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Rock destruction under high-temperature conditions is a key issue for nuclear waste treatment projects, underground coal gasification,
and improvement of the use of geothermal energy for heating.7erefore, in this study, variousmethods and techniques were integrated to
study the changes inmechanical properties, mineral composition, andmicroscopic fracture characteristics of Sichuan sandstone treated at
600°C. First, the fracture toughness and indirect tensile strength of untreated sandstones and high-temperature treated sandstones were
tested by the MTS testing machine, and the double-K model (DKFM) was used to estimate the unstable fracture toughness. 7en, the
diffraction spectra of sandstone were analyzed with an X-ray diffractometer to determine the mineral composition change after heat
treatment. Finally, the microscopic features of sandstone were observed through a scanning electron microscope (SEM) and optical
microscope. 7e results show the following. (1) 7ere is no significant change in the tensile strength and fracture toughness of Sichuan
sandstone treated at 600°C. (2)7e brittleness of Sichuan sandstone decreases and the ductility increases after high-temperature treatment.
(3) 7e unstable fracture toughness value Kun obtained by the double-K model (DKFM) is significantly larger than the apparent fracture
toughness value Kif. (4) After treatment at 600°C, the clay minerals in the sandstone changed significantly. Kaolinite is dehydroxylated to
metakaolinite, which may increase the ductility of the rock.

1. Introduction

Increased demand for clean energy has promoted the rapid
development of nuclear waste storage [1], geothermal energy
and deep resource extraction, and underground coal gasi-
fication (UCG) [2]. 7e design and safety of these projects
need to consider the influence of high temperatures on the
physical and mechanical properties of rocks, which has thus
aroused an interest in the study of the mechanical behavior
of rock under high temperature by scholars. Many experi-
mental studies have been conducted on the physical and
mechanical properties of rocks under high-temperature
conditions, and many important results have been achieved.

Gautam et al. [3] performed tests on Dholpur sandstone
and found that the uniaxial compressive strength of sand-
stone showed a small change within 250°C, increased from

250°C to 650°C, and then began to decline after exceeding
650°C. Zhang et al. [4] conducted experiments on marble,
limestone, and sandstone in the range of 20–800°C and
found that the mechanical properties of various rocks vary
greatly. 7e peak strength of marble gradually decreased
above 400°C, while the strength of sandstone increased from
room temperature to 600°C and decreased rapidly after
treatment at 600°C. Liu and Xu [5] measured the physical
and mechanical properties of granite and sandstone speci-
mens after high-temperature treatment. 7eir results
showed that the compressive strength of granite specimens
decreased with increasing temperature, while the com-
pressive strength of sandstone did not show a significant
change between room temperature and 800°C but began to
decline rapidly above 800°C. Yang et al. [6] tested granite in
the range of room temperature to 800°C and found that the
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strength and static modulus of elasticity increased from
room temperature to 300°C, peaked at 300°C, and began to
decline thereafter. Ranjith et al. [7] tested high-temperature-
treated Hawkesbury sandstone, and their results showed that
the compressive strength and elastic modulus of the sand-
stone increased with an increase of temperature when the
temperature was lower than 500°C. After 500°C, it began to
decrease. At the same time, the X-ray diffraction results of
sandstone 25 and 950 were compared, which indicated that
the mineralogy of sandstone cement had changed obviously
and that the kaolinite dehydroxylation reaction occurred at
high temperatures. Figure 1 summarizes some of the existing
experimental results of uniaxial compressive strength testing
of rocks after high-temperature treatment [8, 9]. 7e results
show that the strength of granite decreased significantly
when exposed to temperatures near 600°C, compared with
that at room temperature, while the strength of most
sandstone did not decrease significantly (or even increase
significantly). 7is indicates that the macroscopic me-
chanical properties of different types of rocks respond dif-
ferently to high temperatures [10], mainly because the
macroperformance of rocks has a significant relationship
with mineral composition, grain size, and microstructure.
Sandstone is rich in clay minerals, and the changes of clay
minerals during high-temperature treatment significantly
affect the physical and mechanical properties of the rock;
however, the current research into this topic is not sufficient
[7].

Fracture toughness is an important indicator for mea-
suring fractures. It describes the resistance of materials to
crack propagation [11], and so, many scholars have con-
ducted a large number of experimental studies on the
fracture toughness of heat-damaged rocks.

Kuruppu and Seto [12] found that the fracture toughness
of Kimachi sandstone increased slightly as the temperature
increased to 200°C. 7e experiment of Nasseri et al. [13]
showed that the fracture toughness of Westerly granite
decreased by more than 90% from room temperature to
800°C. Feng et al. [14] found that the fracture toughness of
sandstone has a clear temperature threshold (500–600°C).
When the temperature exceeds this threshold, the fracture
toughness drops sharply. Below this threshold, the fracture
toughness slowly decreases. Talukdar et al. [15] studied the
effects of heat treatment on the fracture toughness (FT) of
three crystalline rocks, and the results showed that, from
room temperature to 600°C, the FT values of basalt, giant
plagioclase basalt, and alstonite decreased by nearly 52%,
68%, and 64%, respectively. 7ey observed that the
microcrack density increased with the increase of temper-
ature. Yin et al. [16] demonstrated that the fracture
toughness of granite decreases significantly with increasing
temperature and number of cycles, while the porosity of the
granite increases significantly. Rong et al. [17] experimen-
tally confirmed that thermal damage has important effects
on rock strength and deformation behavior. Zuo et al. [1]
conducted fracture tests on Beishan granite and found that,
in the range of 125–600°C, the fracture toughness of Beishan
granite decreased linearly with the pretreatment tempera-
ture. Miao et al. [18] believed that the thermally induced

microcracks were an important reason for the change in the
fracture behavior of Beishan granite and pointed out that, for
granite specimens with a temperature above 300°C, there
was a large fracture process zone (FPZ) before the notched
tip of the specimen; therefore, linear elastic fracture me-
chanics (LEFM) are not applicable in this case. Mar-
uvanchery and Kim [19] used a CCNBD specimen to test the
fracture toughness of sandstone. It was found that the
fracture toughness value of the sandstone after high-tem-
perature (500°C) treatment was significantly reduced,
compared to that at low temperature (105°C).

It is worth noting that most rock fracture toughness results
have directly applied linear elastic fracture mechanics (LEFM)
[20, 21] without considering the influence of the fracture
process zone, and so, the rock fracture toughness could have
been underestimated. To solve this problem, many nonlinear
fracture mechanics models have been developed, such as the
size effect model and the double-K model (DKFM) [21, 25].
7ese models have been successfully applied to the problem of
concrete fractures. However, the use of nonlinear fracture
mechanics models in rock mechanics is rare, especially in the
study of heat-damaged rocks.

In this study, the Brazilian split test and the fracture
toughness test of Semicircular Bend (SCB) specimens are
conducted on Sichuan sandstone at room temperature and
after high-temperature treatment at 600°C, and the double-K
model (DKFM) is used to calculate the unstable fracture
toughness value (Kun). At the same time, XRD, optical
microscopy, scanning electronmicroscopy (SEM), and other
methods are used to study the mineral composition and
microstructure of sandstone after high-temperature
treatment.
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Figure 1: 7e relationship between normalized uniaxial com-
pressive strength (UCS) and test temperatures, as reported in the
literature.
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2. Materials and Methods

2.1. Specimen Preparations and Heat Treatment. 7e sand-
stone specimens in this study were obtained from Sichuan,
China, with uniform particles and no obvious macro-
heterogeneity, as shown in Figure 2. In order to determine
the fracture toughness of sandstone, the Semicircular Bend
(SCB) specimen, as recommended by the International
Society of Rock Mechanics (ISRM), was used. 7e SCB
specimens were carefully processed, according to the
method recommended by ISRM [20]. At the same time, a
number of Brazilian disc specimens with a diameter of
50mm and a thickness of 25mm were produced according
to the ISRMmethod [22], in order to test the tensile strength.
See Table 1 and Figure 2 for specific dimensions and
parameters.

All specimens were divided into 2 groups, according to
the treatment temperature, that is, a room-temperature
group (25°C) and a high-temperature group (600°C). 7e
specimens in the room temperature group were only dried,
where moisture was removed in a drying cabinet. In the
high-temperature group specimens, heat treatment was
carried out in an intelligent muffle furnace. 7e test heating
rate was set at 5°C/min. When the temperature rose to the
specified temperature, the specimen was kept at this tem-
perature for 1 h. 7en, the power was turned off to stop the

heating and the specimen was naturally cooled to room
temperature in the muffle furnace [13, 23].

2.2. XRD Analysis. In order to understand the different
mineral phases of sandstone in detail and to determine the
effect of heat treatment on the composition of sandstone, an
XRD diffractometer was used to determine the composition
of the rock before and after heating [19]. 7e scanning range
was 2°–50° and the scanning speed was 6°/min.

2.3. Rock Mechanical Properties Test

2.3.1. Fracture Toughness. A hydraulic servo-controlled
MTS testingmachine was used to test the fracture toughness.
In order to avoid dynamic effects, all specimens were loaded
in the displacement control mode at the same rate of
0.05mm/min [20]. During the experiment, the axial load
and the axial displacement were automatically recorded
every 0.01 s [21]. 7e schematic diagram of the experimental
device is shown in Figure 3(a). At the same time, a high-
precision extensometer was used to measure the crack
mouth opening displacement (CMOD) of the SCB
specimen.

7e apparent fracture toughness Kif is calculated as
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where Pmax is the peak load, a0 is the initial crack length, R
and B are the radius and thickness of the SCB specimen,
respectively, Y is the dimensionless stress intensity factor,
and S is the distance between the two supporting cylindrical
rollers.

7e same S value (S� 80mm) was used in this study for
all the SCB specimens and S/2R� 0.8.

7e unstable fracture toughness Kun is calculated as

Kun �
Pmax

���πac

√

2RB
Y, (2)

where ac is the critical effective crack length.
According to the double-K fracturemodel (DKFM), only

the critical effective crack length ac needs to be substituted
for the initial crack length a0 to calculate the unstable
fracture toughness Kun [24]. 7e key issue is to estimate the
value of ac, which can be estimated by the compliance
equation, detailed as follows.

Evaluation of the elastic modulus E is as follows.

According to Irwin’s relationship [25–27], the expres-
sion for elastic modulus can be derived:

B · E · C � V(α),

C �
CMOD

P
,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

where E is the modulus of elasticity. C is compliance. V(α) is
nondimensional compliance. CMOD is the crack mouth
opening displacement.

7e elastic modulus can be obtained by bringing the
initial linear compliance Ce into expression (3):

E �
V α0( 

BCe

,
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CMODe

Pe

,
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(4)
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Figure 2: Schematic and real shots of two specimens. (a, c) SCB specimens. (b, d) Brazilian disc specimens (unit: mm).

Table 1: Geometrical dimensions of specimens.

Specimen type Radius (mm) 7ickness (mm) Crack length (mm) Crack length ratio Number of specimens
SCB R� 50 40 20 0.4 10
BD 2R� 50 25 — - 10

(a) (b)

Figure 3: Experimental setup for the fracture toughness test (a) and Brazilian split test (b).
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where α0 is the initial crack length ratio. Ce is the compliance
of the initial linear segment of themeasured P-CMOD curve.

After the elastic modulus is known, the following ex-
pression can be derived according to expression (3):

B · E · Cc � V αc( ,

Cc �
CMODc

Pmax
,

ac � αc · R,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

where CMODc is the crack opening displacement at peak
load (Pmax).

7e final key issue is to derive the nondimensional
compliance V(α). To solve this problem, a finite element
program named ABAQUS [28] was used to simulate a set of
SCB three-point bending tests (S/2R� 0.8), as shown in
Figure 4. 7e results were as follows:

V(α) � 14317.79 α6 − 31546.09α5 + 28013.04 α4 − 12470.26 α3 + 2924.89 α2 − 319.26 α + 14.09,

Y∗(α) � 1231 α4 − 2181 α3 + 1448 α2 − 416.2 α + 48.29,

0.3< α< 0.6.

⎧⎪⎪⎨

⎪⎪⎩
(6)

To verify the accuracy and effectiveness of the finite
element simulation method, Y∗ was compared with the
dimensionless stress intensity factor Y recommended by
ISRM [20], and the results are plotted in Figure 4(b). It can
be seen that the difference between Y∗ and Y is very small,
which indicates that the method is effective and the ex-
pression of V(α) is accurate. 7e accuracy and reliability of
the dimensionless stress intensity factor expressions derived
by the finite element simulation method have also been
confirmed by many studies [29].

After obtaining the expression V(α), the critical effective
crack length ac can be calculated using equation (5),
according to the P-CMOD curves obtained from the ex-
periment. V(α) is a higher-order equation, and the critical
effective crack length ac can be calculated using numerical
calculation software such asMATLAB.7en, we bring it into
equation (2) to calculate Kun. Specific details can be found in
[21, 24].

2.3.2. Tensile Strength. 7e tensile strength of the rock is an
important parameter. 7e tensile strength of the specimens
before and after heating was measured using the Brazilian
disc split method, according to the standard test method
provided by the ISRM [22].7e experimental setup is shown
in Figure 3(b) and the calculation formula is as follows:

σt �
2Pmax

πDB
, (7)

where σt is the tensile strength of the rock, Pmax is the
maximum load,D is the diameter of the Brazilian disc, and B
is the thickness of the specimen.

2.4. SEM Observation of Microfractures. In order to observe
the microscopic morphology and cracks of the fracture,
scanning electron microscopy (SEM) was used to observe
and compare the changes of the fracture morphology of the
rock before and after heating, such as steps and river patterns
[30], as well as the clay minerals of sandstone (e.g., kaolinite

or green mudstone) [31]. At the same time, in order to
understand the effects of temperature on the sandstone
minerals, microdomain chemical analysis was performed
using Energy Dispersive X-ray Spectroscopy (EDS).

2.5. Optical Microscope. In order to understand the mineral
composition and internal structure changes of sandstone
after high-temperature treatment, thin slices of sandstone
were produced before and after high temperature, which
were observed under a polarizing microscope (plane-po-
larized light and cross-polarized light).

As the thin slices cannot easily distinguish the pore
structure in the rock, the sandstone was impregnated with
epoxy resin added with blue dye, in order to visually
compare the size of the pores and cracks in the sandstone
before and after heating. In this way, the blue resin high-
lighted the pores and cracks, and it was possible to analyze
the pores and crack structures intuitively and clearly, as well
as to estimate the porosity and other characteristics of the
sandstone [32–34].

3. Experimental Results

3.1. Appearance Color Change. 7e most intuitive effect of
heat treatment on Sichuan sandstone was the change of
appearance, in terms of color. Comparing the specimens
before and after heating, it was found that the surface color
of the test piece changed from white-gray to brown-red after
heating, as shown in Figure 5.

Color changes have been observed in various rock
heating experiments [2, 35–37], and Li et al. [38] even
developed a method to determine the degree of rock damage
based on the color of the rock. 7ese studies all showed that
the color change is related to the trace ferrous metal ele-
ments present in the clay minerals in the rock. 7e presence
of elemental Fe was also confirmed by EDS in this experi-
ment, as shown in Figure 6. Even with a very low presence in
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Figure 5: 7e color change of Sichuan sandstone (a) at room temperature and (b) after treatment at 600°C.
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Figure 6: 7e result of microdomain EDS.
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rock, they can have a great impact on the appearance color
[37].

3.2. XRD Analysis Results. 7e mineral composition of
sandstone before and after heating was analyzed by X-ray
diffractometry.7e results are shown in Figure 7 and Table 2.
It can be seen that quartz and plagioclase were the main
minerals in the sandstone, and the proportions of quartz and
plagioclase did not change significantly before and after
heating; however, the proportion of clay minerals changed
significantly. 7e total amount of clay minerals decreased
from 18.9% before heating to 5.7%. For example, it can be
clearly observed from the XRD diffraction patterns (Fig-
ure 7) that the diffraction peak of kaolinite in heated
sandstone was significantly reduced. 7is change is mainly
due to the removal of hydroxyl groups in the dehydrox-
ylation reaction changing kaolinite to metakaolinite [39],
which is in a transition state between crystalline and
amorphous and, so, its diffraction peak disappears on the
XRD pattern of sandstone after high-temperature treatment.
7e decarboxylation of kaolinite was also found in the results
of the microdomain EDS.

3.3. Rock Mechanical Properties Test Results

3.3.1. P-COMD Curves of SCB Specimens. As the P-COMD
curve is more sensitive than the load–deflection curve, the
effective crack length can be calculated based on this curve
[21, 24]. An extensometer was used to record the crack
mouth opening displacement (CMOD) in this test, as shown
in Figure 8.

7e blue curves in Figure 8 are the SCB specimens at
room temperature, and the red curves are the SCB speci-
mens after treatment at 600°C. In general, all P-CMOD
curves showed a similar trend. 7at is, the load increased
almost linearly in the initial stage (as the CMOD increased).
Whenmore than half of the peak load was reached, the linear
relationship between the load and CMOD gradually dis-
appeared. 7e load peaked and then decreased as CMOD
increased.

7e peak loads and the slopes of the linear phase of
P-CMOD curves S01–S05 at room temperature were higher
than those after treatment at 600°C: the former curves were
higher and thinner than the latter, and the postpeak part of
the curves dropped faster.

7e average value of the peak load of the SCB specimens
at room temperature was Pmax � 1307N and the average
value of the opening displacement of the crack opening at
the peak value was CMODc� 0.0875mm. After treatment at
600°C, the average value of the peak load of the SCB
specimens was Pmax � 1207N and the average value of the
crack opening displacement at the peak value was
CMODc� 0.146mm. 7is shows that sandstone is more
ductile after treatment at 600°C than at room temperature.
7is phenomenon was also observed in the Brazilian split
test and is consistent with the test results of Zuo et al. [1], Yin
et al. [24], and Miao et al. [18].

3.3.2. Fracture Toughness. According to the test data of the
SCB specimen, the fracture toughness equations (1)–(5)
were used to calculate the apparent fracture toughness Kif
and unstable fracture toughness Kun, respectively. 7e re-
sults are shown in Table 3.

It can be seen, from Table 3 and Figure 9, that the average
fracture toughness after treatment at 600°C was slightly
lower than the average fracture toughness at room tem-
perature, but the change was not large. 7e average value of
the apparent fracture toughness was KRT

if � 0.46MPa·m at
room temperature, andK600°C

if � 0.42MPa·m after heating, a
decrease of only 8.69% compared with the original. Simi-
larly, the average value of fracture toughness at room
temperature was KRT

un � 0.65MPa·m, which became
K600°C

un � 0.60MPa·m after heating, a decrease of only 8.70%
compared with the original. After the sandstone was treated
at 600°C, both the apparent fracture toughness Kif and the
unstable fracture toughness Kun showed a slight decrease,
but the change was not significant.

However, the unstable fracture toughness value Kun was
obviously higher than the apparent fracture toughness Kif.
At room temperature, the Kun value of the sandstone was
41.30% higher than that ofKif. After heating, the Kun value of
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Figure 7: Results of X-ray diffraction and mineral composition (Q:
quartz, K: kaolinite; the blue line is at room temperature; the red
line is after treatment at 600°C).

Table 2: XRD analysis results.

Rock
mineralogy

Weight (%) room
temperature

Weight (%)
600°C

Quartz 44.0 46.5
Plagioclase 32.9 31.4
Total clay 18.9 5.7
Calcite 3.3 2.8
Orthoclase 0.9 0.6
Other 13.0



the sandstone was also 42.86% higher than that of Kif. 7is
indicates that the fracture toughness value directly calculated
based on linear elastic fracture mechanics is underestimated.
7is problem has been noticed, but nonlinear fracture
mechanics have not been widely used in the study of rock
materials [24].

3.3.3. Load-Displacement Curves of Brazilian Split Test.
Figure 10 shows the load-displacement curves obtained from
the Brazilian split test. 7e blue curves are from the spec-
imens at room temperature, and the red curves are from the
specimens after treatment at 600°C. It can be observed that
there was a significant change after high-temperature
treatment. 7e average peak values of the curves at room

temperature and the displacements at the peak value were
lower than those after high-temperature treatment. 7e
details are as follows.

7e average peak load at room temperature was PRT
max �

5142N and the average displacement at the peak was
δRTp � 0.2312mm, while the average peak load after treat-
ment at 600°C was P600°C

max � 6257N and the average dis-
placement at the peak was δ600°Cp � 0.4204mm.

It is worth noting that the average peak load of sandstone
after treatment at 600°C treatment was higher than that at
room temperature, which differs from the fracture tough-
ness test results.7is was due to the difference in the fracture
form of the two specimens and the heterogeneity of the rock
after heating. A more detailed analysis is presented in the
Discussion section.
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Table 3: 7e geometrical dimensions and fracture toughness of the specimens.

Specimen
no.

R
(mm)

B
mm)

a0
(mm)

ac
(mm)

Treatment
temperature (°C)

Load
Pmax (N)

CMODc
(mm)

Elastic modulus
(GPa)

Kif
(MPa∙m)

Kun
(MPa ∙m)

S01 50.20 40.41 20.15 29.20 Rt 1525 0.0821 11.28 0.52 0.76
S02 50.02 40.10 20.14 28.50 Rt 1276 0.0834 8.81 0.44 0.63
S03 49.98 38.88 21.35 27.32 Rt 1178 0.0944 6.48 0.45 0.58
S04 50.23 39.52 20.35 27.18 Rt 1235 0.0915 6.73 0.43 0.58
S05 49.95 40.72 21.08 29.38 Rt 1323 0.0863 9.59 0.47 0.69
Average 1307 0.0875 8.58 0.46 0.65
S06 49.82 40.54 21.58 27.93 600 1150 0.1333 4.65 0.43 0.57
S07 50.16 40.89 20.13 27.71 600 1134 0.1624 3.56 0.38 0.52
S08 50.16 40.89 20.13 27.92 600 1339 0.1667 4.18 0.45 0.62
S09 50.75 40.77 20.94 29.47 600 1234 0.1528 4.82 0.42 0.61
S10 50.13 40.74 22.01 30.37 600 1178 0.1173 7.02 0.42 0.65
Average 1207 0.146 4.85 0.42 0.60
Note. S, SCB specimen; RT, room temperature (without heat treatment).
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3.3.4. Tensile Strength. According to the Brazilian disc split
test data, equation (7) was used to calculate the tensile
strength of the sandstone. 7e results are listed in Table 4
and the average and standard deviation are shown in Fig-
ure 11. 7e tensile strength of sandstone at room temper-
ature was σt � 2.64MPa; after treatment at 600°C, the tensile
strength of sandstone was σt � 3.2MPa, which was 21.21%
higher than that at room temperature.

3.4. Microscopic Analysis of Fracture. 7e micromorphology
of rock fracture is an important part of this test. It truly
records the whole process of the fracture, which can reflect
the stress of the rock during the fracture process and the
characteristics of structural damage to a certain extent.
7erefore, a scanning electron microscope (SEM) was used
to observe the fracture microtopography features, such as
cleavage, steps, and river patterns.

3.4.1. SEM. By sampling the fractures of the specimens after
the test and observing them under the scanning electron
microscope, it was found that the SEM images after treat-
ment at 600°C (Figures 12(a), 12(c), and 12(e),) were sig-
nificantly rougher than those that at room temperature
(Figures 12(b), 12(d), and 12(f)). Comparing Figures 12(a)
and 12(b), it can be seen that the fractures at room tem-
perature were smooth, and the river and step patterns are not
obvious, while the river and step patterns after treatment at
600°C are obvious and rougher [30]. Obvious cracks were
observed in the SEM images (Figure 12(b)).

At the same time, clay minerals were observed under the
scanning electron microscope, such as the book-shaped
kaolinite (Figures 12(c) and 12(d)) and needle-shaped
chlorite (Figure 12(e)). 7is was consistent with the XRD
results.

After treatment at 600°C, minerals such as book-shaped
kaolinite can still be observed in the SEM images
(Figure 12(d)). However, through the results of Energy
Dispersive X-ray Spectroscopy (EDS), it was found that the
proportion of oxygen was significantly reduced, as shown in
Figure 13. 7is was due to the fact that, after treatment at
600°C, the kaolinite was dehydroxylated to become meta-
kaolinite (equation (8)), which is in a transition state be-
tween crystalline and amorphous [39] and, so, the diffraction
peak of kaolinite disappeared in the XRD pattern. However,
this still has the basic morphology of the original kaolinite
and could still be observed in the SEM images.

Although there was no significant morphological
change, the activity of metakaolinite was obviously en-
hanced, which may strengthen the binding force between
mineral grains and offset the negative effects of heat loss on
rock strength. 7is is consistent with the views of Mahanta
et al. [40] and Ranjith et al. [7]:

Al4Si4O10(OH)8 ⟶
600°C 2Al2Si2O7 + 4H2O (8)

3.4.2. Optical Microscopy. Although the resolution of the
SEM is high and the detailed three-dimensional morphology
of mineral grains can be seen in the SEM image, the mineral
particles can only be shown in gray. A polarized light mi-
croscope can easily identify common mineral grains and
mesostructures through polarized light, with a low cost. In
particular, when the casting technology is adopted, the pores
and cracks of the rock could be visually observed, and the
porosity of the rock can be evaluated. 7erefore, in order to
fully understand the characteristics of sandstone after high-
temperature treatment, thin slices and casting technology
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Table 4: Brazil split test results.

Specimen no. R (mm) B (mm) Treatment temperature (°C) δPmax (mm) Load Pmax (N) σt (MPa)
B01 49.66 25.11 RT 0.2370 4278 2.184
B02 49.45 25.24 RT 0.2221 5054 2.578
B03 49.62 25.09 RT 0.1748 4405 2.252
B04 49.45 24.88 RT 0.2355 5142 2.661
B05 49.22 25.02 RT 0.2868 6833 3.532
Average 0.2312 5142 2.641
B06 49.76 24.97 600 0.4485 5379 2.756
B07 49.82 25.15 600 0.3870 5225 2.655
B08 49.74 25.13 600 0.4444 6369 3.244
B09 49.73 24.98 600 0.4115 6535 3.349
B10 49.43 25.22 600 0.4104 7778 3.972
Average 0.4204 6257 3.195
B, Brazilian split specimen; RT, room temperature (without heat treatment).
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Figure 12: Continued.
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Figure 12: SEM images of fracture: (a, c, e) room temperature; (b, d, f ) after treatment at 600°C.
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were used to observe the change of sandstone characteristics
after high-temperature treatment.

Figures 14(a) and 14(c) are thin sections of sandstone at
room temperature, and Figures 14(b) and 14(d) are thin
sections of sandstone after treatment at 600°C. From the thin
section results, it can be seen that the color of the interstitial
material between the sandstone mineral grains deepened
after treatment at 600°C and changed significantly, which
was consistent with the appearance change (Section 3.1).
7is was related to the changes in clay minerals after high-
temperature treatment.

Sandstone samples at room temperature and after
high-temperature treatment were impregnated with blue
epoxy resin and made into thin slices, as shown in Fig-
ure 15. 7e blue areas are epoxy resin, indicating the pores
and cracks in the sandstone. 7e results of the thin section
of sandstone samples at room temperature show that there
were not only large pores but also cracks along the grain
boundaries of the mineral particles. However, after
treatment at 600°C, the proportion of pores and cracks
decreased significantly, with almost no significant grain
boundary cracks.

7is was due to a significant change in the clay minerals
between the sandstone mineral grains after high-tempera-
ture treatment. For example, the dehydration and dehy-
droxylation reactions of kaolinite cause the mineral grains to
become more closely connected, blocking the tiny channels
between the mineral grains. 7e oxygen resin can only in-
trude into large pores.

To quantitatively analyze the results of the slices, the
ImageJ software was used to analyze the pore structure. 7e
software identified the blue epoxy resin and highlighted it in
red, as shown in Figures 15(b) and 15(d). 7e results show
that the surface porosity of sandstone at room temperature
was 13.6%, but the surface porosity after high-temperature
treatment was only 4.0%.

4. Discussion

7e macroscopic mechanical properties of rocks are closely
related to the types, sizes, and shapes of mineral grains, as
well as the distribution and direction of microcracks [41].
High temperatures can change the microstructure and
mineral composition of the rock, and so, the mechanical
properties of the rock will change significantly after high-
temperature treatment. Different types of rocks have dif-
ferent physical and mechanical properties in response to

high temperatures; these differences indicate the complexity
of the rocks after heating [42].

4.1. Effect of Temperature on Macromechanical Properties.
According to the results of the Brazilian disc split test
(Table 4, Figure 11), the average tensile strength of sandstone
after 600°C treatment increased slightly than that at room
temperature, which seems to contradict the results of
fracture toughness. 7is is due to the increase in the ductility
of the sandstone after high-temperature treatment. During
the Brazilian split test, after the initial crack was generated,
the split sample can still continue to bear the load.7erefore,
directly using the peak stress of the Brazilian split test to
estimate the tensile strength will cause a deviation. For
example, Yin et al. [16, 24] used acoustic emission (AE) to
monitor the rock fracture test. It was found that an acoustic
emission event suddenly occurred near the peak to the
untreated rock. For the rocks after high-temperature
treatment, AE activities have been detected prior to peak
load, and the cumulative AE counts after the peak continue
to increase. 7is indicates that the high-temperature treated
rock cracked before the peak load, so the peak stress may
overestimate its tensile strength.

Peng [43] used the discrete element CA2 software to
simulate the direct tensile test of rock. In order to inde-
pendently study the effect of ductility on the mechanical
properties of rock materials, other parameters were kept
unchanged in the experiment. Only we decrease the Knp
value (constitutive parameter, strain-softening slope after
peak value, the larger the value, the smaller the ductility) to
increase the ductility of the rock. It is indicated that the peak
stress increases with ductility while the maximum strength
of the linear elastic part showed little variation. 7e maxi-
mum strength of the linear elastic part may reflect the true
tensile strength, so the true tensile strength does not increase
significantly with ductility.

In the Brazilian split test, we also believe that the contact
angle a of the disk specimen and the loading block has an
important influence on the test results. Due to the increased
ductility of the sandstone after high-temperature treatment,
the peak strain and axial displacement increase, so the
contact angle a of the sandstone after high-temperature
treatment is greater than room temperature, that is,
α600°C > αRT. According to the results of Garćıa et al. [44] and
Komurlu et al. [45] on the Brazilian split, the tensile strength
should be corrected using the correction factor ß. 7e details
are as follows:
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Figure 13: Energy Dispersive X-ray Spectroscopy (EDS) results: (a, c, e) room temperature; (b, d, f ) after treatment at 600°C.
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(a) (b)

(c) (d)

Figure 14: Photomicrographs of thin sections of sandstone: (a, b) plane-polarized light; (c, d) cross-polarized light; (a, c) room temperature;
(b, d) after treatment at 600°C.

(a) (b)

(c) (d)

Figure 15: Photos of casting thin sections: (a, b) room temperature; (c, d) after treatment at 600°C.7e red areas in panels (b) and (d) are the
holes and cracks identified by ImageJ software corresponding to panels (a) and (c), respectively.



σt �
2Pmax

π Dt
β,

β �
sin α cos 2α

α
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

According to Expression (9), β600°C > βRT, as shown in
Figure 16.

7e relative increase Δσt in tensile strength of sandstone
after high-temperature treatment without considering the
correction factor ß is

Δσt �
σ600°Ct − σRTt

σRTt

. (10)

7e relative increase Δft in tensile strength after taking
into account the correction factor β is

Δft �
β600°Cσ600°Ct − βRTσRTt

βRTσRTt

. (11)

According to equations (10) and (11), the following
expression (12) can be further obtained:

Δft �
β600°C/βRT σ600°Ct − σRTt

σRTt

<
σ600°Ct − σRTt

σRTt

� Δσt.

(12)

Since the contact angle a of sandstone after high-tem-
perature treatment increases, the difference in tensile
strength increase without considering the correction factor
(ISRM formula) will be overestimated, that is, Δft <Δσt.

In summary, we believe that the change in the true
tensile strength of sandstone after high-temperature treat-
ment is not as significant as the original.7is is similar to the
test results of fracture toughness. 7is is also consistent with
the law of a positive correlation between tensile strength and
fracture toughness [15, 46, 47].

Although the tensile strength and fracture toughness of
the sandstone after 600°C treatment did not change sig-
nificantly, the average elastic modulus decreased from
8.58Gpa to 4.85Gpa (Table 3), which indicates an increase
in the ductility of the sandstone.

4.2. From Brittleness to Ductility. Rock brittleness can be
quantitatively analyzed based on stress-strain curves; un-
confined compressive strength and Brazilian tensile
strength; mineral composition, porosity, and grain size; and
geophysical methods (Zhang et al. [48]). Here, the stress-
strain curve is used to quantify the brittleness index (BI); the
specific expression is as follows:

BI �
εel
εtot

, (13)

where εel is the elastic strain and εtot is the total strain at
failure.

7e stress-strain diagram was redrawn according to the
results of the Brazilian split test. For ease of analysis, the

loading curves of the untreated group and the 600°C treated
group were fitted separately, as shown in Figure 17.

According to equation (13), the brittleness index results
are as follows:

BIRT �
εRTel
εRTtot

� 0.83,

BI600°C �
ε600°Cel
ε600°Ctot

� 0.66.

(14)

It can be seen that the brittleness index of sandstone after
high-temperature treatment is obviously lower than that of
untreated sandstone.

In this test, although the treatment at 600°C had no sig-
nificant effect on the strength of sandstone, it can be clearly
seen that the ductility of sandstone increased significantly after
high-temperature treatment.7e average value of critical crack
opening displacement of SCB specimens at room temperature
was CMODc� 0.0875mm. After treatment at high tempera-
ture, this value became CMODc� 0.146mm, an increase of
66.86%. Similarly, at room temperature, the average value of
the displacement direction of the Brazilian split test of the
sandstone in the loading direction was δp� 0.2312mm, which
became δp� 0.4204mm after treatment at 600°C, an increase of
81.83% (see Figures 8 and 10).

7e increase of CMODc and peak displacement is also
one of the characteristics of increased rock ductility. More
typical is the change of the P-CMOD curve shape. As shown
in Figure 8, the shape of the sandstone P-CMOD curve after
high-temperature treatment changes from tall to thin, and
the postpeak parts of the curves are significantly different.
For untreated sandstone, the postpeak part decreases rap-
idly, but the postpeak part of the sandstone decreases more
slowly after high-temperature treatment. Miao et al. [18]
reported that the ductility characteristics of rocks after high-
temperature treatment are more obvious, the peak load is
reduced, and the critical crack opening displacement is
increased (CMODc). Yin et al. [24] stated that as the pro-
cessing temperature increased, more yield stages appeared in
the prepeak stage of the P-CMOD curve, and softening
behavior appeared in the postpeak stage and said that this
change means that the heat treatment seriously affected the
brittleness of the rock. Eventually, the fracture of the rock
changed from brittleness to ductility.

Usually, the brittle rock will break quickly when it is
loaded to the peak, and the crack propagation speed is fast.
For the rock after high-temperature treatment, the ductility
increases, the peak strain increases, the loading process
becomes longer, and the breaking speed decreases. If
acoustic emission monitoring is used, the cumulative AE
counts will only increase significantly for brittle rocks near
the peak. For high-temperature treated rocks, cumulative AE
counts will appear before the peak, and the AE count rate
after the peak is higher. For example, Yin et al. [16] reported
that the AE event in the postpeak period of the rock after
high-temperature treatment is still very active and said that
this is a sign of increased ductility.

14 Advances in Materials Science and Engineering



7e microanalysis results of fractures indicated that the
sandstone became rough after high-temperature treatment,
with obvious river and step patterns (see Figure 12). 7is is
consistent with the scanning electron microscopy results of
sandstone after high-temperature treatment by Zuo et al.
[30]. Both macroscopically and microscopically indicate that
the fracture behavior of sandstone after high-temperature
treatment reduces brittleness and increases ductility.

4.3. Differences in Mechanical Properties of Different Rocks
after High Temperature. 7e change in the strength of
sandstone after high-temperature treatment was very dif-
ferent from the test results in many other crystalline rocks.
7e strength of most granite has a significant decrease after
treatment at 600°C ([1, 5, 6, 13, 23, 49], as Figure 1). Liu et al.
[50] compared the experimental results of sandstone and

granite after high-temperature treatment and found that the
UCS of granite specimens generally decreased with in-
creasing temperature, while the UCS of sandstone specimens
did not change significantly from room temperature to
800°C.

As the mineral compositions and microstructures of
different types of rocks are significantly different, the me-
chanical properties of different types of rocks after high-
temperature treatment are significantly different.

Sandstone is a sedimentary rock, in which there are
many cementing elements between mineral grains and the
initial porosity is large. In the heat treatment process, the
unevenness of thermal expansion of mineral grains can be
coordinated, to a certain extent, thus reducing the number of
microcracks. At the same time, the change of sandstone
cement after the high temperature is also beneficial, alle-
viating the effects of thermal cracking. However, in
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crystalline rocks such as granite, the mineral grains are in
close contact and the porosity is low. 7e uneven defor-
mation of mineral grains caused by heat treatment cannot be
coordinated, thermal stress is concentrated, and more
thermal cracks appear. 7erefore, the strength of crystalline
rocks such as granite will be significantly reduced after being
subjected to higher temperatures.

4.4. Changes of Clay Minerals after High Temperature.
Water is an important factor affecting the strength of rocks
[10]. 7ere are many forms of water in rocks, including free
water and bound water [51]. When the temperature exceeds
100°C, the free water gradually disappears, which will in-
crease the effective stress (Sirdesai et al. [52]) and, at the
same time, increase the friction between mineral grains,
thereby increasing the strength of the rock (Zhang et al.
[51]). When the temperature is further increased to above
400°C, the clay minerals begin to dehydrate, which also
increases the friction between the mineral particles and is
beneficial to increasing the rock strength [10].

When the temperature reaches 600°C, the kaolinite
dehydroxylates to become metakaolinite, the activity is
enhanced, the binding force between the mineral grains may
be strengthened, and the mineral grains are bound more
tightly [7, 36, 40], which all have a positive effect on in-
creasing the ductility of the rock and its resistance to de-
struction. Ranjith et al. [7] also pointed out that the increase
in ductility was related to the dehydroxylation of kaolinite in
the Hawkesbury sandstone test after high-temperature
treatment.

7e XRD results (Figure 7) and thin section results
(Figure 14) of this experiment indicate that the clay minerals
of sandstone changed significantly after high-temperature
treatment. 7is is a strengthening mechanism, which not
only offsets the adverse effects of cracks caused by high
temperatures on rock strength but even increases the

resistance to the destruction of sandstone after high-tem-
perature treatment; this strengthening mechanism is closely
related to the change of clay minerals after high-temperature
treatment.

During the heat treatment of rock, strengthening and
weakening mechanisms coexist and compete with each
other, which are closely related to various factors such as
rock type, porosity, microstructure, water content, clay
mineral content, and distribution. After the final heat
treatment, the strength of the rock depends on the com-
petition between the strengthening mechanism and the
weakening mechanism. Undoubtedly, the competition
process is complicated, and more detailed tests are needed
for the in-depth analysis, which reflects the complexity of the
physical and mechanical properties of rocks after high-
temperature treatment.

4.5. Nonlinear Elastic Fracture Mechanics

Δa � ac − a0. (15)

7e average initial crack length a0 of the SCB specimens
at room temperature was 20.61mm, and the average critical
effective crack length ac, calculated according to the double-
K theory, was 28.32mm. 7e critical effective crack growth
was thus ∆a� 7.71mm (equation (15)), and so, ∆a/
a0 � 37.4%.7e average crack length a0 of the SCB specimens
after high-temperature treatment at 600°C was 20.96mm,
and the average critical effective crack length ac, calculated
by the double-K theory, was 28.68mm. 7e critical effective
crack growth was thus ∆a� 7.72mm, and so, ∆a/a0 � 36.8%,
as shown in Figure 18.

It can be seen that the critical effective crack growthΔa of
SCB specimens increased significantly at room temperature
or after high-temperature treatment.7is result is consistent
with the experimental results of Miao et al. [18]. If the ef-
fective crack growth is not considered, the fracture
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Figure 18: Initial crack length a0 and critical effective crack length ac.
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toughness value of the rock will be underestimated. 7e test
results of many SCB specimens have also shown that the
fracture toughness value is low [53]. 7erefore, it is not
appropriate to directly apply linear elastic fracture theory to
analyze rocks.

5. Conclusions

As the mechanical properties of sandstone after treatment at
high temperature are very important in the design and safety
of many important projects, a variety of methods and
techniques were used to test the mechanical properties,
mineralogy, and microstructure of Sichuan sandstone at
room temperature and after treatment at 600°C. Our con-
clusions are as follows:

(1) Compared with room temperature, there is no sig-
nificant change in the strength and fracture tough-
ness of Sichuan sandstone after 600°C, but the elastic
modulus decreases

(2) After high-temperature treatment, the brittleness
index (BI) of Sichuan sandstone decreases and the
ductility increases. Both the stress-strain curve and
the microscopic characteristics indicate that the
brittleness of Sichuan sandstone decreases and the
ductility increases after high-temperature
treatment

(3) 7e clay minerals in the sandstone have significant
changes after 600°C. For example, kaolinite is
dehydroxylated to metakaolinite. 7is change may
increase the ductility of the rock and have a positive
effect on increasing the resistance of the rock to
damage

(4) 7e mechanical properties of different types of
rocks after high temperature are significantly
different, which are not only related to the type of
rock but also closely related to the mineral com-
position, the size and shape of mineral grains, and
the distribution of microcracks and other
microstructures

(5) Whether the Sichuan sandstone was treated at
room temperature or 600°C, the unstable fracture
toughness value obtained by the double-K theory
was significantly greater than the apparent frac-
ture toughness value. Considering the large
critical effective crack growth Δa, linear elastic
fracture theory should not be directly applied and
it is more reasonable to use nonlinear elastic
fracture theory
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