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Abstract
As granite is one of the most widely encountered lithologies in studies of high-temperature rock mechanics, the effects of 
high temperatures on the physical and mechanical properties of granite have attracted considerable attention. In this study, 
to identify the physical and mechanical properties of granite observed before and after high-temperature treatment from 
room temperature to 1000 °C and to determine the influence of high temperatures on granite and on its intrinsic connec-
tions, appearance, and mineral morphology, longitudinal wave testing and uniaxial and triaxial tests were performed. Our 
primary conclusions are as follows: (1) effects of high temperatures on microscopic minerals of granite primarily include the 
oxidation of dark minerals, the recrystallization of feldspar minerals, and the generation and extension of mineral cracks. (2) 
High temperatures decrease the speed of longitudinal waves in granite and cause longitudinal wave energy to be absorbed. 
Cracks created by high temperatures cause longitudinal waves to not be detected. (3) Relationships between stress and strain 
processes at 400 °C in granite first soften and subsequently harden, and mechanical properties change only slightly overall. 
After a temperature of 400 °C is reached, with increasing temperatures, softening characteristics emerge. At 800 °C, plastic 
deformation occurs. At 1000 °C, the strength and deformability of rock specimens are largely diminished. We found 600 °C to 
be the threshold of mechanical properties and the transition temperature of the failure mode. (4) Finally, 400 °C, 600 °C, and 
800 °C were found to be characteristic temperatures of three different stages of physical and mechanical properties for granite.
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εT	� Axial strain of the rock specimen treated at 
each temperature

φ0	� Friction angle of the original rock specimen
φT	� Friction angle of the rock specimen treated at 

each temperature
c0	� Cohesion of the original rock specimen
cT	� Cohesion of the rock specimen treated at each 

temperature
D(vp)	� Damage factors in terms of longitudinal wave 

velocity
D(UCS)	� Damage factors in terms of uniaxial compres-

sive strength
D(E)	� Damage factors in terms of the elastic modulus
D(ε)	� Damage factors in terms of peak strain
D(φ)	� Damage factors in terms of friction angle
D(c)	� Damage factors in terms of cohesion

1  Introduction

High-temperature rock mechanics have received increasing 
attention in recent years, especially with respect to projects 
related to coal mining, oil and gas storage, geothermal devel-
opment, and nuclear waste disposal. The change rules and 
mechanisms of the physical and mechanical properties of rocks 
subjected to high temperatures have become a focus of research 
in rock mechanics (Basu et al. 2013; Chmel 2013; Costamagna 
et  al. 2007; Dwivedi et  al. 2008; Goodman 1989; Hardy 
1972; Hawkes and Mellor 1970; Kawakata et al. 1999; Mitchell 
et al. 2016; Rudajev et al. 2000; Shao et al. 2014; Vázquez et al. 
2015; Xu et al. 2014; Zhao et al. 2012, 2013).

At present, many research discoveries regarding the effects 
of high temperatures on the physical and mechanical proper-
ties of rocks have already been made. The rocks examined 
in previous studies include calcareous limestone (Brotons 
et al. 2013), mudstone (Mao et al. 2015), claystone (Tian 
et al. 2014), marble (Liu and Xu 2013), sandstone (Liu and 
Xu 2015; Liu et al. 2016; Tian et al. 2012, 2016; Yang et al. 
2017a, b; Sirdesai et al. 2018), diorite (Tian et al. 2017), teph-
rite (Ersoy et al. 2017), and granite. Because granite is one of 
the most common rocks in high-temperature rock mechanics 
projects, the study results on granite are also extensive.

Because the complexities of granite’s mineral composi-
tion and the thermal expansion coefficients of different min-
erals vary, mineral expansion occurring at high temperatures 
applies significant levels of thermal stress between minerals, 
resulting in crack formation within rock and seriously affect-
ing rock mechanical properties (Takarli et al. 2008). Physical 
and chemical changes occurring in different minerals under 
the effects of high temperatures also vary, and the original 
structures of the minerals are damaged by those irrevers-
ible changes. Therefore, how the mechanical properties of 

granite develop after high temperatures and how the stability 
of rock engineering can, in turn, be evaluated are critical 
concerns for engineers working in this field.

Several experimental studies on granites subjected to high 
temperatures have revealed changes in physical and mechan-
ical properties relative to those of undisturbed granite:

1.	 Regarding microscopic research on the minerals, the 
main approach applied involves observing the devel-
opment of microscopic cracks in granite after applying 
high temperatures using light microscopy and scan-
ning electron microscopy (SEM). Homand-Etienne and 
Houpert (1989) found that as temperatures increase, 
the lengths of cracks remain nearly unchanged, while 
crack widths increase. Chen et al. (2017) found that 
under high-temperature catalysis, mica is oxidized, and 
its mineral morphology changes from unstable 3T or 
1M to stable 2M1. Using light microscopy, Yang et al. 
(2017a, b) found that at 400 °C, intercrystalline cracks 
form at the boundaries between quartz and feldspar; 
that at 600 °C, transgranular cracks appear on quartz 
and feldspar minerals; and that at 700 °C, visible cracks 
appear on the surfaces of rock specimens. Using SEM, 
Huang et al. (2017) observed that primary cracks in 
granite close at 150 °C, strengthening the granite struc-
ture; that crystal boundary cracks form at 300 °C; that 
transgranular cracks form at 600 °C; and that cracks 
form on rock surfaces at 900 °C.

2.	 Many studies have examined physical properties with 
respect to changes in mass, volume, density, elastic wave 
velocity, porosity, and permeability. Huang et al. (2017) 
showed that as temperatures increase, mass loss, volume 
growth, and density reduction rates gradually increase. 
At 900 °C, the mass loss rate was measured to be approx-
imately 0.35%, the volume growth rate was measured to 
be approximately 3.8%, and the density reduction rate 
was measured to be approximately 3.9%. Zhang et al. 
(2016) concluded that the decrease in mass observed was 
mainly caused by a loss of interlayer (105 °C), zeolite 
(200–300 °C), crystalline (400 °C), and structural water 
(above 600 °C). Liu and Xu (2015) found that the longi-
tudinal wave velocity of granite decreases linearly with 
an increase in temperature to 1000 °C and that changes in 
granite density to 800 °C are not significant but decrease 
significantly at 1000 °C. Yang et al. (2017a, b) found that 
porosity increases by approximately 3.46% at 800 °C and 
that permeability also increases significantly.

3.	 In terms of mechanical properties, Liu and Xu (2015) 
found that compressive strength and elastic modulus 
values gradually decrease with increasing temperatures. 
Chen et al. (2017) found that compressive strength lev-
els increase at 200 °C and decline with increasing tem-
perature beyond 200 °C. Chen et al. (2017) also found 
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that Young’s modulus decreases linearly with tem-
perature below 600 °C and remains unchanged above 
600 °C, and fracture toughness gradually decreases with 
increasing temperature. Hu et al. (2018) divided the tem-
perature range between room temperature and 1000 °C 
into four stages (20–200 °C, 200–400 °C, 400–600 °C, 
and 600–1000 °C), and found that tensile strength and 
fracture toughness increase as temperatures rise below 
200 °C and decrease rapidly above 200 °C, that compres-
sive strength and elastic modulus values decline above 
400 °C and that the rock damage rate increases rapidly 
above 400 °C. Yang et al. (2017a, b) showed that as tem-
peratures increase, the uniaxial compressive strength, 
crack threshold strength, and static modulus of elasticity 
increase first and later decrease, while the dynamic elastic 
modulus gradually decreases. The dynamic Poisson ratio 
remains unchanged, while the static Poisson’s ratio gradu-
ally decreases below 640 °C and later increase rapidly. 
Scherbakov and Chmel (2014) and Xu and Zhang (2018) 
used acoustic emission (AE) technologies to find that 
under loading conditions, AE energy levels increase with 
increasing temperatures. Kumari et al. (2017) found that 
at temperatures below 300 °C, as temperatures increase, 
the elastic modulus, peak deviation stress, and internal 
friction angle values increase with increasing tempera-
tures and cohesion levels first increase and then decrease. 
However, cohesion values observed at 300 °C were still 
found to be greater than those of undisturbed granite.

4.	 In other areas, Yin et al. (2016) found that compared to 
granite observed after high-temperature treatment, the brit-
tle-to-critical transition temperature of granite under high 
temperature was lower and presented a lower peak stress 
value, while the peak strain value was found to be larger. 
Su et al. (2017) studied rock burst characteristics of gran-
ite after high-temperature treatment from an energy per-
spective, and found that at 300 °C, mechanical properties 
change, while rock burst energy levels are the highest. At 
temperatures below 500 °C, granite exhibits considerable 
rock burst energy levels, but these levels decrease above 
600 °C. In addition, several publications have focused on 
the numerical simulation of high-temperature granite engi-
neering and have offered valuable conclusions (Kumari 
et al. 2017; Shao et al. 2015; Hoxha and Homand 2000).

Most of the studies described above have focused on 
microscopic damage or macromechanical properties of high-
temperature granite. Research on the physical and mechani-
cal properties of rocks subjected to high temperatures via 
both basic physical property measurements and mineral vari-
ation on a microscale (under a light microscope) is currently 
limited. In addition, most studies have used temperature 
intervals of 200 °C, which are notably large. Therefore, the 
definition of the physical and mechanical property threshold 

of granite must be further verified. This study further refined 
the temperature intervals to 20 °C, 100 °C, 200 °C, 300 °C, 
400 °C, 500 °C, 600 °C, 800 °C, and 1000 °C; experimen-
tally examined granite physical and mechanical properties, 
including mass, volume, density, the appearance of cracks, 
mineral structure, longitudinal wave velocity and amplitude, 
compressive strength, modulus of elasticity, peak strain, 
cohesion, friction angle, and failure mode; and revealed the 
influence of high temperatures on the physical and mechani-
cal properties of granite and on its intrinsic connections.

2 � Rock Specimens and Experiments

2.1 � Specimen Characterization

The granite specimens used in this experimental study 
were collected from Fangshan District in Beijing, China. 
The granite specimens were gray, with an average density 
of 2.72 g/cm3 and an average longitudinal wave velocity of 
approximately 4800 m/s. The mineral composition of the 
specimens was 38% quartz, 47% plagioclase, 11% micro-
cline, and 4% mica by XRD. To avoid the influence of het-
erogeneity, all granite specimens were drilled in the same 
direction from a block of the granite mass as the International 
Society for Rock Mechanics and Rock Engineering (ISRM 
2007) suggested. After cutting, 108 cylindrical specimens (φ 
25 mm × 50 mm) were obtained, and the rock specimens were 
found to adhere to the specifications of ISRM (ISRM 2007).

Given that during the deep underground disposal of nuclear 
waste granite, temperatures do not generally exceed 500 °C, we 
examined changes in the physical and mechanical properties 
of granite to 500 °C in detail. Temperatures of up to 500 °C 
were examined at 100 °C intervals, and an interval of 200 °C 
was used above 600 °C. Thus, we studied processes observed 
at temperatures of 20 °C, 100 °C, 200 °C, 300 °C, 400 °C, 
500 °C, 600 °C, 800 °C, and 1000 °C. In addition, based on 
an estimation of the depth of buried nuclear waste and of rock 
density values, 15 MPa was set as the upper confining pressure 
limit, and 5 MPa was set as the confining pressure interval.

2.2 � Test Procedures

We used an electronic balance (accuracy level of 0.001 g), 
a Vernier caliper (50°), a longitudinal wave tester (DSG-1, 
50 kHz), a high-temperature furnace (SG-XL1200, maxi-
mum heating temperature of 1200 °C and temperature con-
trol accuracy of ± 3 °C), an optical microscope (2084BS53, 
20 ×), and a mechanical tester (TAW-2000) in this study. To 
ensure the reliability of the experimental results, the num-
ber of experimental rock specimens examined under the 
same experimental conditions was set to 3. Test procedures 
applied to each rock specimen were as follows:



308	 Y. Qin et al.

1 3

1.	 Specimens were placed in a ventilated area at room tem-
perature for 2 weeks to eliminate the effects of natural 
moisture content.

2.	 The initial physical properties of the rock specimens 
were measured prior to heating (i.e., measurement mass, 
size, and longitudinal wave).

3.	 Each rock specimen was placed in a high-temperature 
furnace in accordance with the temperature group for 
heat treatment, and the heating rate was set to 3 °C/min. 
After heating to the target temperature, the furnace was 
programmed to maintain a constant temperature for 2 h. 
Then, the power was turned off, and the rock specimens 
were naturally cooled to room temperature in the furnace.

4.	 The rock specimens were removed after high-temper-
ature treatment, and the quality, size, and longitudinal 
wave of each rock specimen were measured.

5.	 One piece of spare rock in each temperature group was 
taken as a probe to observe mineral morphologies under 
a light microscope.

6.	 Uniaxial and triaxial compression tests of the rock 
specimens were performed using a mechanical tester in 
accordance with ISRM specifications.

3 � Results and Discussion

The experimental results mainly cover the following: (1) the 
appearance of changes in the rock specimens; (2) changes in 
microscopic minerals; (3) changes in quality, volume, and 
density values; (4) changes in longitudinal wave velocity 
and waveform; (5) stress–strain relations; (6) changes in 
compressive strength, elastic modulus, and peak strain val-
ues; (7) changes in cohesion and friction angles; (8) damage 
parameters; and (9) failure patterns (Table 1).

3.1 � Cracks on the Rock Specimens

Due to the different thermal expansion coefficients of miner-
als in granite, uneven expansion occurred under high tem-
peratures; thus, cracks appeared on the surface of the granite 
at 800 °C and 1000 °C (Fig. 1), and cracks formed in the 
granite at 1000 °C were clearly more abundant and larger 
than those observed at 800 °C. Huang et al. (2017) found no 
cracks on the surfaces of rock specimens treated at 800 °C 
with the naked eye, while obvious cracks formed at 900 °C. 
Yang et al. (2017a, b) used CT to find that granite forms 
cracks no larger than 30 μm at 600 °C, that the surfaces 
of rock specimens crack at 700 °C, and that surface cracks 
expand at 800 °C. Therefore, granite first forms surface 
cracks at a temperature of approximately 800 °C.

In addition, when the same group of rock specimens 
were hit against one another, the 20–500 °C rock specimens 

emitted crisp sounds. However, rock specimens treated at 
600 °C emitted a softer sound when hit against one another. 
The softer sounds recorded became more pronounced at 
800 °C and very clear at 1000 °C. These results show that a 
decrease in the density of the rock specimens and an increase 
in the number of pores were the main factors causing the 
timbre of the rock specimens to change.

3.2 � Changes in Microscopic Minerals

Under a light microscope at 20 × magnification, the structures 
of the specimens and minerals observed after high-tempera-
ture treatment at 300 °C (Fig. 2a–d) did not change. At 400 °C 
and 500 °C (Fig. 2e, f), boundary cracks (marked as ‘bc’ in the 
figures) formed at the boundaries between quartz and feldspar, 
but no transgranular cracks were observed on any mineral. 
Yang et al. (2017a, b) also observed mineral boundary cracks 
at 400 °C through an optical microscope, whereas Huang et al. 
(2017) used CT to find boundary cracks on mineral edges at 
300 °C. The fact that we did not observe boundary cracks at 
300 °C may be attributed to the effects of our observation 
scale or to our use of rock specimens of different sources.

At 600 °C (Fig. 2g, h), transgranular cracks (marked 
as ‘tc’ in the figures) began to appear on the surfaces of 
the feldspar, but the cracks were thin, short in length, and 
less plentiful. The quartz boundary was blurred, and white 
spots formed on the surface of the feldspar, indicating that 
recrystallization had occurred. The biotite turned brown, as 
biotite is a dark-colored mineral consisting of Fe2+ and other 
elements. Fe2+ was oxidized by oxygen to Fe3+ under high-
temperature catalytic action. The color of biotite changed, 
indicating that oxidation had occurred.

At 800 °C (Fig. 2i, j), the number of cracks on the feld-
spar increased significantly, and the crack widths and lengths 
increased. Virtually all of the cracks were connected and 
meshed. Several cracks formed on the quartz and biotite 
surfaces, and the biotite specimens turned red, denoting a 
higher degree of oxidation.

At 1000 °C (Fig. 2k, l), the surfaces of the feldspar and 
quartz were blurred, indicating that strong processes of alter-
ation had taken place. The biotite specimens became redder 
than they were at 800 °C, and more fractures were observed. 
After a temperature of 800 °C was reached, fewer cracks 
were observed on the feldspar surface, and their widths had 
narrowed. As the melting point of feldspar is approximately 
1100 °C, we assumed that the feldspar contained other min-
erals, decreasing its melting point and causing it to melt and 
undergo recrystallization, filling the fractures.

In addition, due to the different thermal expansion coef-
ficients of quartz and feldspar, the destruction of the two 
minerals involved different patterns. The main minerals 
shown in Fig. 2g, i, k are quartz and biotite. After treat-
ment at temperatures above 600 °C, transgranular cracks 
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appeared on quartz surfaces. A large number of smaller 
cracks were observed. The main mineral shown in Fig. 2h, 
j, l is feldspar, and cracks observed were wider than those 
observed on the quartz after treatment at 600 °C.

3.3 � Changes in Quality, Volume, and Density

We defined the mass loss rate �
m

 , volume growth rate �
V
 , and 

density reduction rate �
�
 as follows:

In these formulas, m1, V1, and ρ1 are the mass, volume, 
and density of the original rock specimen, respectively, and 
m2, V2, and ρ2 are the mass, volume, and density of the rock 
specimen after high-temperature treatment, respectively.

�
m

= (m1 − m2)∕m1
× 100%, �

V
= (V2 − V1)∕V1

× 100%,

�
�
= (�1 − �2)∕

�1
× 100%.

Table 1   Original data table 
of physical and mechanical 
properties

The values of mass, volume, density, and longitudinal wave velocity are the average values of the test per-
formed at atmospheric pressure, and longitudinal waves were not detected at 800 °C and 1000 °C

Temperature, °C σ3, MPa ηm, % ηV, % ηρ, % VP, m/s E, GPa σ1–σ3, MPa ε, %

20 0 0 0 0 4799 14.00 84.80 0.98
5 13.41 145.23 1.49

10 18.17 209.68 1.88
15 19.30 223.78 2.54

100 0 0.011 0.53 5.63 4476 13.26 71.24 1.05
5 11.39 142.20 1.63

10 17.28 165.62 1.88
15 18.52 216.30 1.95

200 0 0.034 1.05 1.02 3883 17.22 80.70 0.91
5 14.45 138.80 1.45

10 17.71 168.70 1.64
15 18.35 204.95 2.10

300 0 0.039 1.09 1.12 3526 13.92 81.27 1.05
5 16.11 151.98 1.51

10 16.54 169.29 1.86
15 18.90 227.30 2.23

400 0 0.064 1.08 1.14 2981 11.43 69.59 0.92
5 14.59 130.75 1.69

10 17.74 193.46 1.93
15 18.66 217.50 2.04

500 0 0.063 1.23 1.36 2587 9.98 67.73 1.18
5 15.48 151.27 1.62

10 14.68 174.58 1.98
15 14.13 192.92 3.70

600 0 0.102 1.46 1.38 1108 8.57 71.65 1.65
5 16.65 188.37 2.34

10 13.87 186.76 3.84
15 15.19 262.54 4.49

800 0 0.256 3.61 3.58 – 5.59 50.09 2.11
5 10.13 144.87 4.04

10 10.94 198.47 4.20
15 11.66 219.26 5.10

1000 0 0.302 5.63 5.56 – 2.39 26.43 2.20
5 7.32 123.23 4.76

10 10.31 192.46 5.31
15 11.50 233.88 5.57
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With increasing temperatures, the mass loss, volume 
growth, and density reduction rates of the granite gradually 
increased (Fig. 3). Changes observed below 200 °C were 
obvious, and the mass loss rate continued to increase from 
200 to 600 °C, while the volume growth rate and density 
reduction rate changed little. When temperatures exceeded 
600 °C, the mass loss rate, volume growth rate, and density 
reduction rate increased dramatically.

The mass loss rate observed at 200 °C was 0.034%, while 
at 200–300 °C, the rate remained virtually unchanged. Inter-
layer water generally evaporated at approximately 100 °C; 
thus, interlayer water was completely absent at 200 °C, and 
losses of zeolite water were not significant at 200–300 °C. 
At 400 °C, the mass loss rate further increased to 0.064%. 
At 500 °C, the loss rate stabilized. We thus assume that zeo-
lite water was completely absent at 400 °C, while there was 
almost no loss of bound water from 400 to 500 °C. The 

Fig. 1   Cracks formed on the rock specimens after high-temperature 
treatment at 800 °C and 1000 °C

Fig. 2   Illustration of minerals 
in the rock specimens observed 
after treatment at different 
temperatures under a light 
microscope

(a) 20℃ (b) 100℃ (c) 200℃

(d) 300℃ (f) 500℃(e) 400℃

(g) 600℃ (h) 600℃ (i) 800℃

(j) 800℃ (k) 1000℃ (l) 1000℃
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mass loss rate increased significantly above 500 °C, indicat-
ing that internal minerals of the rock specimens underwent 
significant physical and chemical changes, while crystalline 
water volumes declined through mineral dehydration, and 
structural water volumes declined as a result of dehydroxyla-
tion (Zhang et al. 2016). Mass loss rates were measured to 
be 0.102% at 600 °C and 0.256% at 800 °C, and were high-
est at 600–800 °C, indicating that chemical changes were 
most dramatic within this range of temperatures. From 800 
to 1000 °C, the mass loss rate slightly stabilized, indicating 
that chemical changes were still occurring, and the mass loss 
rate reached 0.302% at 1000 °C.

The volume growth rate observed from 20 to 100 °C was 
similar to the growth rate observed from 100 to 200 °C, and 
the rate reached a value of 1.05% at 200 °C. The volume 
growth rate was then increased slowly from 200 to 300 °C 
and reached 1.09% at 300 °C. Volume expansion observed 
within this range of temperatures mainly occurred due to 
mineral expansion. The volume growth rate plateaued at 
300–400 °C, and the volume of the rock specimens did not 
increase significantly. Above 400 °C, the volume growth rate 
of the rock specimens began to increase again as the miner-
als expanded further, and mineral boundaries cracked. The 
volume growth rate observed at 400–500 °C was similar to 
that observed at 500–600 °C, and the rate reached a value 
of 1.46% at 600 °C. Above 600 °C, the volume growth rate 
increased considerably, because the quartz transformed from 
the α phase to the β phase at close to 573 °C, and volumes 
increased rapidly. At this point, transgranular cracks devel-
oped rapidly and expanded further, leading to an increase in 
volume. The volume growth rate observed at 600–800 °C 
was similar to that observed at 800–1000 °C, and the rate 
reached a value of 3.61% at 800 °C and a value of 5.63% at 
1000 °C.

Density levels were affected by the combined effects 
of mass and volume changes. Below 200 °C, mass values 
decreased considerably, while volumes increased signifi-
cantly, meaning that density reduction processes were also 
significant. At this point, the density reduction rate was 
measured to be 1.02%. At 200–600 °C, the mass loss value 
was small, and volume growth was not obvious; thus, the 
density reduction rate plateaued, and the density reduction 
rate reached a value of 1.38%. Above 600 °C, the mass and 
volume values underwent dramatic changes, and the density 
reduction rate thus also increased considerably, while the 
density reduction rate increased to 5.56% at 1000 °C. The 
density reduction rate observed is consistent with the change 
observed in volume growth rates, indicating that volume 
expansion had a greater effect on density than quality losses.

The values of �
m

 , �
V
 , and �

�
 are average values for the 12 

specimens recorded after each temperature treatment.

3.4 � Longitudinal Wave Velocity and Waveform

As shown in Fig. 4, before a temperature of 500 °C was 
reached, the longitudinal wave velocity decreased lin-
early with increasing temperatures, and the wave velocity 
decreased by 46.1% at 500 °C. At 600 °C, the velocity of 
the longitudinal wave suddenly decreased by 76.9%. The 
longitudinal wave could no longer be detected at 800 °C 
and 1000 °C. This finding shows that the rock specimens 
underwent significant physical and chemical changes at 
600 °C that affected the propagation of longitudinal waves. 
We found 500 °C to be the threshold of longitudinal wave 
velocity change.

As shown in Fig.  5, the longitudinal wave patterns 
observed at 100  °C were similar to those originally 
observed, and the amplitude of longitudinal waves of 

Fig. 3   Relationships between �
m

,�
V
 , and �

�
 and temperature
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granite observed above 200 °C decreased with increas-
ing temperatures. The amplitude of the longitudinal wave 
was close to zero at 600 °C but could still be detected, 
while the waves were not detectable at 800 °C. Liu and Xu 
(2015) found that longitudinal waves can still be detected 

at 800 °C and 1000 °C, which may be attributed to differ-
ent sources of granite.

The wave velocity and amplitude of the longitudinal wave 
gradually decreased as temperatures increased, indicating 
that acoustic wave energy levels were gradually reflected 

Fig. 4   Longitudinal wave veloc-
ity changes with changes in 
temperature

Fig. 5   Longitudinal waveforms of granite observed after 0–600 °C treatment
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and absorbed into the rock specimens. This phenomenon 
occurred for the following reasons. (1) Below 300 °C, tem-
peratures spurred water loss and granite volume growth, 
which increased the porosity of the granite. Energy levels 
of the longitudinal wave dissipated during propagation, 
which led to a decrease in wave velocity and amplitude. (2) 
At 400–500 °C, more water was lost, and boundary cracks 
began to appear at mineral boundaries, causing the wave 
velocity and amplitude to decrease further. (3) At 600 °C, 
minerals underwent severe physical and chemical changes, 
and crystals formed transgranular cracks. At this point, the 
amplitude of the longitudinal wave was very small, and the 
wave velocity was very low, indicating that cracks absorbed 
most of the energy in the longitudinal wave. (4) At 800 °C, 
the effects of high temperatures were more severe, and 
transgranular cracks developed rapidly and even fused to 
the mesh. The internal structures of the rock specimens were 
severely damaged, causing the longitudinal waves to be fully 
reflected and absorbed and unable to penetrate the rock spec-
imens. Therefore, declines in mass, increases in porosity, the 
development of transgranular cracks, and the development 
of boundary cracks spurred a decrease in longitudinal wave 
velocity. The fusion of transgranular cracks directly caused 
longitudinal waves to fail to penetrate the rock specimens.

3.5 � Stress–Strain Relations

As shown in Fig.  6, as temperatures increase, the 
stress–strain curve of granite becomes more gradual at 
100 °C and the compaction stage extends, while the elastic 
modulus decreases. At 200–300 °C, the compaction stage 
shortens, the elastic modulus increases, the elastic deforma-
tion stage becomes more pronounced and longer, the peak 
stress level increases, and the peak strain level decreases. 
Above 400 °C, the rock specimens soften, the peak stress 

of the rock specimens decreases, the elastic deformation 
stage becomes more gradual, and the peak strain level 
increases. At 600 °C in particular, the peak strain level 
clearly increases. At 1000 °C, the rock specimen strength 
is virtually lost.

Due to a loss of moisture, at 100 °C, voids between the 
mineral particles expand, and the specimens thus soften 
slightly. At 200–300 °C, minerals expand, and mineral par-
ticles become more tightly intertwined (Huang et al. 2017). 
Therefore, the rock specimens exhibited hardening charac-
teristics and heightened strength and levels of deformability. 
Clear boundary cracks appeared on the minerals at 400 °C 
and 500 °C, causing the stress–strain curve to extend in the 
compaction stage, presenting obvious softening characteris-
tics. At 600 °C and above, transgranular cracks formed in the 
granite, and structures within the rock specimens changed, 
leading to a further decrease in strength and a significant 
increase in the peak strain level. At 800 °C, macroscopic 
cracks appeared in the specimens, and intergranular cracks 
were reticular, decreasing strength and deformability levels, 
and the specimens presented softened features. At 1000 °C, 
surface cracks within the rock specimens increased in num-
ber and expanded, and the rock specimens rapidly decreased 
in strength.

3.6 � Elastic Modulus, Peak Deviation Stress, 
and Peak Strain

As shown in Fig. 7, the granite was approximately 15% 
weaker at 100 °C than it was originally, and its strength 
was slightly enhanced at 200 °C and 300 °C. At this point, 
the compressive strength of the specimen was only slightly 
lower than the original strength value. However, at 400 °C, 
strength levels suddenly decreased and continued to decrease 
at 500 °C. The compressive strength measured at 600 °C 
slightly increased relative to that recorded at 500 °C, but 
strength levels deteriorated rapidly after a temperature of 
600 °C was reached. At 800 °C, the strength levels were 
approximately 60% those of the undisturbed granite. At 
1000 °C, strength levels amounted to only 30% of the origi-
nal strength value.

The elastic modulus of the granite specimens treated at 
100 °C was somewhat lower than that of the undisturbed 
granite (5.3% lower). The elastic modulus increased at 
200 °C and was 23% higher than the original value. At 
300 °C, the elastic modulus of granite decreased to the origi-
nal levels. Once a temperature of 300 °C was reached, the 
deformability of the granite declined rapidly. At 400 °C, the 
elastic modulus of granite decreased by 18.3%. At 500 °C 
and above, the elastic modulus of the granite decreased lin-
early. At 500 °C, the elastic modulus decreased by 30% rela-
tive to the original value and decreased by approximately 
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85% at 1000 °C. At this point, the deformation capacities of 
the granite had deteriorated considerably.

As shown in Fig. 7, the peak strain values increased and 
fell before 400 °C, primarily due to a loss of moisture and 
the expansion of minerals. At temperatures above 500 °C, 
the peak strain value increased rapidly with increasing tem-
peratures, because high temperatures spurred the formation 
of more cracks within the granite, softening the rock speci-
men. At 500 °C, the peak strain value started to increase 
significantly by approximately 20.4%. At 600 °C, the peak 
strain value increased significantly by approximately 68.4%. 
The peak strain growth rate observed at 800 °C and 1000 °C 
was slower than that at lower temperature. The peak strain 
level observed at 800 °C represented an increase of approxi-
mately 115% to twice the value of the original peak strain, 
and the peak strain observed at 1000 °C represented an 
increase of approximately 124%.

Most scholars have concluded that as temperatures 
increase, both the strength and elastic modulus decrease. 
However, some scholars have shown that the strength and 
deformability of granite increase at 200 °C (Shao et al. 2015; 
Liu and Xu 2015; Chen et al. 2017). Yang et al. (2017a, b) 
found that the strength and elastic modulus of granite at 
300 °C are higher than those of undisturbed granite. Huang 
et al. (2017) observed that primary cracks in granite are 
closed at 150 °C, strengthening the granite structure. Once 
a temperature of 300 °C is reached, the mineral boundary 
cracks and the structures are damaged. These findings echo 
our results; thus, the influence of granite source on the 
mechanical properties of granite cannot be ignored.

Through the change laws of compressive strength, elas-
tic modulus, and peak strain values, we may speculate that 
at 100 °C, due to a loss of interlayer water, the porosity 
of the granite specimens increased, such that strength and 
deformability values were reduced, while the peak strain 
value slightly increased. At 200–300 °C, mineral expansion 

accounted for pores due to moisture loss, and mineral parti-
cles became more compact. Thus, as compressive strength 
levels increased, deformability levels also increased, caus-
ing the peak strain to decline. At temperatures between 400 
and 600 °C, the boundary between minerals cracked, rock 
strength declined rapidly, deformability levels declined, and 
the peak strain value increased rapidly. After a temperature 
of 600 °C was reached, transgranular cracks developed rap-
idly in the minerals. At 800 °C in particular, transgranu-
lar cracks were meshed, resulting in a rapid loss of rock 
strength, weakened deformation ability, and a rapid increase 
in peak strain values.

As shown in Fig. 8, at 400 °C, under confining pressure, 
the elastic modulus did not change significantly with tem-
perature and decreased above 600 °C. Two different pat-
terns compared with those of the uniaxial condition were 
observed. (1) In the uniaxial state, the elastic modulus of 
granite increased at 200 °C and later decreased. However, 
when the confining pressure level was 5 MPa, the elas-
tic modulus of granite increased from 200 °C, decreased 
slightly at 400 °C, and reached a maximum value at 600 °C. 
At this point, the growth rate was approximately 94%, and 
it subsequently decreased after a temperature of 600 °C was 
reached. (2) When the confining pressure reached 10 MPa or 
15 MPa, the elastic modulus slowly declined below 400 °C, 
while it deteriorated rapidly at temperatures of 400 °C and 
above.

When the temperature was below 200 °C and the confin-
ing pressure was 5 MPa, the change laws of elastic modu-
lus were similar to that of the uniaxial condition. The main 
reason for this change was that the water loss could increase 
the porosity and weaken connections among mineral grains 
in the rock. When the confining pressure was 10 MPa or 
15 MPa, elastic modulus changed little due to the closure 
of voids induced by the water loss. When the temperature 
rose from 300 to 500 °C, elastic modulus also changed little 

Fig. 7   Relationships between 
uniaxial compressive strength, 
elastic modulus, and peak strain 
values and temperatures
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owing to the closure of boundary cracks under the con-
fining pressure. However, when the temperature reached 
600 °C, elastic modulus was affected more obviously by 
the transgranular cracks rather than the confining pressure, 
and the elastic modulus decreased under different confining 
pressure.

Under triaxial conditions (Fig. 9), the peak deviation 
stress of granite observed at temperatures below 400 °C did 
not change considerably and decreased slightly before a tem-
perature of 300 °C was reached and increased after a tem-
perature of 300 °C was reached. In contrast to the changes 
observed under uniaxial conditions, the peak deviation stress 

observed under triaxial conditions was not greatly reduced 
after a temperature of 600 °C was reached, echoing results 
obtained for the undisturbed granite. When the confining 
pressure reached 5 MPa or 15 MPa, the elastic modulus sud-
denly increased at 600 °C (Fig. 8). Moreover, the peak devia-
tion stress also increased at 600 °C under various confining 
conditions (Fig. 9). Thus, we speculated that despite the 
minerals cracking at 600 °C, the frictional characteristics of 
the mineral particles were enhanced. In particular, the cracks 
were closed under confining pressures, which increased the 
strength and elastic modulus levels. When a temperature of 

Fig. 8   Relationships between 
elastic modulus and temperature 
values observed under different 
confining pressure levels

Fig. 9   Relationships between 
peak deviation stress and tem-
perature values observed under 
different confining pressure 
levels
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800 °C was reached, the cracks were connected and meshed, 
resulting in a little decrease of the compressive strength.

As shown in Fig. 10, peak strain levels increased and 
decreased below 400 °C, but these changes were not signifi-
cant. The peak strain increased rapidly after 500 °C. Under 
the dual effects of temperature and confining pressure in 
particular, the rock specimens softened, while the peak 
strain markedly increased. For example, when the confining 
pressure was 5 MPa, the peak strain of the rock specimens 
observed after treatment at 1000 °C was approximately 3.2 
times that of the original.

Under the influence of confining pressure, changes in 
the mechanical properties of the granite were not clearly 
affected by temperature as much as they were under uni-
axial conditions. Even in terms of compressive strength, few 
changes from the original values were observed with only a 
slight decrease in the elastic modulus. However, the increase 
in peak strain was much more obvious than that observed 
under uniaxial conditions, indicating that the strength of the 
granite was greatly affected by the confining pressure, while 
the influence of temperatures on deformation capacities was 
more pronounced.

3.7 � Cohesion and Friction Angle

At 100 °C, relative to that of the undisturbed granite, cohe-
sion decreased by 12.6% and recovered at 200  °C, but 
decreased at 300 °C. At this point, cohesion had declined 
by 2.3% compared to the original values. At 400 °C, cohe-
sion rapidly decreased by approximately 19.8%. At 500 °C, 
cohesion quickly recovered. At this point, cohesion was 
not markedly different from that of the undisturbed granite. 
Thereafter, as temperatures increased, cohesion gradually 
decreased by 9.5% at 600 °C, by 31.3% at 800 °C, and by 
63.6% at 1000 °C relative to the original.

Compared to that of the undisturbed granite, the friction 
angle observed at 100 °C slightly decreased, and it continued 
to decrease at 200 °C, but it increased slightly at 300 °C and 
400 °C. This angle later decreased again at 500 °C. At tem-
peratures of 500 °C and above, as temperatures increased, 
the friction angle gradually increased. At temperatures 
below 500 °C, the friction angle did not change significantly 
and remained relatively stable overall. The friction angle 
increased by approximately 4.3% at 600 °C and by approxi-
mately 8.9% at 1000 °C.

Cohesion reflects the degree of cementation within a rock 
specimen, and the internal friction angle reflects the frictional 
properties of rock. Based on the above-mentioned results, 
we may speculate that cohesion decreased at 100 °C due 
to a loss of interlayer water, although the observed changes 
were minor. At 200 °C, the volume of the mineral expanded, 
and the volume of rock specimen increased (Fig. 3), which 
strengthened the structure and increased cohesion. At 300 °C, 
microcracks appeared, leading to a slight increase in the inter-
nal friction angle and a decrease in cohesion. Below 300 °C, 
the loss of interlayer and zeolite water did not cause major 
changes in cohesion and friction angle values. At 400 °C, due 
to the generation of intercrystalline cracks, cohesion declined 
rapidly, while frictional properties were improved, resulting 
in an increase in the friction angle. At 500 °C, the minerals 
obviously expanded, causing the volume of the specimens to 
increase further (Fig. 3), which strengthened the structure of 
the rock specimens, and the cohesion increased again. After 
treatment at 600 °C, the minerals broke, and the fracture sur-
faces pressed against each other, leading to an increase in the 
friction properties and friction angle. At 800 °C and 1000 °C, 
the rupture surface penetrated, making the mutual locking 
effect more obvious (Fig. 11).

Fig. 10   Relationships between 
peak strain and temperature 
values observed under different 
confining pressure conditions
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3.8 � Damage Parameters

The damage parameters D(vp), D(UCS), D(E), D(ε), D(φ), and 
D(c) are expressed in terms of the longitudinal wave velocity, 
uniaxial compressive strength, elastic modulus, peak strain, 
internal friction angle, and cohesion as follows:
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)
/
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T
)
/
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Parameters with subscript 0 in the formula denote data 
obtained from the original granite specimen. Parameters 
with subscript T in the formula denote data obtained from 
granite treated at each temperature.

As shown in Fig. 12, physical and mechanical parameters 
were enhanced with increasing temperatures, and the pri-
mary changes were observed. (1) The damage factor defined 
by the longitudinal wave velocity was the most sensitive, 
especially because the longitudinal wave velocity could not 
be measured after 600 °C; hence, damage values could not 
be defined. (2) Changes observed in the various damage fac-
tors show that the granite damage observed can be catego-
rized into four stages. At temperatures below 200 °C, the 
damage factors first increased and later decreased due to a 
loss of water and the expansion of minerals. At 200–400 °C, 
the damage factors first decreased and then increased, indi-
cating that mechanical properties were first strengthened, but 

Fig. 11   Variation in friction 
angle and cohesion with tem-
perature

Fig. 12   Relationships between 
damage parameters and tem-
perature



318	 Y. Qin et al.

1 3

due to the generation of intercrystalline cracks, mechanical 
properties then immediately deteriorated. At 400–600 °C, 
the damage factors increased, indicating that the granite con-
tinued to be damaged at these temperatures. At temperatures 
exceeding 600 °C, various damage factors increased rapidly, 
indicating that damage developed rapidly at these tempera-
tures. (3) The damage factor defined by the internal friction 
angle did not increase considerably below 1000 °C, indicat-
ing that temperatures did not have a considerable influence 
on the friction properties of the rock specimens.

Zhang et al. (2016) studied changes observed in the physi-
cal and mechanical properties of granite below 500 °C and 
defined changes observed based on three temperature stages: 
room temperature to 100 °C, 100–300 °C, and 300–500 °C. 
Gautam et al. (2018) concluded that 300 °C is the damage 
threshold temperature for the thermophysical properties of 
granite. Xu and Zhang (2018) studied acoustic emission 
and damage characteristics of granite observed at below 
1000 °C and defined temperature effects observed based 
on four stages: room temperature to 400 °C, 400–600 °C, 
600–800 °C, and 800–1000 °C. Hu et al. (2018) defined 
temperature effects observed below 1000 °C into four stages: 
room temperature to 200 °C, 200–400 °C, 400–600 °C, 
and 600–1000 °C. Owing to different sources of granite, 
the experimental results reported by different researchers 
vary, although the temperatures used to define the differ-
ent stages are largely the same. According to the above-
mentioned experimental phenomena, based on the results of 
previous studies, we divided the change processes of gran-
ite into five stages according to temperature. (1) At room 
temperature to 200 °C, granite oxidation was not obvious, 
and mass loss was caused by a loss of interlayer water. At 
this point, the mechanical properties declined slightly. (2) 
At 200–400 °C, mass loss was caused by a loss of zeolite 
water, and minerals expanded into original pores, resulting 
in the strengthening of the granite structure and the intensi-
fication of mechanical properties. (3) At 400–600 °C, a loss 
of mass was caused by a loss of crystal water, and cracks 
appeared at mineral boundaries, quickly decreasing the lon-
gitudinal wave velocity and clearly weakening mechanical 
properties. (4) At 600–800 °C, mass loss was mainly caused 
by a loss of crystal and structural water. Minerals formed 
transgranular cracks, the crystal phase of quartz changed, the 
volume of the rock specimen increased, and the longitudinal 
wave did not penetrate the granite at this stage. At this stage, 
the mechanical properties of the granite were softened. (5) 
At 800–1000 °C, the rock specimens underwent significant 
chemical changes. Transgranular cracks were connected into 
the mesh, and the structure was severely damaged. Macro-
scopic cracks appeared on the surface of the rock specimens. 
Deformation essentially involved plastic deformation, and 
mechanical properties deteriorated considerably.

From the above analysis, it can be concluded that the 
physical and mechanical properties of granite undergo a 
major transformation at 400 °C, 600 °C, and 800 °C, indicat-
ing that these three temperatures are characteristic tempera-
tures that spur changes in the physical and mechanical prop-
erties of granite. Above 600 °C, the mechanical properties 
of granite deteriorate; thus, 600 °C is the change threshold 
for mechanical properties.

3.9 � Failure Pattern

Figure 13 shows that in the uniaxial state, the rock speci-
mens underwent shear failure at temperatures below 500 °C, 
while fractures formed within the rock specimens. At 600  
°C and above, no obvious fractures were observed in the 
rock specimens, but more cracks appeared on the surfaces 
of the rock specimens, indicating that the rocks underwent 
plastic failure. This phenomenon was observed, because 
boundary and transgranular cracks formed within the rocks 
at 600 °C. Therefore, plastic failure occurred under external 
loads. We identified 600 °C as the failure transformation 
temperature for granite.

Under triaxial conditions, the specimens treated at tem-
peratures below 500 °C exhibited shear failure. For the spec-
imens treated at 600–1000 °C, a transition to plastic failure 
occurred at 5 MPa and 10 MPa. When the confining pressure 
was set to 15 MPa, the rock specimens underwent plastic 
and shear failure. Due to a loss of moisture within the rock 
specimen after high-temperature treatment, cohesion levels 
declined, and cracks formed within and on the surface of 
the rock specimens. In turn, plastic failure easily occurred. 
However, under high confining pressure levels, pores, and 
cracks within the rock specimens closed, while a number of 
the rock specimens underwent shear failure.

3.10 � Comparison with Other Research

Many experimental methods such as acoustic emission and 
compression test have been used to study the physical and 
mechanical properties of granite after high-temperature 
treatment. However, different sources of granite and experi-
mental methods can contribute to different experimental 
results. Due to the data limitation of the physical properties, 
such as mass, volume, and density of granite after high-
temperature treatment, and the mechanical properties under 
triaxial conditions in the literatures, here, we just show the 
summary of longitudinal wave velocity, uniaxial compres-
sive strength, elastic modulus, and uniaxial peak strain in 
Fig. 14. And we also sum up the mineral composition of 
granite in the previous literatures and this study (Table 2).

As shown in Fig.  14a, the longitudinal wave veloc-
ity decreases with the temperature increasing. Liu and 
Xu (2014, 2015) find that the longitudinal wave velocity 
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increases at 100 °C. However, with the temperature increas-
ing to 800 °C and 1000 °C, we could not detect the longi-
tudinal wave that could be detected by Liu and Xu (2014, 
2015) and Yang et al. (2017a, b), which may be due to the 
different mineral composition. As listed in Table 2, the 
quartz content in granite researched by Liu and Xu (2014, 
2015) and Yang et al. (2017a, b) is less than 20% which is 
much lower than 38% quartz in this study. More quartz con-
tents lead to more cracks in granite when the temperature is 
above 600 °C, which causes the disappearance of longitudi-
nal wave at 800 °C and 1000 °C.

Figure 14b–d shows all the test results obtained by the 
researchers. With the temperature increasing, the compres-
sive strength and the elastic modulus decrease, while the peak 
strain increases. However, Chen et al. (2017) and Yang et al. 
(2017a, b) find that the elastic modulus fell to a low level 
(< 8% that of undisturbed granite) (Fig. 14c), while the peak 
strain increases rapidly in Yang et al. (2017a, b) (Fig. 14d) at 
600 °C. The peculiarity of the granite in Yang et al. (2017a, 
b) and Chen et al. (2017) is the lower composition of quartz 

than in the other research. Therefore, we can infer that quartz 
contributes more to the elastic modulus of granite than feld-
spar, which means the lower quartz content may cause the 
lower elastic modulus and the larger peak strain. Furthermore, 
no obvious difference has been found in the comparison of 
the compressive strength (Fig. 14b) when the quartz content 
changes in different research. That means feldspar, another 
main mineral, has more influences on the strength for all stud-
ies which have similar feldspar content. However, more detail 
tests need to be conducted in the next research.

4 � Conclusions

In this study, the changes in the physical and mechani-
cal properties of granite observed at room temperature to 
1000 °C were examined through a series of tests, and the 
corresponding change rules and relations were analyzed. Our 
main conclusions are as follows:

Fig. 13   Failure pattern of granite under different confining pressure levels after treatments at different temperatures
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1.	 High temperatures affect the physical properties of gran-
ite by spurring thermal cracking on the appearance of 
specimens (at 800 °C and 1000 °C), leading to a decline 
in density, which is mainly caused by the loss of water 
and an increase in volume; by decreasing density rap-
idly above 600 °C; by causing the recrystallization and 

alteration of minerals (above 600 °C); and by causing 
mineral cracking (above 400 °C).

2.	 At temperatures below 500 °C, longitudinal wave veloci-
ties decrease (46.1%), amplitudes decrease, and longitu-
dinal wave energy is gradually absorbed. With 600 °C as 
the threshold temperature, the wave velocity and ampli-
tude of the longitudinal wave rapidly decrease (76.9%). 
When the temperature reaches 800 °C, the longitudinal 
wave cannot be detected.

3.	 Below 400 °C, E, UCS, and ε change little. However, 
E declines rapidly and ε increases rapidly after 400 °C, 
while UCS remains unchanged until 600 °C. Above 
600 °C, UCS also declines rapidly. The friction angle 
changes little at temperatures below 1000 °C. Below 
500 °C, cohesion only declines at 100 °C and 400 °C, 
while at other temperatures, cohesion remains at a simi-
lar level. Above 500 °C, cohesion declines with increas-
ing temperature. All damage parameters change little 
below 400 °C and increase rapidly after 400 °C, except 
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Table 2   Mineral composition in the previous literatures and this study

Reference Quartz, % Feldspar, % Other minerals, %

Chen et al. (2012) 28.3 61.6 10.1
Chen et al. (2017) 15–20 45–50 30–40
Liu and Xu (2014, 

2015)
17 45 38

Yang et al. (2017a, b) 11.2 59.85 28.95
Yin et al. (2016) 46.54 37.95 15.51
This study 38 58 4
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for the factor defined by friction angle. When the tem-
perature is 400 °C, the values of D(vp), D(UCS), D(E), 
D(ε), D(φ), and D(c) are 37.87%, 18.36%, 17.94%, 
6.08%, 1.31%, and 19.81%, respectively. When the tem-
perature reaches 1000 °C, D(vp) no longer exists, while 
the values of the other parameters are 82.97%, 68.83%, 
123.76%, 8.94%, and 63.61%, respectively.

4.	 With an increase in temperature, the stress–strain curve 
first hardens and later softens. The mechanical proper-
ties change little at temperatures below 400 °C. Once 
temperatures exceed 500 °C, the compressive strength 
and elastic modulus decrease rapidly. At 1000 °C, the 
granite specimens largely lose their bearing capacity 
and deformability. We found 600 °C to be the change 
threshold temperature of mechanical properties and of 
the failure pattern.

5.	 At 400 °C, the boundary cracks among the crystals and 
the mechanical properties are slightly weakened. At 
600 °C, the crystal phase of quartz changes and trans-
granular cracks form. In turn, the mechanical properties 
of granite deteriorate rapidly. At 800 °C, macroscopic 
cracks appear on the surfaces of rock specimens, and 
transgranular cracks broaden and become intercon-
nect, resulting in a serious loss of compressive strength 
and deformability. Therefore, temperatures of 400 °C, 
600 °C, and 800 °C are identified as the characteristic 
temperatures that shape the physical and mechanical 
properties of granite.
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