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Effect of Multistage Thermal Cracking on Permeability of Granite
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Experiments on thermal cracking in granite sample were conducted through acoustic emission monitoring, and changes in
permeability were concomitantly studied using 600°C 20MN servo-controlled triaxial rock mechanics testing machine. Two
granite samples, 200mm in diameter and 400mm long, from Shandong, China, were selected for these experiments. Both samples
were heated up to 500°C at ambient pressure. We find that thermal cracking of large-scaled granite is discontinuous and exhibits
multiple stages with temperature. In addition, the permeability exhibits the following characteristics: (a) it neither increases nor
decreases monotonously with the temperature rising and it exhibits multipeak due to the multistage thermal cracking; (b) the
temperature of permeability peak lags behind that of the drastic acoustic emission activities. Both AE counts and permeability
dramatically increased after 300°C, which indicated serious thermal cracking occurred after 300°C. Permeability ratio is ap-
proximately linear with the ratio of AE cumulative counts. *e results will be helpful for understanding the mechanism of
geothermal reservoir construction and long-term evaluation of safety for nuclear waste geological disposal.

1. Introduction

Temperature change induced by heating or cooling in rock
will produce thermal cracking. *ermal cracking is closely
related to many engineering such as heavy oil mining,
underground coal gasification, nuclear waste disposal, and
geothermal energy extraction. In order to enhance heavy oil
recovery, high temperature vapor injection or combustion
technology is often applied to reduce oil viscosity and in-
crease permeability of surrounding rock. *e permeability
can augment by heating which induces thermal cracking in
surrounding rock [1–3]. *e same process also happens in
underground coal gasification [4, 5]. Disposal reservoir will
be heated by nuclear waste and thermal cracking will occur
in the engineering of nuclear waste disposal [6, 7].

Geothermal resources, as a kind of sustainable and green
energy, have attracted worldwide attention. Hot dry rock
(HDR) geothermal energy is potential renewable and al-
ternative source energy due to high-quality huge reserves
and clean producing electricity. HDR geothermal energy is

mainly deep-buried in granite bodies called reservoirs.
Granite is formed after rock-magma shrinks during uplifting
and cooling process, and this is a clear thermal cracking
phenomenon. Water is injected into geothermal reservoir
and makes reservoir cool down.*is process can also lead to
thermal damage on reservoir rock [8–13]. Hence, thermal
cracking is a very common natural and engineering’s
phenomenon and widely applied to the exploitation of re-
sources and energy.

Focusing on rock thermal cracking, much work has been
done. Somerton conducted a research on thermal effect on
sandstone corrosion and found that the rock permeability
increased by 50% while the strength decreased by 50% after
heat treatment [14]. Heard carried out investigations on
thermal expansion coefficient and permeability of quartz
monzonite and discovered that thermal expansion coeffi-
cient of the specimen increased with temperature rising and
decreased at elevated confining stress [15]. Homand and
Honpert found that new fractures were formed in the
original intact granite and the fracture connectivity was
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improved with thermal effect [16]. *ey also found that the
formed fracture length was dependent on the size and ge-
ometry of the crystals in granite. Chen discovered the
thermal cracking threshold temperature in Westerly granite
was 60°C–70°C through acoustic emission (later abbreviated
as AE) monitoring [17, 18]. Zhang et al. found that the
permeability of Carrara marble would be improved inten-
sively at peak temperature up to 330°C–430°C [19]. Kemeny
conducted experiments on Bolsa quartzite in Alisangna
University and found that great changes took place in
fracture density and permeability at 700°C–800°C [20].
Morrow conducted a permeability experiment of granite and
concluded that the permeability decreased as temperature
gradient increased [21]. Li et al. studied the changes of M
value, which meant the frequency and the amplitude dis-
tribution of AE are caused by rock temperature changes, in
AE of thermal cracking of gabbro from Ji’nan and marble
from Fangshan in China [22]. *ey found that intact rock
had a higher M value than fractured rock in a process that
the temperature first rose up to 600°C and then back to room
temperature (RT) at heating rates of 4.6°C/min, 7°C/min,
and 14°C/min, respectively. Kumari et al. performed ex-
periment to study quenching effect on mechanical, micro-
structural, and flow properties of granite [23]. *ey found
that increased porosity and crack density significantly en-
hanced the permeability of granite compared to the intact
rock. However, with the increasing of normal stresses,
permeability decreased nonlinearly and further, increasing
temperature resulted in significant reductions in perme-
ability of granite (approximately 95% of reduction from
room temperature to 300°C) due to the thermally induced
volumetric expansion which leads to enhancement of in-
terlock effect.

Many laboratory studies on thermal cracking in rock
have also appeared in the literature. However, they have
predominantly been conducted on small samples of less
than a few centimeters dimension. As we all know, sample
size has significant influence on rock mechanical proper-
ties. *e main reason is that big sample contains much
more natural fissures than small sample. Zhao et al. studied
the evolution of mechanical properties of large-scaled
granite and found that thermally cracked granite exhibited
typical features [24]. *e natural fissures dominate the
change of rock mechanical properties. Permeability in
small sample, such as standard size of 50mm in diameter
and 100mm long, mainly reflects the fluid flowing through
pores. In fact, fluid flowing through fissures is the domi-
nated factor affecting the extraction of geo-energy and geo-
resource from geological reservoirs. Hence, permeability
measurement of large-scaled sample can reflect the real
fluid flowing in many geological engineering. Compared to
small sample, permeability variation in large-scaled sample
is more complex because it is the integrated result of pore
and fissure variation while heating. In addition, many
measurements on permeability with temperature were
conducted after the heating temperature reduced room
temperature. At present, no attempts are made to inves-
tigate thermal cracking and permeability of large-scale
rocks at high temperature and triaxial pressure.

In this paper, we present AE monitoring and perme-
ability measurement on large-scaled Luhui granite of
200mm in diameter and 400mm long at temperature up to
500°C and hydrostatic pressure of 25MPa with 600°C 20MN
servo-controlled rock mechanics triaxial testing machine.

2. Experimental Procedure

2.1. Rock Samples. Two granite samples, named Luhui
granite from Shandong, China, were selected for experi-
ments on AE and permeability. Both samples were cored
from large irregular shape blocks in a rock quarry in Pingyi,
Shandong province. *ey were first tailored into cylindrical
roughcast by stone processing machine and then lathed
carefully into the test-required sample of 200mm in di-
ameter and 400mm long.

*e Luhui granite is composed of 28% quartz, 43%
feldspar, and 30% others. *e grain size of quartz is
0.6–0.7mm and that of feldspar is 1-2mm. *e initial po-
rosity is 0.3%–0.55%.

2.2. Experimental Setup. All experiments were performed on
600°C 20MN servo-controlled triaxial rock mechanics
testing machine (Figure 1) developed by authors in China
University of Mining & Technology. *e testing machine
includes three parts: host loading system, auxiliary system
for sample assembly, and measurement system. *e host
loading system can control and measure the temperature
and pressure on samples and the deformation of samples.
Both samples were assembled before testing on the auxiliary
system, which is connected with host loading system by
guide rail, but the two systems are independent. *e mea-
surement system consists of the measurement on perme-
ability and the AE monitoring.

A sample was assembled in a high-temperature and
high-pressure (later abbreviated as HTHP) vessel (Figure 2)
before the test started. *e confining pressure is trans-
mitted by sodium chloride solid and the axial pressure is
directly exerted to the end of the sample through a
transmitted pressure steel cylinder. *e axial and confining
pressure can be loaded on the sample, respectively. As Bai
and Wang pointed out that the confining pressure was
uniform at room temperature for triaxial testing apparatus
with solid confining medium [25], the deciding factor
influencing axial pressure is the friction between solid
confining medium and sample, and it can be almost
eliminated by holding axial and confining pressure. *us,
the stresses applied to the sample are reliable. *e defor-
mation of the tested samples can be precisely measured by
grating sensor with a precision of 0.005mm. *ermo-
couples are applied to measure the temperature of samples.
*e maximum axial and lateral loads are 10MN, respec-
tively, which can simulate a depth of about 10 km in the
crust, and the maximum axial pressure on sample is
318MPa while the lateral pressure is 250MPa. *e size of
samples is 200mm in diameter and 400mm long, ap-
proximately 64 times that of standard sample in volume.
*e maximum temperature of the testing machine is not
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less than 600°C. *e whole stiffness of the equipment is not
less than 14.8×1010 N/m.

2.3. Heat Treatment and AE Monitoring. *e samples were
jacketed in a red copper foil and were heated up to 500°C at a
heating rate of 5°C/h and triaxial pressure. A low rate of
heating was used to ensure that cracking events of such large
samples were the result of temperature alone and not due to
thermal gradients [18, 26]. Temperature was measured by
four thermocouples whose resolution was about 0.1°C. All
thermocouples near the face of samples were imbedded in
sodium chloride solid. Two thermocouples were imbedded

at the ends of the sample and the other two were in the
middle of the sample. Figure 2 shows schematically the
experimental assembly.

Data from AE monitoring are used to relate the main
cracking periods to temperature. When a crack initiates and
grows, a volume of material is rapidly unloaded. *is causes
an elastic strain wave to propagate from the crack tip. *is
AE can provide important information about cracks.

*ermal cracking is monitored by recording the AE
events. *e parameters, such as AE counts and energy rate,
are applied to describe AE activities. *e AE signals
propagate through the sample and are collected by a
stainless-steel cylinder detector attached to the end of the
HTHP vessel, and then the detector channels the signals
along a waveguide to a PZT transducer fixed outside the
vessel. *e transducer is logged by a Disp-24 AE analyzer.
Firstly, the prepared sample was loaded to the preestab-
lished triaxial pressure (e.g., 25MPa) after sample as-
sembly. *en four AE sensors were strictly clamped by
magnetic stand of the clock gauge on the top and bottom of
the HTHP vessel. Vaseline was used to ensure the good
coupling of sensors and the vessel. *e confining and axial
pressure of experiments were 25MPa, respectively, which
represented a burial depth of approximately 1 km. Hy-
drostatic confining pressure was held constant for two
hours by a microprocessor control system after loaded in
order to eliminate the effect of natural crack closure and
friction in HTHP vessel.

AE recorder real-timely detected crack signals through
such parameters as AE counts, energy rate, event duration,
and amplitude. In order to eliminate the interference of
outside noise, we first started all the machines in the ex-
periment before the test began, such as temperature con-
trolling system, cooling water system, and loading system.
*en the preamplified signals (40 dB) were bandpassed at
5–200 kHz to reduce noise and were further amplified by a
main amplifier to reach an overall gain whose value was set,
respectively, according to the quantities of signals acquired
by each channel. *e threshold level of each channel was set
until no signals were shown on the screen of Disp-24 AE
analyzer and therefore we considered that outside noise had
been eliminated. With the above experimental setting,
multiple events which emitted low energy were probably not
recorded.*e recorded counts would therefore be somewhat
lower than the number of actual countable events. However,
this difference does not affect the general results reached in
the present study.*e sensor in the experiment could record
AE signals 300 times per second. So the data were numerous.
For convenience, we carried out a statistic on the AE events
per second.

2.4. Permeability Measurement and Data Acquisition. All
samples were sealed with a thin sheet of red copper which
was covered with a 0.25mm sheet of phlogopite (Figure 2).
*e heater band sleeve was applied to jacketing out of
phlogopite. *e entire assembly was then jacketed in a
0.25mm sheet of phlogopite that could prevent sodium
chloride from contact with heater band.

Drilling system

Host loading system

Auxiliary system for
sample assembly

HTHP vessel

Guide rail

Figure 1: 600°C 20MN servo-controlled triaxial rock mechanics
testing machine.
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Figure 2: Schematic sample assembly in HTHP vessel. 1, cover; 2,
secondary axial pressure pad; 3, sample; 4, main axial pressure pad;
5, pyrophyllite powder; 6, sodium chloride; 7, confining pressure
pad; 8, thermocouple; 9, pressure vessel interior layer; 10, pressure
vessel outside layer; 11, axial pressure; 12, confining pressure; 13,
AE receiver; 14, gas inlet; 15, gas outlet; 16, red copper sheet; 17,
phlogopite sheet; 18, heating resistor sheet.
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*e confining and axial pressure, 25MPa, respectively,
were held constant in the experiments. Measurements in
permeability were conducted at room temperature (about
15°C), 50°C, 100°C, 150°C, . . ., 500°C. Each goal temperature
was held for at least 2 hours for heat equilibrium in the
sample before measurement.

*e steady state flow method was used for the present
study. *e pore pressure was held at 3MPa during mea-
suring. *e effective stress was 66MPa. In order to only
study the effect of temperature on permeability of granite,
nitrogen gas was used as pore fluid so that any chemical
effect could be minimized. *e high-pressure nitrogen was
controlled by a high-pressure valve and a high precision
barometer. Figure 3 shows the flow chart of permeability
measurement. Upstream gas from high-pressure nitrogen
was injected into inlet hole and the injected gas pressure
was maintained by a control valve, which was adjusted to
give a reasonable flow and to preserve the condition of
laminar flow in the sample. *e downstream gas flowed
out from the vent hole communicated with air. *e gas
flow was measured by a soap film flow-meter. Permeability
was calculated from Darcy’s Law in one dimension as
follows:

k �
Q

A

2μLPatm

P2
i − P2

atm( 
, (1)

where k is the permeability (Darcy), Q is the volumetric gas
flow rate (cm3/s) experimentally measured at Patm (atmo-
spheric pressure equal to 0.1MPa), Pi is the applied gas
pressure (MPa), μ is the dynamic viscosity of nitrogen gas at
goal temperature which was obtained from the tables of the
Beijing Chemical Industrial Company Inc. [27], L denotes
the real-time length of sample (cm) at each goal temperature
(plus as thermal expansion and minus as compression), and
A is the cross-sectional area (cm2).

3. Results and Discussions

3.1. Multistage 4ermal Cracking Observed by Acoustic
Emission. A low level of AE counts was produced below
approximately 65°C (Figure 4). At 65°C, there was a large
burst of AE over a narrow range of temperature below 5°C. It
was followed by very few AE counts at 65°C–125°C. *ere
were other similar low AE levels at temperature ranges such
as 175°C–200°C, 325°C–400°C, and 450°C–500°C in
Figure 4(b). We could also observe AE count peaks with a
broad temperature range occurring at 150°C, 200°C, 325°C,
and 450°C. Note that the AE counts increased drastically
only when the temperature exceeded 300°C. *e difference
between sample 1 and sample 2 for AE counts at temperature
below 300°C might be the result of sample diversity and/or
difference of preset value in main amplifier.

*e inner of heterogeneous rock appears as thermal
stress as temperature changes under any mechanical state.
As thermal stress exceeds the bearing capacity of inner grain
and cement, thermal cracking appears internally in rock.*e
hypostasis of thermal cracking in rock is a multicrystal
mineral consisting of diverse heterogeneous combo in
mesostructure.*e thermal expansion coefficients of various

crystals and cement are completely different. Based on
thermal elastic theory, thermal stress will occur in different
crystals and cement, but thermal cracking may firstly appear
in the binding material whose strength andmelting point are
lower than those of crystals. *ese results have been pointed
out by Zhao in the investigation on mesostructure of Luhui
granite with meso-CT [28].

Drastic AE response of thermal cracking inconsistently
occurred at temperature range of 65°C–70°C, 125°C,
225°C–250°C, 275°C–375°C, 425°C, and 475°C–500°C for
sample 1 and 65°C–70°C, 125°C–175°C, 250°C, 275°C–325°C,
and 400°C–475°C for sample 2 shown in Figure 4, while quiet
AE response occurred at other temperature ranges. So the
characteristics of AE response that intensity and quietude
occurred alternately were named as multistage. Before a
microcrack formed, energy accumulation mainly took place,
and low or even no AE signals appeared. *ermal cracking
increasingly happened and large AE signals were shown
when accumulative energy was sufficient for microcrack
forming and growing at some temperature ranges. *e other
reason for multistage of AE is that diverse mineral grains in
granite have different thermal expansion coefficients and
new forming microcracks need various energy accumula-
tions in grain boundary or inner grain.

3.2. Multipeak Permeability in 4ermally Cracked Granite.
*e permeability of the samples commenced to increase at
room temperature (Figure 4). It reached the first peak at the
temperature of 100°C to 150°C. It was then followed by a
decrease. *e temperature range of permeability that de-
creased in the two samples was different for the reason of
diversity in AE counts. *e range for sample 1 was from
about 100°C to 300°C owing to the low AE level at tem-
perature from the first peak temperature to about 225°C. But
it was only from 150°C to 200°C for sample 2 due to the high
AE counts at about 200°C shown in Figure 4. So the per-
meability of sample 2 stopped decreasing and tended to
increase after 200°C. We also observed that it began to
increase sharply at 300°C and the second peak appeared at
400°C–450°C. *e permeability decreased again after peak
temperature.
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Figure 3: Flow chart of permeability measurement.
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*e permeability showed multipeak in granite due to
multistage of thermal cracking at elevated temperature in
Figure 4. *e permeability increased gradually at temper-
ature up to 150°C. It was followed by a maximum value at
temperature range from 100°C to 150°C. *en the perme-
ability decreased to the minimum value which was still
higher than the initial value. *e permeability began to
increase steeply at 300°C and then the second peak value was
almost 450°C. It still showed a decrease again after 450°C
which was higher than the formerminimum.*ere were two
peaks at our testing temperature ranges.

*e mechanism of permeability change may be inter-
preted by the evolution of microcracks in Figure 5. *e
microcracks were observed through MPV-SP micropho-
tometer and the methods and procedures for observation
were introduced by Feng et al. [10]. *e counts of micro-
cracks (length> 5 μm and length> 10 μm) began to increase
at room temperature and the counts (length> 5 μm) reached
maximum at temperature between 100°C and 150°C. It was
consistent with the permeability change. So the increase of
counts in microcrack was the reason for permeability in-
crease. After the maximum, the counts reduced in the
microcrack with length above 5 μm and slowly increased in
that with the length above 10 μm. But they both decreased to
the minimum at the temperature up to almost 200°C.
*ermal expansion may be the result of decrease in count of
microcracks. *ermal expansion may induce new micro-
cracks whose lengths are less than 5 μm and these new
microcracks may result in the closure of formedmicrocracks
such as those whose lengths are larger than 5 μm and 10 μm.
So the permeability also reduces to minimum due to closure
of influent flow channels. *e counts increased again with
temperature rising above 200°C. But the permeability only
increased a little (Figure 4(b)). When the temperature
exceeded 300°C, the counts of microcracks reduced again
and numerous new microcracks might be induced by
thermal expansion once more. Many new microcracks
connect with each other and those which have been formed.
*en the microcrack net is established and so the perme-
ability increases sharply after 300°C. Particularly, dramatic
thermal cracking occurred at 450°C seen in Figure 4. A great

number of thermally inducedmicrocracks were initiated and
interconnected. *e granite was damaged a lot and softened.
*ermally induced microcracks were compressed to close
and reduced the permeability. *e reason for the decrease in
permeability after 450°C may be that the large formed cracks
are closed because of the confining pressure and new
microcracks.

Accumulation of AE counts can represent energy
emission of thermally cracked granite. Generally, more
energy emission will induce more microcracks in granite.
We define a parameter which describes the ratio (e) of
permeability at each temperature (kT) to permeability
maximum value (kmax) at 450°C, seen in equation (2).

e �
kT

kmax
. (2)

*e ratio can approximately represent the proportion of
microcracks induced by different temperature in total
microcrack quantity at up to 450°C. We define the other one
parameter (f) to describe the ratio of cumulative counts (cT)

AE counts
Permeability
Cumulative counts

500200 300 400100 6000
Temperature (°C)

0

2

4

6

8

10

12

Pe
rm

ea
bi

lit
y 

(m
D

)

0

5000

10000

15000

20000

25000

30000

Cu
m

ul
at

iv
e c

ou
nt

s

0

500

1000

1500

2000

2500

3000
A

E 
co

un
ts

(a)

AE counts
Permeability
Cumulative counts

500200 300 400100 6000
Temperature (°C)

0

500

1000

1500

2000

2500

3000

A
E 

co
un

ts

0

1

2

3

4

5

6

Pe
rm

ea
bi

lit
y 

(m
D

)

0

6000

12000

18000

24000

30000

36000

Cu
m

ul
at

iv
e c

ou
nt

s

(b)

Figure 4: AE counts and permeability of two samples at high temperature and 3D stress. (a) Sample 1. (b) Sample 2.
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at each temperature to total counts (cto) at up to 450°C, seen
in equation (3). *e relationship between cumulative counts
and permeability can be expressed by both parameters e and
f, shown in Figure 6.

f �
cT

cto
. (3)

*e permeability ratio was very high below 100°C in
sample 1 while cumulative counts ratio was very low,
pointed by an arrow in Figure 6. *is indicated that per-
meability increment was induced by other factors in addi-
tion to thermal cracking at low temperature. *e factor may
be water loss in granite. When the temperature exceeded
150°C, the permeability ratio increased with cumulative
counts ratio rising. *e relationship could be approximately
expressed by linear function in equation (4) with correlation
coefficient of 0.83.

e � 0.78f − 9.65. (4)

3.3. Lagging Change in Permeability. *at the changes in
permeability lag behind thermal cracking changes is found
in this study. *e first drastic period of thermal cracking
based on AE counts in granite started at around 125°C and
the first peak permeability began at approximately 150°C in
Figure 4(b). *e second peak permeability occurred at
450°C while the second drastic period of thermal cracking
happened at almost 425°C. *e temperature is higher for
permeability peak than that for AE counts peak. We can
observe from Figure 5 that the peak temperature of crack
counts is higher in large microcracks (length> 10 μm) than
that in small microcracks (length> 5 μm). AE count peak
even may be induced by small microcracks. But perme-
ability peak must be subjected to large microcracks.
*ermally induced cracks go through stages of initiation,
propagation, and connection and then form large cracks
which are the channels for influent flow. So the temperature
of drastic AE activities is lower than that of permeability
peak.

3.4. Comparison and Practical Meaning. Real-time perme-
ability in rock is quite difficult to measure at high tem-
perature and triaxial stresses due to sealing. Recently, in
order to study thermal cracking induced by heating sample,
a great number of studies with heating-cooling cycles of
sample were performed to obtain permeability variation at
different temperatures. Figure 7 shows permeability evo-
lution with temperature at both real-time and heating-
cooling treatment conditions.

*e ratio (kT/k0) in the longitudinal axis of Figure 7
denotes the permeability at nominal temperature over that at
room temperature. *e permeability of granite treated by
heating-cooling exhibited monotonous increasing. *e real-
time heated sample 2 in this study showed nonmonotonic
change in permeability. Permeability of slow-cooling treated
granite samples started to drastically increase at approxi-
mately 500°C in [26, 30–32]. For fast-cooling treated sam-
ples, permeability significantly increased at about 400°C seen

in [32, 33]. *is indicated that cooling rate had significant
impact on heated samples. However, the real-time heated
sample experienced a big increment at about 300°C. *e
difference may be attributed to stress effect. While samples
were heated at triaxial stresses state, there exist thermal and
mechanical coupling effect in sample. *e coupled effect can
facilitate damage in rock to easily occur at high tempera-
tures. *e results considering the thermal and mechanical
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coupled effect on permeability of rock are more realistic in
some engineering such as extraction of hot dry rock geo-
thermal energy.

*e results in this paper may be applied to the engi-
neering such as hot dry rock and nuclear waste disposal. If
the rock temperature of energy reservoir exceeds 300°C, the
artificial reservoir will be easily constructed because the rock
permeability increases sharply after 300°C. When the sur-
rounding rock temperature of nuclear waste deposit is lower
than 300°C, the disposal is relatively safe. But once the
temperature is higher than 300°C, the cracking of sur-
rounding rock will be strengthened. *e groundwater will
easily flow in the surrounding rock and then be polluted by
the radioactive nuclide.

4. Conclusions

We have studied in detail thermal cracking and permeability
change in large-scaled granite with 200mm in diameter and
400mm long at temperature up to 500°C and hydrostatic
pressure of 25MPa, using AE monitoring technology and
steady state method. *e remarkable conclusions can be
drawn as follows.

(1) AE monitoring indicates that thermal cracking in
large-scaled granite is discontinuous and multistage.
*ese features correspond to energy accumulation
and emission in the formation process of thermally
induced microcracks during heating.

(2) *e permeability induced by thermal cracking does
not vary monotonously with temperature rising due
to multistage of thermal cracking. *e permeability
has two peaks at temperature of 100°C∼150°C and
around 450°C.

(3) *e temperature of each permeability peak lags
behind that of the drastic AE period. Permeability
change is consistent with cumulative AE counts. A
linear function can describe the relationship between
permeability and cumulative counts.
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