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Abstract
Microwave fracturing of hard rocks holds great promise in the civil, mining and tunnelling industries. The role of heating 
and cooling in the fracturing of rocks and when and where cracks initiate from and propagate to remain unclear and need 
to be addressed for future field applications of the technology. This study treated an alkali feldspar granite using a 6 kW 
industrial microwave source and a customised open-ended dielectric-loaded converging waveguide antenna. The real-time 
acoustic emission (AE) characteristics in the microwave heating and natural cooling phases were recorded and investigated. 
The surface temperature and P-wave velocity reduction of the specimens were also measured to quantify the thermal damage. 
The fracturing of granite is found to be tensile failure and is heating-dominated. Although a considerable amount of AE hits 
and events was detected in the cooling phase, they were of low energy, and therefore, the role of cooling in rock fracturing 
by open-ended microwave can be neglected. Fractures initiated from the exterior of the antenna and propagated towards the 
edges and the interior of the specimens. The cracks obtained from the AE localisation were in good agreement with those 
observed. With the increase of power level, the time for crack initiation was shortened, confirming the high-power effect.

Highlights

•	 Acoustic emission activities were measured in the micro-
wave heating and cooling phases on granite blocks.

•	 Microwave fracturing of the granite is found to be heat-
ing-dominated.

•	 The microwave-induced rock fracturing is primarily ten-
sile failure.

•	 The test results confirm the high-power effect in micro-
wave fracturing of rocks.

Keywords  Microwave fracturing · Heating and cooling · Acoustic emission · Crack initiation and propagation · Fracture 
mode

1  Introduction

The use of microwave treatment to weaken hard and abra-
sive rocks prior to mechanical breakage has re-emerged as 
a hot research topic in the past decade (Wei et al. 2019; 
Zheng and He 2021; Xu et al. 2021). After microwave treat-
ment, the uniaxial compressive strength (UCS) (Hassani 
et al. 2016; Yang et al. 2022; Kahraman et al. 2020), Brazil-
ian tensile strength (Hassani et al. 2016; Kahraman et al. 
2020), point load strength (Whittles et al. 2003; Kingman 
et al. 2004), elastic modulus (Zheng et al. 2020), ultrasonic 
wave velocity (Zheng et al. 2020; Lu et al. 2019), dynamic 
UCS (Wang et al. 2020), dynamic fracture toughness (Li 
et al. 2020b; Bai et al. 2021) and dynamic tensile strength 
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(Li et al. 2020a) can be substantially reduced. Microwave 
treatment also fractures rocks to assist the mechanical rock 
breakage (Ma et al. 2021b; Hartlieb et al. 2017). The tech-
nology has great potential in increasing the rock breaking 
efficiency of mechanical excavators (Hartlieb et al. 2017; 
Kahraman et al. 2022), reducing the environmental impacts 
(vibration and noise), and reducing the energy consumption 
(Ma et al. 2021b).

Microwave fractures hard rocks by the following two 
mechanisms: (1) It selectively heats and vaporises water in 
closed pores and the specimens either spall or break explo-
sively (Zhao et al. 2020). The former happens in porous 
extrusive rocks, such as basalt, while the latter happens in 
sedimentary rocks, such as sandstone and slate (Chen et al. 
2015). This mechanism also applies to selectively heating 
and melting of high-microwave absorbing minerals in the 
gangue matrix, for instance, pyrite inclusion in the rock 
matrix (Zheng et al. 2020). (2) It could generate high enough 
thermal stresses and mismatches to break rocks. The local 
fracturing takes place in the high temperature zone and is a 
result from the difference in thermal expansion coefficients 
of minerals and the anisotropy of thermal expansion within 
single minerals (Hartlieb et al. 2017; Ma et al. 2021b). The 
global fracturing results from the thermal gradients by rapid 
microwave heating (Hartlieb et al. 2017; Ma et al. 2021b). 
The temperature gradient can reach up to 40 ℃/mm when 
using a 6 kW microwave source and a dielectric-loaded con-
verging waveguide antenna (DLCWA) (Ma et al. 2021a).

To simulate the field scenario of microwave fracturing of 
rocks at a tunnel face or a rock bench, an industrial micro-
wave source and an open-ended antenna should be used 
(Ma et al. 2021b; Lu et al. 2019; Feng et al. 2021). Those 
tests usually involve large size specimens. Since microwave 
irradiation can be detrimental to staff and instruments, such 
as thermal and optical cameras, it is very hard to perform 
real-time measurement of the temperature and to quantify 
the damage (Council 1994). This is one of the main reasons 
why measurements such as temperature, ultrasonic wave 
velocity and cracking are performed when microwave heat-
ing stops, even when the specimen completely cools down. 
This methodology makes it technically challenging to instan-
taneously monitor and localise the fracturing activities and 
the damage.

The acoustic emission (AE) method as a non-destruc-
tive evaluation technique has been extensively used in the 
research of progressive micro-cracking of rock specimens 
under different loading conditions and thermal treatment 
(Yin et al. 2014; Du et al. 2020; Grosse and Ohtsu 2008; 
Guo et al. 2021; Li et al. 2021; Lyu et al. 2021; Wu et al. 
2021; Yang et al. 2020). AE detectors capture the AE sig-
nals generated by the formation of local damage in the 
rocks, allowing researchers to determine how much micro-
cracking and damage is induced and to localize the cracks 

(Zhang and Deng 2020; Zhang et al. 2020). The evolution 
of microcracks and the fracture modes can be analysed 
based on the b value and the ratio of the rise angle and the 
average frequency (RA/AF) (Ge and Sun 2018; Peng et al. 
2018; Zhang and Deng 2020). However, in the literature, 
the AE technique was only used to study the behaviours 
of rocks after microwave treatment under uniaxial loading 
(Ge and Sun 2021; Lu et al. 2021). No attempts except 
Feng et al. (2021) have been made to investigate the real-
time evolution of rock fracturing in the microwave heat-
ing and natural cooling phases. According to Browning 
et al. (2016), the cooling phase in conventional thermal 
treatment may induce more fracturing to the specimens 
than the heating phase. Since microwave heating induces 
thermal shock, the role of the natural cooling phase in 
the fracturing of rocks is, therefore, subjected to further 
exploration.

The objective of this paper is to investigate the real-time 
fracturing of granite in the microwave heating and natural 
cooling phases using the AE technique. The microwave 
heating was performed using a 6 kW industrial micro-
wave source and a customized open-ended DLCWA. The 
surface temperature and P-wave velocity reduction of the 
specimens were measured to characterize the thermal dam-
age. The AE characteristics in the microwave heating and 
natural cooling phases were then examined to reveal the 
initiation and propagation and failure mode of the cracks 
as well as the role heating and cooling play in microwave 
fracturing of the granite.

2 � Materials and Methodologies

2.1 � Rock Specimens

The tested granite was taken from a quarry in Hubei prov-
ince, China. Figure 1 shows the images of the granite 
under normal and cross-polarised light. The petrographic 
analysis indicates that it is composed of 50% alkali feld-
spar, 8% plagioclase, 36% quartz, 5% biotite, and 1% mus-
covite. The alkali feldspar granite is a medium-grained 
rock with a mean grain size of approx. 2 mm. It has a 
density of 2610 kg/m3, a UCS of 75 MPa, and a P-wave 
velocity of 4800 m/s. The strength of the granite is rela-
tively low due to slight weathering. Due to the low values 
in strength, P-wave velocity and dielectric loss factor, the 
granite has a relatively low microwave fracturability index 
(MFI) and is relatively difficult to be fractured by micro-
wave (Zheng et al. 2021). Therefore, either a high power 
density or a long heating duration is needed to fracture 
it. In the tests, cubic specimens with an edge length of 
250 mm were prepared.
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2.2 � Experimental Setup and Instrumentation

The microwave treatment of the granite specimens using 
an open-ended DLCWA is illustrated in Fig. 2. The setup 
consists of a microwave isolating metallic container, a 6 kW 
SAIREM industrial microwave source, a DLCWA with an 
aperture size of 40 mm × 30 mm and an AE measurement 
system. The components and functions of the microwave 
source (Model: GMP G4) are referred to Zheng et al. (2017) 
and Ma et al. (2021b). The DLCWA was customized to focus 
microwave power to a high enough intensity to fracture the 
low-MFI rocks (Ma et al. 2021a). At 6 kW, the maximum 
power intensity on the rock surface is approx. 1200 W/cm2. 
In this study, the end of the antenna was in contact with the 
surface centre of the rock specimens which were placed on a 
lifting platform with position adjusting capacities. This setup 
could simulate the field scenario of microwave fracturing of 
rocks to the greatest possible extent.

An 8-channel AE measurement system, PCI-8 from 
Physical Acoustics Corporation, was employed for real-
time monitoring of the crack initiation and propagation 
as well as rock damage during the microwave heating and 
cooling process. AE parameters including waveform, hit, 
count, energy, and event were recorded. The layout of the 
AE sensors is shown in Figs. 2 and 3. Six sets of R6α sensors 
with a diameter of 19 mm and an operation range from 35 
to 100 kHz were attached on the front and back surface of 
the rock specimens with two rubber bands. The front sen-
sors were in an inverted triangle, the back sensors in a regu-
lar triangle, and the distance between each sensor and the 
boundary is 40 mm. The sensors, the connecting wire and 
the contact area were wrapped by aluminium foil to pro-
tect them from microwave damage (Fig. 3). Considering the 
background noise, the AE trigger level was set to 40 dB. The 
sampling rate was 3 million samples per second (MSPS). 
The time parameters for the AE signals definition, namely, 

peak definition time (PDT), hit definition time (HDT), and 
hit lockout time (HLT), were set as 50, 100, and 200 μs, 
respectively.

An infrared temperature imager (Model: FLIR T420), 
with a range is 20–650  °C and an accuracy is ± 2  °C 
or ± 2% (whichever is greater) was used to measure the 
surface temperature of specimens. The P-wave velocity at 
the radiation centre across the total thickness was meas-
ured using an ultrasonic velocity tester (Model: Sinorock 
RSM-SY6). The cracks were recorded with the help of a 
portable microscope.

2.3 � Experimental Procedure

The experiments strictly followed the procedure below:

(1)	 Measure the initial P-wave velocity and initial surface 
temperature of a specimen;

(2)	 Lay the rock specimen on the lifting platform, attach 
the AE sensors on the front and back surfaces of the 
specimen and then adjust the AE system;

(3)	 Microwave heat the specimen at the designed power 
level (3–6 kW) for a specific duration (1–4 min) and 
monitor the real-time AE signals;

(4)	 Measure the surface temperature distribution of the 
specimen immediately after heating stops, record the 
crack information, and continuously monitor the AE 
signals for a 10-min natural cooling phase;

(5)	 Measure the P-wave velocity of the specimen when it 
cools down;

(6)	 Analyse the AE hit, energy, event characteristics in the 
heating and cooling phases.

Fig. 1   Optical images of the granite under a normal light and b cross-polarised light. Bt biotite, Afs Alkali feldspar, Pl plagioclase, Qtz quartz
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3 � Results and Analysis

3.1 � Microwave Heating

Figure 4 shows the maximum temperature and ultrasonic 
wave velocity of the specimens as a function of the heat-
ing time and microwave power. It is obvious that there is 
a highly linear relationship, indicating that the granite is 
dielectrically stable and there is no thermal run-away. The 
results confirm the high-power effect of microwave heating 
which means that for the same energy output a combination 
of a high microwave power and a short heating duration 
yields a better heating and damaging effect. For instance, 
for an energy output of 720 kJ, the maximum temperature 
at 6 kW for 2 min is 373 °C, substantially higher than that 

at 4 kW for 3 min (321 °C). This is also evidenced by the 
P-wave velocity measurement at the centre, where the former 
yields a 6.1% reduction, while the reduction for the latter is 
4.8%.

3.2 � Microwave Fracturing

Fracturing of the granite specimens after microwave treat-
ment is shown in Fig. 5. When the heating duration is 
short or the power level is low, the microwave is not able 
to induce visible macrocracks on the granite specimens 
which have a low MFI. However, as either heating dura-
tion or power level increases, more cracks with larger 
widths on the front treated face and the sides of the speci-
mens were observed. Table 1 summarises the crack info 
on the specimens after microwave treatment. It clearly 

Fig. 2   Setup of microwave fracturing of rock blocks and the acoustic emission measurement (Not to scale)

Fig. 3   Layout and protection of the AE sensors and wires. a Side view, b Front view
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demonstrates the performance of the DLCWA in fractur-
ing the low-MFI rock. Table 1 also further confirms the 
high-power effect, i.e., heating at 6 kW for 2-min induces 
more and wider cracks on the specimen than at 4 kW for 
3 min. This might be attributed to the higher heating rate 
and higher thermal gradient and stresses. Cracks were 
in a radial pattern centred on the antenna aperture. The 
cracks initiate from the exterior of the antenna aperture 
and propagate towards the edges. The evolution of cracks 
will be discussed in a later section.

3.3 � AE Energy and AE Hits

AE energy is directly associated with the intensity of the AE 
activities and a jump in the accumulated AE energy is consid-
ered to be related to macrocracking (Keshavarz et al. 2010; 
Kong et al. 2016; Ren et al. 2021; Aker et al. 2014). Figure 6 
shows the instantaneous and accumulated AE energy and hits 
of the specimens treated under different microwave conditions. 
The AE activities in the heating phase plus a 10-min cooling 
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Fig. 4   Maximum temperature and P-wave velocity reduction as a function of a heating time at a power of 6 kW and b power level for a heating 
duration of 3 min

Fig. 5   Microwave fracturing of granite specimens. Top row: at 6 kW for 1–4 min; bottom row: at 3–6 kW for 3 min
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phase were recorded. However, only the data for the first 5 min 
is presented in Fig. 6 as the AE hits in the cooling phase were 
of very low energy and only local microcracks can possibly be 
generated. At the power of 6 kW, although there were notice-
able AE energy and hits in the first minute and in the cooling 
phase, they were nonetheless negligible (Fig. 6a). Therefore, 
no cracks were observed on the specimen. With the increase of 
the heating time, the specimens were fractured at about 100 s. 
At 6 kW, the AE energy intensity when the specimens began 
to crack is close (4.5 to 7 × 105 eu). Each AE energy peak 
corresponds to a macrocracking, which is in good agreement 
with observations in Fig. 5. After the peak and macrocracking, 
there were a silent period before the next cracking. It is also 
obvious in Fig. 6d, e–g that the peak of AE energy and accu-
mulated AE energy increase dramatically as the microwave 
power increases when the heating time is 3 min.

A quantitative comparison of the AE characteristics during 
the microwave heating and cooling phases is listed in Table 2. 
The results show that the AE energy and AE counts during 
the microwave heating phase are much higher than those in 
the cooling phase, suggesting that the microwave fracturing of 
the granite is heating-dominated. This is dramatically differ-
ent from observations in the conventional heating and cooling 
phases as conducted by Browning et al. (2016). By contrast, 
the AE hits and AE events in the microwave heating and natu-
ral cooling phases are of the same magnitude. However, the 
hits and events in the cooling phase are of much lower energy, 
which can be explained by the fact that in the cooling phase 
the AE activities come from closure, friction and collision of 
the cracks. The high-power effect is also validated by the AE 
energy, i.e., the accumulated AE energy at the end of micro-
wave heating at 6 kW for 2 min is 2.5 × 106 eu, which is signifi-
cantly higher than that at 4 kW for 3 min, which is 6.8 × 104 eu.

4 � Discussion

4.1 � Variation of b Value During the Heating 
and Cooling

The b value, a parameter defined as the log-linear slope of 
the frequency–magnitude distribution, is proposed in the 
Gutenberg and Richter relationship (Gutenberg and Richter 
1950) and is considered as an effective index for evaluating 
the fracturing process. The b value represents the ratio of 
the micro-crack frequency and the macro-crack frequency 
during the fracturing process and it has been widely used to 
analyse the micro-cracking process in rock mechanics (Ma 
et al. 2018). A low b value means that a large amount of 
micro-cracks is developed at this stage (Peng et al. 2018).

In this study, the b-value is calculated by maximum like-
lihood estimation using the following equation (Nava et al. 
2016):

in which e is the base of the natural logarithms (approx. 
2.718), A is the average AE amplitude measured in dB, Amin 
is the minimum AE amplitude measured in dB. The window 
size is set as 2000, and the sliding distance is set as 2000.

Figure 7a shows the relationship between the b value 
and time for specimens microwaved at 6 kW for 1–4 min. 
The results show that the b value decreases as the micro-
wave heating time increases. When the heating time was 
about 100 s, the b value drops dramatically from around 
2 to about 0.5, reflecting the generation of large amounts 
of microcracks and possibly macrocracks. After the 

(1)b =

20 lg e

A − Amin

Table 1   Summary of the fracture information on the granite specimens after microwave treatment

Power (kW) Time (min) Max. tempera-
ture (°C)

Total front crack 
number

Total front crack 
length (cm)

Total side crack 
number

Total side crack 
length (cm)

Max. crack 
width 
(mm)

6 1 291 0 0 0 0 0
6 2 373 3 23.8 2 20.8 10.6
6 3 434 4 44.1 2 19.6 11.7
6 4 512 5 51 4 36.7 14.2
5 3 398 4 43.4 2 24 13.5
4 3 321 1 11 1 5.2 5.2
3 3 267 0 0 0 0 0
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Fig. 6   Instantaneous and 
accumulated AE energy and hits 
energy during the microwave 
heating and cooling phases. a 
6 kW, 1 min, b 6 kW, 2 min, c 
6 kW, 3 min, d 6 kW, 4 min, e 
5 kW, 3 min, f 4 kW, 3 min, g 
3 kW, 3 min

 (a) 

 (b) 

 (c) 

 (d) 
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 (e) 
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 (g) 

Fig. 6   (continued)

Table 2   AE count rate, hit rate, energy rate and event rate for microwave tests on granite

Power (kW) Time (min) Max. tem-
perature (°C)

Heating (min−1) Cooling (min−1)

Counts Energy Hits Events Counts Energy Hits Events

6 1 291 4406 522 1469 0 59 10 19 0
6 2 373 2,767,013 2,497,101 25,715 32 274,386 139,573 23,212 40
6 3 434 2,867,463 2,593,305 30,942 28 344,486 179,989 28,709 68
6 4 512 3,050,439 2,549,950 34,257 31 434,830 211,780 41,056 154
5 3 398 2,323,461 1,789,770 30,078 20 288,194 132,591 29,930 51
4 3 321 144,863 67,684 11,354 15 62,203 26,506 7066 16
3 3 267 2545 398 723 1 62 4 25 0
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microwave heating, the b value has a significant rebound 
and becomes almost unchanged in the cooling phase. The 
rebound value is even lower than the value of the rock at 
the beginning of heating. In this study, we define the steep 
drop in b value as the fluctuation of b value reaching 0.5 
within 10 s. Figure 7b shows the relationship between the 
b value and time at 3–6 kW for 3 min. It is clear that the 
higher the microwave power, the earlier the b value started 
to drop dramatically, indicating an early fracturing time.

4.2 � Failure Mode

The JCMS (Japan Construction Material Standards) crack 
classification method was adopted in this study to analyse 
the crack types, such as tensile cracks and shear cracks 
in the microwave heating and cooling phases (Zhai et al. 
2020). It was conducted by employing two parameters 
of RA and AF. RA equals the rise time divided by the 
maximum amplitude, and AF equals AE ring-down count 
divided by the duration. In general, low AF and high RA 
values indicate the generation or development of shear 
cracks, and high AF and low RA values indicate the gen-
eration or development of tensile cracks (Zhang and Deng 
2020).

Figure 8 shows the distribution of RA and AF of the 
specimen treated at 6 kW for 4 min. The results show that 
the microwave-induced rock failure during the heating and 
cooling phases is primarily tensile failure. The mechanism 
responsible for the thermal cracking is thus considered to 
be tensile fracturing.

4.3 � Contribution of Microwave Heating and Cooling 
Phases to Rock Damage

As discussed in Sect. 3.3 and shown in Table 2, a quan-
titative comparison of the AE energy rate, AE hits rate, 
AE counts rate and AE events rate generated during the 
microwave heating and the cooling phase highlights the 
differences between heating-induced and cooling-induced 
microcracking. The results show that for all the tests more 
accumulated AE energy rate was generated in the microwave 
heating phase than in the cooling phase. The AE energy rate 
in the microwave heating is more than 10 times that in the 
cooling phase. Therefore, it is concluded that the microwave 
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heating phase dominates the microwave-induced cracking. 
The observations of this study are contrary to the conven-
tional heating and cooling tests, in which the fracturing can 
be cooling dominated (Browning et al. 2016). The reason 
might be that the conventional heating rate is low (up to 
8 °C/min), which is much smaller than the microwave heat-
ing rate of 100–300 °C/min in this article. The specimens 
exposed to thermal shock are likely to crack violently. 
Another explanation is that in the cooling phase, the high 

temperature zone in the centre of the specimens is under 
compression, inhibiting the generation of cracks.

4.4 � Fracture Evolution

The location of a fracture source is determined using a non-
linear iterative algorithm based on the arrival time difference 
received by different AE sensors. AE events can reflect the 
development and evolution of internal cracks in specimens 

Fig. 9   Temporal–spatial distributions of AE sources of specimen treated at 6 kW for 4 min (the red ball represent the spatial events, and the grey 
ball represent the projection of the events on the back and underside)
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treated by microwave. The temporal–spatial distributions of 
the AE sources for the specimen treated at 6 kW for 4 min 
are shown in Fig. 9. The red balls represent the spatial events 
and the grey balls represent the projection of the events on 
the back and underside. As shown in Fig. 9a, the AE events 
started from near the exterior of the open-ended micro-
wave antenna, where the thermal gradient and stress were 
the greatest (Ma et al. 2021b). As the specimen was further 
heated, the AE events increased sharply when the heating 
time reached 120 s, due to the generation of a crack to the 
free surface. As shown in Fig. 9b, the AE events have two 
development trends, one is to develop towards the edge of 
the specimen, the other towards the centre of the antenna. 
When the rock specimen is further heated to 4 min, cracks 
simultaneously extended to the edge and the centre of the 
specimen. The maximum depth of the most AE events is 
about 15 cm when the specimen was treated for 4 min. This 
is in good agreement with the cutting test, which gives 
a maximum crack depth of 14.2 cm. As can be found in 
Fig. 9d, the spatial distribution of the AE sources is consist-
ent with the crack pattern on the specimen.

It should be noted that some AE events located outside 
the specimen are not shown in Fig. 9. The AE position-
ing error can be explained as follow. (1) Some AE sources 
occurred at the same or close time. Therefore, it cannot be 
guaranteed that the signals arriving in each channel succes-
sively are the same point source signal (Gong et al. 2020). 
(2) In this study, the P-wave velocity was set to be a constant 
throughout the microwave heating and cooling phases. How-
ever, the velocity field is generally uneven and anisotropic. 
It will gradually decrease during the microwave heating, 
and the degree of P-wave reduction is different at different 
locations. Thus, the constant velocity assumption inevitably 
produced errors (Peng et al. 2018; Dong et al. 2017; Xue 
et al. 2021). (3) The AE signal will attenuate and distort in 
varying degrees in the phase of propagation, which makes 
it difficult to obtain the time difference.

5 � Conclusions

In this study, the real-time fracturing of an alkali feldspar 
granite during the microwave heating and natural cooling 
phases was investigated using the AE technique. The AE 
characteristics, the evolution of fractures and the fracture 
modes in the heating and cooling phases were comprehen-
sively studied. The main conclusions are drawn as follows:

(1)	 As either the microwave power level or the heating 
time increases, the alkali–feldspar granite were more 
fractured by the open-ended DLCWA at 6 kW. The 
high-power effect was validated by higher tempera-

ture, higher P-wave velocity reduction rate, higher AE 
energy and earlier fracturing.

(2)	 The accumulated AE energy and counts during the 
microwave heating phase are over 10 times higher than 
those in the cooling phase, suggesting that the micro-
wave fracturing of the granite specimens is heating-
dominated. The role of natural cooling in the fracturing 
process can be neglected.

(3)	 The microwave-induced rock fracturing is primarily 
tensile failure, due to the expansion of the high-tem-
perature zone in the centre. Cracks initiated from the 
exterior of the antenna, where the thermal gradient and 
stress is the largest and propagated to the edge of the 
specimens. The use of AE measurement in localising 
fracture propagation is feasible.
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