 428 and 868 °C, which
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indicates that some oxidation reactions take place. For the
first exothermic valley, there is evidence that this is caused
by the oxidation of ferrous ion (Zhang et al. 2019), which
is also a good explanation for the apparent reddening of the
rock surface (see Fig. 6) after thermal treatment with 400 °C.
For the second exothermic valley, a marked increase in the
TG curve is observed, which may be related to the absorp-
tion of water or some gases in the air during the oxidation of
rock minerals. On the other hand, when the temperature rises
to 1200 °C, the DSC curve shows a sharp decrease. Combin-
ing these results with the XRD test results, it can be seen
that the melting of feldspar minerals occurs in this stage.
On the other hand, because the a-f quartz phase transition

Fig. 18 TG, DSC, and DTG DTG/ (%/min)
curves of Changsha sandstone
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is irreversible under the action of the high temperature of
1200 °C, high-cristobalite content is found in the diffraction
pattern (see Fig. 17a).

Microcrack evolution under external stress

Microscopic morphology analysis is an important tool to
study the rock microstructure. To some extent, the structural
failure characteristics in the process of damage evolution
can be inferred from the microscopic fracture morphology.
Fracture evolution includes stages of microcrack initiation
and propagation and coalescence, and many deformation
marks are left on the microcrack morphology in each stage.

In the temperature interval between 25 and 200 °C, some
obvious intergranular microcrack firstly appeared (Fig. 19).
In this stage, the strength of interstitial fillings determines
the failure strength of the rock. When the temperature rises
to 400 °C, transgranular microcracks occurs in the sand-
stone, and the microcrack spacing is large. Under external
load, the crystal strength begins to play an increasingly
important role. When the temperature rises to 600-800
°C, slip separation and dimples occur in the interior of the
rock. Slip separation and dimples are the two most com-
mon morphological features for ductile rock fractures. It
also indicates that after experiencing a high temperature of
600-800 °C, the rock shows more likely plastic deforma-
tion and fractures. When the temperature increases to 1000
°C, the crystal particles become loosened, and the fractured
surfaces become rough, forming a crushed zone.

Some minerals in sandstone are melted after thermal
treatment of 1200 °C, which results in a very loose structure
and significantly reduced load-bearing capacity. Therefore,
no additional mechanical tests have been carried out on it.

Fig. 19 SEM observations of
fracture morphology of sand-
stone after thermal treatments
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But SEM-based microstructure observations were also car-
ried out as shown in Fig. 20a and b. It could be observed
that the internal structure has changed fundamentally after
experiencing extreme high temperature: no obvious crys-
tal grain boundaries and numerous pores can be found any
more. With the help of X-ray energy-dispersive spectrom-
eter (EDS), quantitative analysis of element mass fraction
considering original (point 002) and molten minerals (point
001) was conducted (Fig. 20b).

Results listed in Table 2 show that the content of sili-
con in recrystallized minerals is significantly lower than in
unmelted minerals. Although the phase transition of quartz
minerals is irreversible beyond 1200 °C, it is just a struc-
tural change, and the content of silicon is not changed sig-
nificantly (Glover et al. 1995). Additionally, the content of
sodium and aluminium in recrystallized minerals is higher
than that in unmelted minerals. Therefore, it can be con-
cluded that melting and recrystallization of aluminosilicates
in rocks might be the main causes (feldspar minerals are
involved in them). This result also provides evidence for
the rapid decline of the DSC curve beyond a temperature of
1000-1200 °C.

Comparison with existing literature

In most cases, the exposure of rocks to high temperatures will
lead to a significant reduction in their physical and mechani-
cal properties. However, the influence of temperature on the
mechanical properties of rock is complicated by the diver-
sity of mineral composition, the type of cementation, and the
development of internal micro defects—different kinds of
rock show different mechanical responses under the influence
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Fig.20 SEM observations (a)
and EDS quantitative analysis
(b) of melted sandstone experi-
enced temperature of 1200 °C

of temperature. Even if the same type of rock is affected by
temperature, there are significant differences in the changes
in mechanical properties. Table 3 summarizes the experi-
mental data from previously published literature concerning
the physical and mechanical properties of sandstone after
exposure to different high temperatures, and the results from
our study have been compared with them, shown in Fig. 21.
It could be observed from Fig. 21a and b that the variation in
normalized UCS and BTS of the sandstone with temperature
can be divided into four different stages.

In the first stage (0200 °C), the normalized values of
UCS and BTS show an increasing trend in the first stage
as the temperature rises. For the normalized UCS, our data
agree well with the experimental results of Zhang et al.
(2016). Since the physicochemical properties of the rock-
forming minerals are relatively stable until 100 or 200 °C,
the only reliable explanation is that the expansion of the
mineral grains causes the pore space inside the rock to be
compacted (Wong et al. 2020). The most direct evidence of
this is the reduction in porosity of the sandstone in this study
at 100 °C, shown in Fig. 9c. In addition, Wong et al. (2020)
suggested that the increased friction between mineral grains
due to pore water loss is also an important cause of the
increased strength of the rock. In contrast, Li et al. (2020)
and Hajpal and Torok (1998) reported that the compressive
strength of the sandstone continues to decrease during this
stage. The main reason for this difference may be related
to the porosity of the rock. For low porosity sandstones,
the expansion and deformation of the mineral particles are
restricted. Under the combined effect of thermal expansion
mismatch and structural thermal stress, microcracks generate
within the sandstone, reducing its strength.

In the second stage (200—400 °C), as the temperature
rises, some of the main minerals of the sandstone, such as
quartz and mica, undergo more significant volume expan-
sion (Tripathi et al. 2021). The mismatch in thermal expan-
sion between mineral grains begins to be substantial, leading
to the development of numerous microcracks along with the
mineral particles. At the same time, there is a significant loss
of bound water within the rock, destroying some of the min-
eral crystal structures. All these factors lead to a reduction in
the strength of the rock. However, it can be found that some
sandstones with a high content of clay minerals still show
a significant increase in compressive strength. The main
factor causing this phenomenon are sintering, cementation,
and fusing between clay minerals inside the sandstone under
the action of high temperature (Ersoy et al. 2021; Xu et al.
2017), which can increase the compactness of the sandstone.

In the third stage (400-800 °C), most sandstone speci-
mens show a rapid decrease in tensile and compressive
strength except for sandstones with a high clay mineral
content. At this stage, the primary damage source is the
mismatch in thermal expansion between the mineral grains,
leading to the generation of some grain boundary microc-
racks. On the other hand, the a-p phase transition of quartz
at 573 °C also reduces rock strength.

In the fourth stage (800—1000 °C), when the temperature
rises above 800 °C, the diffraction peaks of muscovite and
chlorite disappear in the XRD test results (Fig. 17a), which
indicates that some rock-forming minerals have decom-
posed. At this stage, the mechanical strength of all sand-
stones decreases significantly.

Unlike the complex variation of rock strength with tem-
perature, the P-wave velocity of sandstones only increases

Table 2 Quantitative results of

. Mass% C (0] Na Al Si Au Total
element mass fraction
001 16.68 60.29 2.54 3.23 7.93 9.33 100.00
002 4.23 53.45 0.61 1.44 29.81 10.46 100.00
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marginally up to 200 °C and then decreases steadily above 200
°C, as shown in Fig. 21c. The main reason for this discrepancy
is that the propagation of ultrasound is mainly influenced by
the porosity of the rock. The elastic modulus of sandstone
shows a significant decrease at around 500 °C, which is in
good agreement with the variation in the brittleness index of
sandstone obtained in this study, which also indicates that the
high-temperature treatment reduces the sandstone’s elasticity
and brittleness.

References

Zhang et al. (2016)
Zhang et al. (2021)
Current study

Engineering practice values

In many rock projects, such as the recovery of geothermal
energy, underground coal gasification (UCG), deep dis-
posal of highly radioactive nuclear waste, and geological
storage of carbon dioxide, the problems of thermal crack-
ing, strength, deformation, and stability of rocks under high
temperature are involved. Quantifying the effects of high-
temperature treatment on the physical-mechanical, miner-
alogical and microstructural properties of rocks is there-
fore of great importance to ensure the structural safety and
long-term stability of rock mass projects. This paper uses an
integrated technology approach to investigate the underlying
mechanisms of temperature influence on rock strength. The
research has yielded many important findings that can be
used to guide engineering practice.

" = “ As we know, the underground coal gasification and the
storage of nuclear waste both have a gradient effect on the
heat transfer to the surrounding rock mass. This paper shows
that the effect of high temperature on the macro-mechanical
properties of rock has apparent stages. Before 100° C, the high
temperature will not damage the surrounding rock but can
strengthen the rock engineering. Significantly, the mechani-
cal properties of sandstones containing more clay minerals
are more likely to be strengthened by temperature. When the
temperature exceeds 800 °C, the strength of sandstone can be
reduced by 80%, which also indicates that the rock has lost its
bearing capacity. Under different temperature conditions, the
chemical changes of rock-forming minerals lead to significant
damage to the rock. We can take these particular temperature
points as the engineering warning temperature.

On the other hand, the ground temperature is an impor-
tant external factor affecting rock engineering. The tem-
perature of the rock gradually rises with increasing depth
of burial, especially in certain areas where faults and geo-
logical movements are active, and the temperature gradi-
ent ranges even to 30-200 °C/km (Cai and Brown 2017).
During deep mining, excavation and ventilation cause the
high-temperature rock mass to cool gradually. The physical
and mechanical parameters of the rock after high tempera-
tures are crucial for designing the mining pillar size in the
goaf. Moreover, deep rock engineering may often encounter

velocity, porosity, UCS, BTS,
brittleness index, mineralogical

Investigated properties

Porosity, resistivity, UCS

Surface colour, density, wave
analysis, elastic modulus

Porosity, BTS

Holding Cooling method
5 °C/min
Furnace
Furnace

time (h)

rate (°C/
min)

Max temp. (°C) Heating

Heating conditions

900
1300
1200

aluminosilicate (9%), calcite

(3%)
Quartz (65.68%), feldspar

Quartz, dolimite/ankerite,
kaolinite, feldspar, biotite,
haematite/magnetite

Quartz (78%), albite (10%),
(21.35%), montmorillonite
(4.58%), muscovite (3.67%),
chlorite (4.72%)

Dominant minerals

Province, China)
Province, China)
Province, China)

#H, heating procedure took 1 h to reach the required temperature

No Sandstone type (region)

15 Linyi sandstone (Shandong
16 Linyi sandstone (Shandong
17 Changsha sandstone (Hunan

Table 3 (continued)
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Fig.21 Comparisons with
existing literature. a Normalized
UCS vs. temperature; b normal-
ized BTS vs. temperature; ¢
normalized P-wave velocity vs.
temperature; d normalized elas-
tic modulus vs. temperature
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sudden high-temperature events, such as underground coal
gasification (Roddy and Younger 2010), mine gas explosion
(Tripathi et al. 2021), and building or tunnel fires (Das et al.
2017). The post-disaster reconstruction, repair, reinforce-
ment, and safety assessment of the deep rock engineering
also need to consider the changes in the properties of the
rock after high temperatures.

Conclusions

1. The physical and mechanical parameters of tested sand-
stone show different degrees of strengthening until a
temperature of 100 °C caused mainly by the evaporation
of free water and the thermal expansion of mineral par-
ticles inside the sandstone. Beyond 100 °C, the physico-
mechanical properties of sandstone experience significant
weakening with increasing temperature. Mass loss and
porosity show a continuous growing trend with increasing
temperature, while P-wave velocity, tensile and compres-
sive strength, and elastic modulus exhibit a decline.

2. NMR testing results show that heat treatment has a great
influence on the pore structure characteristics of sand-
stone. The porosity increases with the increase of tem-
perature resulting in a linear relationship between rock
porosity and compressive as well as tensile strength.
When the temperature rises up to 400 °C, green aggre-
gation area appears in the NMR images, indicating the
extension and coalescence of microcracks, which leads to
an increase in the proportion of macropores. Extremely
high temperatures like 1200 °C lead to melting and
recrystallization of the rock, resulting in qualitative
changes in its pore structure.

3. Chemical reaction and thermal expansion of mineral
particles due to high temperature are the two main fac-
tors affecting changes of the fabric of the sandstone.
Differential thermal analysis (DTA) shows that the a-3
phase transition of quartz minerals occurs at the tem-
perature of 573.4 °C. Between 400 and 600 °C, more
transgranular microcracks are observed by using optical
microscope and scanning electron microscopy (SEM).
When the temperature exceeds 600 °C, the size of crys-
tal particles show a downward trend, which also proves
that the a-P phase transition is an important factor to
induce microcracks (fragmentation).

4. The brittle index (ration of tensile to compressive
strength) exhibits a sharp decline in the temperature
range between 400 and 600 °C. When the temperature
rises to 600-800 °C, slip separation and dimples occur
in the interior of the rock, which are the two most com-
mon morphological features for ductile rock fractures,
indicating that high temperature treatment makes plastic
deformations of the sandstone more obvious.
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