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Abstract
The understanding of the change in the physical and mechanical properties of rock before and after heating is of great sig-
nificance for the site selection of mattamore and the exploitation of geothermal resources. It is known that before and after 
heating, the changes in wave velocity, wave velocity anisotropy and permeability of rock are due to the evolution of cracks 
in the rock. In this study, the wave velocity and permeability of granite specimen from the Maluanshan tunnel in Shenzhen, 
China, were measured after high-temperature processing at atmospheric pressure. The effects of temperature on the proper-
ties of rock based on the acoustics and permeability were measured and analyzed. The evolution of the cracks in Maluanshan 
granite was inverted through the change rule of the cracks, wave velocity anisotropy and permeability with temperature. 
The main conclusions were as follows: (1) Both granite P and S wave velocities decreased with the increasing temperature, 
and the thermal cracking occurred in four stages: between 50 and 250 °C, the crack stabilization development stage was in 
effect; between 250 and 300 °C, an accelerated development stage of the cracks existed; between 300 and 350 °C, a shift 
stage for the cracks was entered; and finally, from 350 to 700 °C, the cracks continued into a further development stage; (2) 
The coefficient of variation could be used to reflect the structural feature change of the rocks in the study of the wave velocity 
anisotropy. The structures of cracks were observed to change before and after 300 °C. (3) The Maluanshan granite perme-
ability increases with the increasing processing temperature. It was observed that the higher the processing temperature, the 
larger the increase in the permeability rate. A porosity function was used as a variable to analyze the relationship between 
the porosity function and permeability as follows: from 50 to 200 °C, the permeability was determined by the microcracks; 
200–400 °C was the transition stage; and between 400 and 700 °C, the permeability was determined by the macrocracks.
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List of symbols
A  Initial sectional area of specimen  (L2)
B  Geometrical factor (–)
CV  Coefficient of variation (–)
d  Particle size (L)
k  Permeability  (L2)
L  Initial length of specimen (L)
N  Degree of freedom (–)
ΔPf  Final osmotic pressure difference (M L−1 T−2)

ΔPi  Initial osmotic pressure difference (M L−1 T−2)
SD  Standard deviation (–)
Δt  Testing time (T)
T   Temperature (K)
T0  Normal temperature (K)
v  Wave velocity in rock (L T−1)
v0  Wave velocity at normal temperature (L T−1)
v  Average wave velocity (L T−1)
vfl  Wave velocity in pore fluid (L T−1)
vi  Wave velocity of point i (L T−1)
vm  Wave velocity in matrix (L T−1)
V   Volume of pressure vessel  (L3)
�  Coefficient of volume compressibility (–)
�  Coefficient of kinetic viscosity (M L−1 T−1)
�  The density of rock (M L−3)
�fl  The density of pore fluid (M L−3)
�m  The density of matrix (M L−3)
�  The porosity of rock (–)
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�0  Initial porosity at normal temperature (–)
Δ�  Porosity difference value (–)

1 Introduction

In recent years, with the continuous demand on resources, 
the depths of mining are increasing, and the influence of 
temperature on rock has become more prominent. In such 
projects as mattamore to store nuclear waste, high-tempera-
ture reservoir stratum, geothermal fields and flame drilling, 
it has become paramount to take the effect of high tempera-
ture into consideration. Also, it is of great importance for the 
site selection of mattamore and exploitation of geothermal 
resources to study the changes in the physical and mechani-
cal property of rock prior to and following heating.

It is known that the changes in wave velocity, wave veloc-
ity anisotropy and permeability are the evolution process 
of cracks in rock prior to and after heating. Simmons and 
Cooper (1978) and Richter and Simmons (1974) considered 
that the thermal cracks in rock were related to thermal stress 
caused by the different thermal expansivity among various 
rock compositions. Lin (2002) proposed that the thermal 
cracks in granite are caused by the explosion of fluid inclu-
sion under high temperatures.

Many previous research studies have examined the 
changes in the physical and mechanical properties of rock 
with heat treatment. From the aspect of the acoustic prop-
erties, after monitoring granite acoustic emissions during 
heating processes, Xi (1994) and Jones et al. (1997) found 
that there were two peak values of the acoustic emission 
rate. These two peak values were determined to correspond 
to the threshold temperature of the acoustic emission and 
the phase transition temperature of the quartz, respectively. 
Nara and Kaneko (2007) utilized P wave velocities to ana-
lyze the propagation rules of cracks in granite under differ-
ent temperatures and humidity. It was determined from the 
results of their study that the propagation of cracks caused 
by stress corrosion could be effectively monitored by the P 
wave velocity. Inserra et al. (2013) studied the influence of 
thermal damage on the linear and nonlinear acoustic proper-
ties of granite.

From the aspect of permeability, Weinbrandt et  al. 
(1975) studied the effects of temperature on the perme-
ability of sandstones. They were able to determine that 
thermal stress caused the expansion of rock particles. 
However, it was found that the interfacial force between 
the rocks and fluids did not change the absolute perme-
ability of the rock. Unlike Weinbrandt’s study, Casse and 
Ramey (1979) found that the effects of temperature on 
the permeability of agglutinating sandstones were con-
nected with the properties of the saturated fluid. Morrow 
et al. (1981) measured the changes in the permeability of 

granite as water flowed through samples in a temperature 
gradient. Jones et al. (1997) observed that the permeability 
remained constant up to 300 °C. However, above 300 °C, 
there was a rapid increase in permeability. In the study 
conducted by Chen et al. (1999), it was believed that the 
thermally induced fracturing appeared in the boundaries 
of the rock mineral grains due to the different thermal 
expansions of the various minerals within the rock during 
the heating process. It was observed that when the micro-
scopic fracturing was connected similar to a network, the 
macroscopic permeability and fluid transport properties 
of the rock changed remarkably. Benson et al. (2006a, b) 
modeled the permeability evolution of microcracked rocks 
with different void space geometries at elevated pressures. 
The relationship between wave velocity and permeability 
was attempted to be established in their study. Takarli and 
Prince-Agbodjan (2008) measured the open porosity, gas 
permeability, P wave velocity and their attenuation, ulti-
mate strength, and Young’s modulus in samples heated 
at temperatures ranging from 105 to 600 °C. Chaki et al. 
(2008) and Chen et al. (2017) studied the influence of 
thermal damage on the physical properties of granite, and 
their results revealed similar findings. For example, from 
105 to 300 °C, the permeability was observed to increase 
slightly. Then, between 300 and 500 °C the permeability 
markedly increased and finally increased by 2–3 orders of 
magnitude when the temperature exceeded 500 °C. Zhang 
et al. (2016) found that, in the range of 200–300 °C, the 
loss of the strong bound water led to an increased number 
of microcracks, and a better connectivity.

From a microscopic aspect, Homand-Etienne and Houp-
ert (1989) conducted an intensive study of thermal cracks in 
compact granite. Their results revealed that after heat treat-
ments, the permeability of the rock had increased, and some 
new cracks had appeared. The lengths of the new cracks 
were dependent on the grain shapes and sizes. Zuo et al. 
(2007, 2011) utilized SEM to study the thermal cracking of 
sandstone and Beishan granite under different temperatures. 
Chen et al. (2008) used a fluorescent approach to research 
the microcosmic structure of Westerly granite and Fujioka 
granite subjected to high-temperature treatments and sum-
marized the crack development at various temperatures. 
Freire-Lista et al. (2016) exposed four types of granite to 
forty-two thermal cycles and found that the microcracking 
which was generated in the granite had barely any impact 
on their petrophysical properties. Then, using petrographic 
and fluorescence microscopy, they determined that pre-
existing microcracks have coalesced and generated further 
microcracking as the decay progressed. Freire-Lista and Fort 
(2017) also selected Alpedrete granite to study the anisot-
ropy of petrophysical properties, such as ultrasonic wave 
propagation, capillarity, air permeability, microroughness 
and surface hardness.
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Despite the large amount of studies which have been pre-
viously conducted, few had correlated multiple factors in 
order to explain the evolution of cracks in rock undergo-
ing temperature treatments. Therefore, this study focused 
its attention on granite in order to measure its wave veloc-
ity, wave velocity anisotropy and permeability following 
high-temperature processing at atmospheric pressure, and 
to obtain the change of rock with temperature.

2  Experiments

2.1  Specimens

The rock used in this study’s experiment was granite from 
the Maluanshan tunnel in Shenzhen, China. The landform of 
the Maluanshan tunnel was a hilly topography, with severe 
undulation. The rock used in the experiment was from the 
advanced exploration PY2-SD-36, which was located in the 
right line of the Maluanshan tunnel between YK4 + 360 and 
YK4 + 380, near the Anshan-Tiantoushan fault zone. The 
Maluanshan granite is the Yanshanian biotite coarse-grained 
granite. The specimens were all from a slightly weathered 

zone at a depth of 150 m. The cracks in this lightly weath-
ered zone were only slightly developed, and the majority 
were closed. The core recovery of the drilling hole located 
in this zone was approximately between 75 and 100%. The 
mean value of the RQD (Rock Quality Designation) was 
determined to be 77%. The engineering geological map of 
Maluanshan tunnel is shown in Fig. 1. The specimens used 
in this study’s experiment are shown in Fig. 2. The basic 
parameters of the granite specimens are shown in Table 1.
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Fig. 1  Engineering geological map of the Maluanshan tunnel

Fig. 2  Core specimens
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2.2  Testing Equipment

This study utilized an RTR-1000 rapid triaxial rock test-
ing system obtained from the Geotechnical Consulting and 
Testing Systems (LLC) to measure the wave velocity and 
permeability of the samples, as shown in Fig. 3. The test-
ing system included a console, load platform, cell pressure 
intensifier, pore pressure intensifier, permeameter, external 
source gas and a circumferential velocity anisotropy appara-
tus (CVA). Also, a  SX2-12-12A box-type high-temperature 
stove was used to heat the specimens. The heating rate of 
the stove ranged up to 10 °C/min, and the accuracy of steady 
temperature control was ≤ 1 °C.

2.3  Testing Procedures

1. Drying of Specimens Since the granite permeability 
which was measured in the experiment was found to be 
very low,  N2 was adopted as the permeability media. 
Therefore, the specimens needed to be dried prior to 
measurement of the permeability at normal temperature. 
Thermal cracking was found to occur at temperatures 
between 60 and 70 °C for the Westerly granite; 70 °C 
for the Barre granite; and 75 °C for the Charcoal gran-
ite (Yong and Wang 1980; Richter and Simmon 1974; 
Bauer and Johnson 1979). Therefore, in order to avoid 

the effects of thermal cracking on the permeability, the 
granite specimens were dried at 50 °C in a vacuum oven. 
The drying time was set as 12 h. Then, specimens were 
naturally cooled to a normal temperature.

2. Permeability Measurement A pulse decay method 
was used to measure the permeability in this study’s 
experiment.  N2 was injected to saturate the specimens 
under the conditions of an axial stress of 0.5 MPa, and 
a confining pressure 5 MPa. Then, pore pressure was 
applied on one side of the specimen, which remained 
unchanged while the other side was reduced. The perme-
ability under these conditions could be obtained from 
the osmotic pressure difference between the two sides 
over the testing time using Eq. (1) as follows:
  

where � is the coefficient of the kinetic viscosity, Pa s ; � 
is the coefficient of the volume compressibility, Pa−1 ; V  
is the volume of pressure, m3 ; ΔPi is the initial osmotic 
pressure difference, Pa ; ΔPf is the final osmotic pressure 
difference, Pa ; Δt is the testing time, s ; A is the initial 
sectional area of specimen, m2 ; and L is the initial length 
of the specimen, m.

3. Wave Velocity Anisotropy Measurement The wave veloc-
ities of Specimens P and S were measured using CVA. 
Honey was used as a coupling agent. Then, from 0 to 
170°, the wave velocities were measured every other 
10°. The wave velocities at every angle were taken the 
average of five measurements.

4. High-Temperature Processing Following the comple-
tion of the wave velocity anisotropy measurement, the 
specimens were processed in a high-temperature oven. 

(1)k = ��V

⎛
⎜⎜⎜⎝

ln

�
ΔPi

ΔPf

�

2Δt
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L

⎞
⎟⎟⎟⎠

Table 1  Basic parameters of the granite specimens

Speci-
men 
number

Size Mass (g) Density (g/cm3)

Height (mm) Diameter (mm)

1 99.92 50 509.84 2.60
2 100.25 50.11 511.40 2.59
3 100.14 50.01 510.91 2.60

Fig. 3  RTR-1000 rapid rock triaxial testing system
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The heating rate was maintained at 2 °C/min. When the 
temperature reached 100 °C, the specimens were main-
tained at a uniform temperature for three hours and then 
naturally cooled to a normal temperature in the oven. All 
heat treatments are at atmospheric pressure.

5. Steps (2) (3) (4) were repeated, with the heat treatment 
temperatures successively reaching the following: 50, 
200, 250, 300, 350, 400, 450, 500, 550, 600, 650 and 
700 °C.

The wave velocity, wave velocity anisotropy and perme-
ability of each of the specimens were measured following 
the different heat treatment temperatures.

3  Experimental Results and Analysis

3.1  Change of the Wave Velocity with Temperature

It is known that when wave transmits in rock through 
grains and cracks, its velocity within the grains is higher 
than that within cracks. With increasing temperatures, the 
wave velocity tends to decrease due to the increases number 
and sizes of cracks which affects the travel path. Therefore, 
changes in the wave velocities can be indicators of the crack 
development in rock. Figure 4 shows that the wave velocity 
decreased with the increasing temperatures.

The wave velocity was found to drop significantly at 300 
and 650 °C, which indicated that there were large numbers 
of cracks produced and developed at these two tempera-
tures. When the cracks were produced and expended in the 
rock, energy was released in the form of acoustic emissions. 
Jones et al. (1997) conducted acoustic emission tests with 
Ailsa Craig microgranite from Scotland and observed that 
there were two acoustic emission rate peek values during the 

heating process, which occurred at 335 °C, and at between 
610 and 650 °C, with high energy releases. In this study, 
the wave velocity swoops at 300 and 650 °C were believed 
to also correspond with two similar acoustic emission rate 
peek values.

When compared with the wave velocity at 300 °C, the 
wave velocity at 350 °C showed only slight changes, along 
with a possible reverse trend. This confirmed that the num-
ber of cracks had only minimally changed from 300 to 
350 °C. Fredrich and Wong (1986) counted the number of 
cracks in Westerly granite following high-temperature pro-
cessing. The results showed that the number of cracks has 
increased with the increasing temperatures. It was observed 
that the number of cracks increased quickly at between 100 
and 165 °C and then decreased between 165 and 200 °C, 
as shown in Fig. 5. Zuo et al. (2011) found similar results 
in their study of Beishan granite. The experimental results 
indicated that some of the cracks had a tendency to close 
after 250 °C, as shown in Fig. 6. Since the closing trend 
temperature was far lower than the fusion point of various 
compositions in the granite, partial melting was observed to 
appear around the plagioclase, microcline and quartz grains 
at 1000 and 1050 °C (Dang et al. 2016). It was determined 
that the closures of the cracks were not caused by the hot 
melting. Zhao et al. (2012) used a self-developed high-tem-
perature and high-pressure triaxial compression system to 
study the properties of rock. They were able to obtain the 
linear thermal expansion coefficient of granite under dif-
ferent temperatures, with a downward tendency observed 
between 200 and 250 °C. These findings corresponded well 
with the crack closure phenomenon.

It is known that different granite components have differ-
ent thermal expansivities. When rock is heated, some stress 
concentration areas will occur. Also, the original cracks will 
become more developed due to the stress concentrations. 
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With the increase in temperature, some new cracks will 
occur. In this study, the microcracks included intragranular 
cracks, intergranular cracks occurring astride the grains on 
both sides and grain boundary cracks which were formed 

along the grain boundaries (Lin 2002). This study analyzed 
the thermal cracking in four stages, as shown in Fig. 7. By 
taking #1 as an example, a corresponding stage analysis of 
the average wave velocity was completed, as shown in Fig. 8.

Stage I: Microcrack Stabilization Development Stage 
During this stage, when the rock was taken from under-
ground of a depth of 150 m, the rock underwent a crustal 
stress relief, forming a large number of microcracks. The 
direction of the microcracks correlated with the direction of 
the crustal stress. Also, the microcracks were observed to be 
predominantly distributed in the direction perpendicular to 
the maximum principal stress.

Stage II: Microcrack Accelerated Development Stage 
During this stage, with the increasing temperatures, stress 
concentration areas and thermal stress increased. The 
microcracks appeared and extended rapidly, resulting in the 
dimensions (length, width and aperture) of the microcracks 
becoming increased.

Stage III: Crack Shift Stage When the densities of the 
microcracks reached a certain value, some of the micro-
cracks combined to form large-sized penetrating cracks 
during the crack shift stage. The thermal stress was redis-
tributed, which resulted in the closure of some of the micro-
cracks. The formation of some macrocracks and the closure 
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Fig. 6  Number statistics of the thermal cracks in Beishan granite 
(Zuo et al. 2011)
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of some microcracks formed an equilibrium state, and the 
wave velocity remained at a constant value.

Stage IV: Crack Continued Development Stage During 
the fourth stage, with the continued increasing tempera-
tures, the thermal stress further increased, which resulted 
in a continuous development of the cracks and a decrease in 
the wave velocity.

3.2  Change of the Wave Velocity Anisotropy 
with Temperature

In this study, after each of the heat treatments, the wave 
velocity anisotropy of the rock specimen was measured 
at the same position. The results are shown in Fig. 9. As 
can be seen in the figure, the wave velocities at every angle 
decreased with the increasing temperatures, and with marked 
changes in the wave velocity observed at between 250 and 
300 °C, and between 600 and 650 °C. As mentioned ear-
lier, the microcracks which were produced by the crustal 
stress relief were predominantly distributed in the direction 
perpendicular to the maximum principal stress. Therefore, 
the wave velocity anisotropy could pinpoint the direction 
of the crustal stress, and the direction of the lowest wave 
velocity was found to be in the direction of the maximum 
principal stress. As detailed in Fig. 10, the directions of the 
wave velocity anisotropy remained unchanged following the 
heating treatment at different temperatures, which indicated 
the directionality of the thermal cracks. The propagating 
directions of the original cracks, and the checking directions 
of the new cracks, all correlated with the direction of the 
crustal stress and were perpendicular to the direction of the 
maximum principal stress, as illustrated in Fig. 8.

There are many parameters used to reflect the anisotropy, 
such as the amplitude (difference between the maximum and 

minimum wave velocities); ratio of the amplitude and the 
wave velocity mean value, standard deviation and coefficient 
of variation. In this study, the coefficient of variation was 
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chosen to reflect the hoop wave velocity anisotropy. The 
coefficient of variation can reflect the data dispersion degree, 
and the value is not only affected by the data dispersion 
degree, but also affected by the data mean. The coefficient of 
variation can also eliminate the effects of the units and data 
mean on the variation degree. Since the wave velocities at 
different depth are different, the coefficient of variation can 
be used to reflect the anisotropy. The computational formula 
of the coefficient of variation (CV) was as follows:

where SD is the standard deviation; N = n − 1 denotes the 
degree of freedom; vi represents the wave velocity of point 
i, m/s; and v is the average wave velocity, m/s.

Figure 10 illustrates the change rule of the coefficient 
of variation with temperature. It can be seen in the figure 
that the coefficient of variation increased with the increasing 
temperatures below 300 °C and almost remained unchanged 
with the temperatures above 300 °C. The effects of the sub-
orbicular pore structure on wave velocities in every direc-
tion were observed to be the same, and no effects were 
observed on the coefficient of variation. The differences 
among the wave velocities in the different directions were 
mainly caused by the crack structures. It was confirmed that 
the crack structures were the main influence factors on the 
coefficient of variation. The coefficient of variable can be 
used to reveal the crack structural feature changes of rock 
in studies regarding wave velocity anisotropy. The effects 
of temperature on the change of the average wave veloc-
ity suggested that the structures of the crack underwent 
changes when the temperatures reached 300 °C. However, 

(2)
CV =

�
SD∕v

�
× 100% =

�
1

N

∑N

i=1
(vi − v)2

v
× 100%

above 300 °C, the crack changes were mainly observed to be 
increase in the dimensions (length, width and aperture) of 
the microcracks. Also, below 300 °C, the changes in cracks 
were mainly the results of the transformations of the micro-
cracks to macrocracks.

3.3  Change of the Permeability with Temperature

It was found in this study that the permeability increased at 
high temperatures as a result of the development of pores 
and cracks, as shown in Fig. 11. It was observed that the per-
meability at 700 °C had increased by several hundred times 
when compared to that at normal temperature. Figure 12 
details the change of the #1 permeability and its variables 
with temperature. It was observed that there was an obvious 
downtrend at 350 °C, which corresponded to a slight change 
in the wave velocity. The other two specimens showed a 
similar behavior.

Raymer et al. (1980) improved on Wyllie’s equation to 
obtain the empirical formula of the wave velocity–porosity 
as follows:

where � represents the porosity of the rock; v , vm and vfl 
are the wave velocities in the rock, matrix and pore fluid, 
respectively, m/s; and � , �m and �fl denote the rock densities, 
matrix and pore fluid, respectively, kg/m3.

The permeability of granite is known to be very low, and 
therefore, only the first part of Eq. (3) was needed to calcu-
late the porosity. The equation was further improved with 
the porosity at normal temperature T0 measured by a liquid 

(3)

{
v = (1 − 𝜑)2vm + 𝜑vfl, 𝜑 < 37%
1

𝜌v2
=

𝜑

𝜌flv
2

fl

+
1−𝜑

𝜌mv
2
m

, 𝜑 > 37%
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saturation method as the initial porosity �0 . Equation (3) was 
used to calculate the porosity difference Δ� between � at tem-
perature T and �0 at normal temperature T0:

Then, according to Eq. (3):

where m = −

√
v2
fl
+ 4vm

(
v0 − vfl

)
 ; Δv = v − v0 ; and v0 is the 

wave velocity at normal temperature T0 , with the unit m/s.
By combining Eqs.  (4) and (5), the porosity could be 

obtained as follows:

The porosities of the granite at different temperatures 
were calculated. It was found that porosity increased with the 
increasing temperatures.

This study’s experimental results showed that during heat-
ing processes, the main changes in rock were the changes in 
the crack structures, which resulted in changes in the perme-
ability and wave velocity. Therefore, it was observed that there 
was a clear correlation between the permeability and the wave 
velocity through the porosity. Carman and Machefer (1961) 
provided a method to estimate the pore medium permeabil-
ity using the porosity, superficial area and particle sizes as 
follows:

(4)� = �0 + Δ�

(5)Δ� =
−m −

√
m2 + 4vmΔv

2vm

(6)� = �0 −
m +

√
m2 + 4vm

(
v − v0

)

2vm

(7)k = Bd2
�3

(1 − �)2

where B is the geometrical factor; d is the particle size, m; 
and � denotes the porosity.

The function f (�) = �3

(1−�)2
 was used as the variable to 

analyze the relationship between the porosity function 
f (�) and permeability k , as shown in Fig. 13.

It was determined under close examination that the 
relationship between the permeability and porosity func-
tion was an approximate piecewise linear function. The 
product of the geometrical factor and particle size varied 
at different stages. These findings were also related to the 
crack development. For example, #3 specimen was used 
to demonstrate the piecewise fit as follows: During Stage 
1 (50–200 °C), a large slope indicated a quick change 
in permeability with the porosity function, and the per-
meability was determined by the microcracks; In Stage 
2 (200–400 °C), the small value of the slope showed a 
slow change in the permeability with the porosity func-
tion, and was considered to be a transition stage; a slightly 
higher slope than that of stage 2 was obtained in Stage 3 
(400–700 °C), and the permeability was determined by the 
macrocracks. Figure 14 reveals that all of the data fit with 
the Kozeny–Carman Equation to a high degree at every 
stage. Table 2 shows the segmentation fitting results of 
the change rule of permeability with the porosity func-
tion. The fitting degrees of all the specimens suggested 
the segmentation was reasonable.
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4  Inversion of the Cracks with Different 
Parameters

The change of the wave velocity and coefficient of vari-
ation with the temperatures, as well as the wave veloc-
ity–permeability model, were piecewise analyzed in this 
study. The segmentations are shown in Table 3.

It was found in this study that the wave velocity subsec-
tion analysis was more complex than the variable coeffi-
cient subsection analysis. The microcrack comprehensive 
development stage included the microcrack stabilization 
development stage, as well as the microcrack accelerated 
development stage. The development of the microcracks 
was predominant during this stage. The microcrack–mac-
rocrack transformation stage included the crack shift 
stage and the crack continued development stage. The 
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Fig. 14  Segmentation fitting of the change of the permeability with f (�) of the #3 specimen

Table 2  Segmentation fitting results of the permeability change with 
f (�)

Stage Sample Fitted curve A B R2

Stage 1 #1 k = 13,979f(φ) + 0.39638 13,979 0.396 0.881
#2 k = 14,632 f(φ) + 0.05796 14,632 0.058 0.940
#3 k = 16,233 f(φ) + 0.18146 16,233 0.181 0.987

Stage 2 #1 k = 817 f(φ) + 1.33911 817 1.339 0.944
#2 k = 1042 f(φ) + 1.38474 1042 1.385 0.925
#3 k = 812 f(φ) + 1.26588 812 1.266 0.998

Stage 3 #1 k = 1016 f(φ) + 3.37391 1016 3.374 0.983
#2 k = 1021 f(φ) + 4.57822 1021 4.578 0.999
#3 k = 1097 f(φ) + 3.18941 1097 3.189 0.996
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development of the macrocracks was predominant during 
this stage.

Stage 1 of the permeability model corresponded to most 
of the microcrack stabilization development stage. The geo-
metrical factor and particle sizes did not change during this 
stage. Stage 2 of the permeability model corresponded to the 
over 200 °C part of the microcrack stabilization development 
stage, microcrack accelerated development stage, crack shift 
stage, as well as the under 400 °C part of crack continued 
development stage. The geometrical factor and particle sizes 
changed greatly during this stage which was apparent from 
the changes of the fitting curves slopes. Stage 3 of the per-
meability model corresponded to the over 400 °C part of 
crack continued development stage. The geometrical factor 
and particle sizes tended to be stable during this stage. The 
differences in the subsection bases of the different param-
eters led to differences in the subsection knots. Generally 
speaking, all of the analyses were dependent on the degree 
of crack development in the samples.

5  Conclusions

In this study, the granite wave velocity, wave velocity anisot-
ropy and permeability following high-temperature process-
ing at atmospheric pressure were measured. The conclusions 
which were reached were as follows:

1. The P and S wave velocities of the granite almost 
decreased linearly with the increasing temperatures. The 
wave velocity dropped significantly at 300 and 650 °C. 
In contrast to the wave velocity at 300 °C, the wave 
velocity at 350 °C showed only slight changes, as well 
as a possible reversing trend. Based on the wave velocity 
changing situation under the different temperatures, the 
thermal cracking could be divided into four stages as 
follows: the microcrack stabilization development stage, 
microcrack accelerated development stage, crack shift 
stage and crack continued development stage.

2. The coefficient of variable can be used to reflect the 
change in the structural feature of the cracks in the exam-
ination of wave velocity anisotropy. It was observed to 
increase with the increasing temperatures below 300 °C 
and remained almost unchanged with the temperatures 
above 300 °C. These findings suggested that the struc-
tures of the cracks had changed when temperatures 
were over 300 °C. The development of the microcracks 
was observed to be predominant under 300 °C, and the 
developments of the macrocracks was predominant over 
300 °C.

3. The granite permeability increased almost exponentially 
with the increasing temperatures. It was found that above 
350 °C, the growth rate of the permeability was speeded 
up. The permeability at 700 °C was confirmed to have 
increased by several hundred times that at the normal 
temperature and has changed slightly or even declined at 
350 °C. These changes conformed to the wave velocity 
changes during this stage.

4. The porosity function f (�) = �3

(1−�)2
 was used as the 

variable to analyze the relationship between f (�) and 
permeability with following results: between 50 and 
200 °C, the permeability was determined by the micro-
cracks; 200–400 °C was considered to be a transition 
stage; and between 400 and 700 °C, the permeability 
was determined by the macrocracks. It was determined 
in this study that the fitting degrees of the three speci-
mens were all high

5. The crack evolution for the Maluanshan granite after 
high-temperature processing is obtained after comparing 
the inversion results of the cracks with the wave velocity, 
wave velocity anisotropy and permeability.

Almost all of the heat treatments in the studies mentioned 
above regarding the effect of temperature on rock physical 
and mechanical properties were conducted at atmospheric 
pressure, thus differing from heat treatment performed under 
confining pressure. Wang et al. (1989) studied the change 

Table 3  Segmentations of the different parameters

Wave velocity Coefficient of variation Porosity function–permeability model

Microcrack stabilization development stage (50 < T < 250 °C) Microcrack comprehen-
sive development stage 
(50 < T < 300 °C)

Stage 1 (50 < T < 200 °C)

Stage 2 (200 < T < 400 °C)
Microcrack accelerated development stage (250 < T < 300 °C)
Crack shift stage (300 < T < 350 °C) Microcrack–macrocrack 

transformation stage 
(300 < T < 700 °C)

Crack continued development stage (350 < T < 700 °C)
Stage 3 (400 < T < 700 °C)
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rule of the AE properties of Westerly granite with tempera-
ture under different confining pressures (7, 28, 55 MPa), and 
observed that the initial temperature of AE events increased 
with increasing temperature, while the numbers of AE events 
decreased with the increasing temperature. Molen (1981) 
studied the change rule of the volumetric strain of quartz 
with temperature under different confining pressures (100, 
200, 300 MPa) and concluded that the temperature–volumet-
ric strain curve merely shifted with the increasing confining 
pressure, while the phase transition temperature of quartz 
increased with the increasing temperature. Somerton et al. 
(1965) found that compared with atmospheric pressure the 
physical properties (such as sound velocity, permeability and 
fracture index) of sandstone changed slightly with tempera-
ture under 1500 psi (10 MPa) confining pressure. In a study 
of the change rule of the linear thermal expansion coefficient 
of Climax quartz monzonite with temperature under differ-
ent confining pressures (0, 13.8, 27.6 MPa), Heard (1980) 
also observed a similar law.

The in situ stress of the Maluanshan granite in this study 
was only 5 MPa. Although the specimens were heated at 
atmospheric pressure, the wave velocities and permeabil-
ity were measured under 5 MPa confining pressure. There-
fore, the experimental results should be closer to the values 
which were heated under 5 MPa confining pressure. Heat 
treatment under confining pressure will cause some differ-
ences in the properties of rock. This is because, when the 
rock is heat-treated under confining pressure, some thermal 
stresses can be counteracted, and the number of heat cracks 
will decrease. Therefore, in future research, the effect of 
confining pressure on heat treatment results should be stud-
ied in detail.
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