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a b s t r a c t

The exploration and development of oil and gas resources have shifted from shallow to deep and
ultradeep. The difficulty of rock breaking has also increased, introducing new challenges to traditional
rock-breaking technology. Hence, there is an urgent need to develop new rock-breaking technologies to
improve the development efficiency of deep oil and gas resources. Therefore, this study focused on the
new microwave rock-breaking technology and conducted experimental and numerical simulation
research on typical deep, hard rock granite. The research results showed that granite in the microwave
field exhibited high-temperature melting and fracture, and the highest temperature could reach 550 �C.
Under the irradiation of circulating microwaves, a minimum irradiation time threshold of 3 min was
needed to cause irreversible damage to the rock. The numerical simulation results showed that the
interaction of thermal stress and in situ stress would cause the inside of the rock stratum to separate into
a disturbed deterioration area, disturbed unloading area and initial stress area. These results are expected
to provide the necessary technical guidance and theoretical support for the research and development of
high-efficiency rock-breaking drilling for deep hard rock.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The phenomenon of resource exploitation extending to deeper
parts of the earth has become increasingly common, and the
continuous exploration of the deeper parts of the earth has become
an important direction of future scientific and technological inno-
vation in China (Gao et al., 2018, 2020b, 2020c, 2022; Xie et al.,
2021). However, the strength of a rock mass also exhibits a
nonlinear growth trend with increasing burial depth (Gao et al.,
2020d), and the difficulty associated with rock breaking increases
gradually. In terms of the drilling method, most polycrystalline
diamond compact (PDC) bits are suitable for shallow soft strata (Liu
y Laboratory of Deep Earth
ilization, College of Civil and
enzhen, Guangdong, 518060,

y Elsevier B.V. on behalf of KeAi Co
et al., 2021). When faced with deep hard strata, traditional me-
chanical cutting often experiences problems such as serious tool
wear and insufficient invasion, which leads to a sharp increase in
the drilling cost and low drilling efficiency (Zhang et al., 2021). As
the leading technical support for deep earth development (Gao
et al., 2021a), the drilling efficiency will inevitably affect the
exploration and development process of deep strata and the
development efficiency of deep resources. Research on new the-
ories and methods for efficient rock breaking has become a
fundamental scientific problem in the process of deep drilling (Feng
et al., 2019; Li et al., 2020). Hence, a new technical means is needed
to crack and break hard strata, reduce drilling tool wear, improve
drilling efficiency (Xue et al., 2019), and provide technical support
for deep earth development and deep resource acquisition (Gao
et al., 2021b). Microwave technology is a promising rock-breaking
method because of its high efficiency and lack of secondary
pollution (Wei et al., 2019; Zheng et al., 2016). This technology has
been considered widely by scholars, and systematic research work
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has been conducted on the fracture weakening and fracture char-
acteristics of typical hard rock in the microwave field.

Hartlieb et al. (2012) and Lu et al. (2019a, 2019b) examined the
influence of microwave power, irradiation time and other factors on
the mechanical properties of basalt, and experiments were con-
ducted on microwave-induced cracking of basalt under axial stress
using an open microwave-induced cracking device for hard rock.
Zheng et al. (2020, 2021, 2017) examined the influence of micro-
wave power and irradiation time on the surface temperature rise,
spatial temperature distribution, P-wave velocity, and mechanical
properties of gabbro, monzonite and granite, and then defined the
fracturing index to evaluate the fracture characteristics of rocks in
the microwave field. Peinsitt et al. (2010) and Hartlieb et al. (2016)
discussed the influence of the thermophysical properties and
water-bearing state of basalt, granite and sandstone on their frac-
ture characteristics in a microwave field. Kahraman et al. (2020)
studied the influence of microwave irradiation on the uniaxial
compressive strength and Brazilian splitting strength of nine
igneous rocks. They explained the different characteristics of
strength degradation in a microwave field from a mineralogical
point of view. Deyab et al. (2020) systematically studied the influ-
ence of microwave irradiation on Canadian kimberlite and used the
Cerchar abrasively index (CAI) to discuss the abrasiveness of sam-
ples. Whittles et al. (2003) and Ali and Bradshaw. (2009, 2010)
established a microwave absorbingenonabsorbing rock model
based on numerical simulations. They discussed the thermal
damage characteristics of mineral particles in the microwave field
and considered that microwave power density is very important for
rock crushing. Hence, they recommended the use of high-power
microwaves for rock crushing.

The existing exploration results show that the scientific research
on granite reservoirs is an important field of oil and gas exploration
(Liang et al., 2018; Yang et al., 2021), where granite reservoirs
accounted for approximately 40%, and other reserves accounted for
75% (Editorial, 2017). Buried hills with burial depths greater than
4000 m have gradually become an important new direction in the
exploration of petroliferous basins (Amorus, 1960; Chung-Hsiang,
1982). Therefore, considerable research has been conducted on
the deterioration behavior of granite in the microwave field and the
feasibility of cutting and breaking rock using a microwave com-
bined drilling rig. Hu et al. (2019) studied different granite strength
degradation behavior caused by microwave and conventional
heating. They suggested that microwave irradiation should be used
to break the rock in practical applications. Nicco et al. (2020) dis-
cussed the role of mineralogy and structure in the microwave py-
rolysis of granite from a micro perspective. They suggested that
microwaves have the potential to crack and weaken granite. Zeng
et al. (2019) and Bisai et al. (2020) showed that microwaves could
cause the internal water of granite to evaporate and initiate quartz
phase transformation, thereby producing thermal cracks and
melting characteristics, resulting in a significant decrease in tensile
strength and compressive strength (by 26%). Swart and
Mendonidis. (2013) and Menzhulin and Makhmudov. (2019) eval-
uated the fracture characteristics of granite after microwave irra-
diation and discussed the relationship between the fracture
characteristics of granite in the microwave field and microwave
heating temperature. Toif et al. (2017) established a three-
dimensional numerical model for the microwave heating of
granite samples, evaluated the temperature field and stress field of
granite in the microwave field, and discussed the industrial appli-
cability of microwaves for promoting rock fragmentation. Hassani
et al. (2016) examined how the microwave power, irradiation
time, and distance between the sample and microwave feed port
affect the weakening of granite in the microwave field. They
established a surface microwave irradiation model with finite
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element software, which confirmed the feasibility of microwave
application in rock breaking. Shepel et al. (2018) used a multiple
regression analysis method to discuss the influence of microwave
parameters on the cutting force of granite. They reported that the
cutting force of granite decreased significantly after microwave
irradiation. Lek and Thiti (2009) studied the effect of a low-power
(600/800 W) microwave treatment on the compressive strength
and cutting rate of granite. They reported that the compressive
strength and cutting rate of granite decreased by 70% and 38%,
respectively. Lindroth et al. (1993) performed cutting tests with
drilling rigs combined with microwaves for basalt and granodiorite
and discussed the potential benefits and the optimal application
conditions for the combined application of microwave energy and
mechanical energy.

In summary, several scholars have conducted systematic studies
of the fracture characteristics of granite in a microwave field, dis-
cussed the influence of microwave parameters on the mechanical
properties of granite, conducted experiments on rock cuttingwith a
microwave combined drilling rig, and demonstrated the industrial
applicability of high-efficiency microwave rock breaking from
multiple angles and scales. However, few scholars have examined
the micro behavior and temperature rise characteristics of different
parts of granite after breaking in the microwave field. In addition,
there are also few reports on the optimal mode of the microwave
feeder arrangement in a drilling rig. Therefore, this study examined
typical hard rock granite in deep reservoirs as the research object,
analyzed themicro behavior and heating characteristics of different
parts of granite in the microwave field, and discussed the feasibility
of efficient fracture of granite in the microwave field. Based on
COMSOL finite element software, a drilling rock-breaking model
integrated with microwaves was established. The influence of fac-
tors, such as the high temperature and high stress in deep reser-
voirs on drilling and breaking rock was considered simultaneously,
which provides a reference for the subsequent optimization of
drilling the structure design and the construction of indoor simu-
lation experiment platforms.

2. Sample preparation and test methods

2.1. Sample preparation

The granite was taken fromMianning County, Sichuan Province.
Fig. 1 shows the results of the lithofacies thin section test. The
granite has a sandy, massive structure. The minerals are composed
mainly of quartz, plagioclase, alkali feldspar and a small amount of
biotite, with a small amount of muscovite and ordinary amphibole.
The quartz content and particle size were approximately 29% and
2e4 mm, respectively. The plagioclase content and particle size
were approximately 40% and 1e3 mm, respectively. The alkali
feldspar content and particle size were approximately 30% and
0.5e3 mm, respectively. The biotite content and particle size were
approximately 1% and 0.5e1 mm, respectively. Fig. 2 outlines the
processing of granite into F50�100 mm cylindrical specimens.
Table 1 lists the basic physical parameters. The density and longi-
tudinal wave velocity were approximately 2.67 g/cm3 and 3.51 km/
s, respectively. In addition, the natural moisture content of granite
was obtained by weighing the same batch of rock in the natural
state and dry state and obtaining the average value. The mass
moisture content of granite was approximately 0.02%.

2.2. Test equipment and methods

Themicrowave transmitting system is composed of a solid-state
microwave source, a circulator, and a cavity. The microwave output
power was adjusted from 0 to 1000 W, and the output frequency



Fig. 1. Lithofacies slice of granite.

Fig. 2. Granite samples.

Table 1
Material parameters of granite samples.

Name Diameter, mm Height, mm Weight, g Density, g/cm3 P-wave velocity, km/s

G-1 49.95 100.04 522.11 2.665 3.472
G-2 50.01 100.12 522.21 2.657 3.497
G-3 49.97 99.95 523.33 2.672 3.465
G-4 49.91 100.18 523.18 2.671 3.623
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was 2.45 GHz. A non-contact infrared thermometer was used to
measure the temperature of the rock surface. The temperature
rangewas from ‒50 to 700 �C, and the accuracy was ± 2 �C. The rock
wave velocity was measured using an I-RPT rock ultrasonic
parameter tester. The ranging parameters were set to 100 mm, and
the sampling period was 0.2 ms. The transmitting voltage, time
window length, and sampling length were 1000 V, 4096, and 1024,
respectively. Fig. 3 shows the overall test steps, which are
composed mainly of microwave continuous/cyclic irradiation tests.
The samples after continuous microwave irradiation are subjected
to temperature testing and XRD microanalysis, and the samples
after cyclic irradiation are subjected to temperature testing and P-
1112
wave velocity testing.
The following two groups of microwave working conditions

were employed to study the weakening and fracture characteristics
of granite in the microwave field, capture the deterioration law of
granite in the microwave field and explore the feasibility of
weakening granite in the microwave field: (1) Granite was treated
continuously with 1000 W microwave irradiation until the granite
was unstable and fractured, and the temperature of the molten and
non-molten parts of granitewas thenmeasuredwith a temperature
measuring gun. The sample number was G-1. (2) According to the
test results of condition 1, cyclic microwave irradiation tests with a
rated power of 1000 W and single irradiation times of 2, 3 and



Fig. 3. Schematic diagram of the test system.
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4 min were set, and the wave velocity evolution law and heating
characteristics of granite in the microwave irradiation process were
obtained by infrared temperature measurement and wave velocity
testing. The sample numbers were G-2, G-3, and G-4.
Fig. 4. Fracture diagram of granite in a microwave field.
3. Study of the macroscopic fracture behavior and
microscopic characteristics of granite

3.1. Analysis of the macroscopic fracture characteristics and
microscopic behavior of granite under microwave irradiation

Under working condition 1, i.e., when the microwaves act
continuously on granite, the experimental phenomenon recorded
in the experimental process is as follows. When the microwave
irradiated for 4 min 18 s, gas began to escape from the interior. The
sample began to emit a local cracking sound when the microwave
irradiated for 7min 44 s.When themicrowave irradiated for 11min
30 s, the gas emitted gradually decreased until the sample cracked
from the lower part of the middle part after the microwave irra-
diated for 12 min 24 s. An analysis of the causes of the test phe-
nomenon and combined with the research results of other scholars
(Gao et al., 2020a; Li et al., 2017a; Zeng et al., 2019) suggested that
the water in the test changes into water vapor when the internal
temperature of the sample reaches a certain level, resulting in the
escape of gas in the sample. At the same time, with the continuous
input of microwave energy, the thermal damage in the sample in-
tensifies until the sample breaks. Fig. 4 shows the fracture char-
acteristics of the granite after continuous microwave irradiation.
After microwave irradiation, the granite appears white near the
fracture surface and dark in the initial state far away from the
fracture surface. We speculate that the surface of the sample turned
white because it was subjected to high temperature action. At the
same time, the surface cracks of the sample also showed the radial
characteristics of divergence from the fracture to the end of the
sample. Based on the chromatic aberration distribution and crack
distribution characteristics of the granite surface, the damage of
granite is caused mainly by the melting of minerals at high tem-
peratures, which leads to the overall fracture of the sample.

The main factors controlling granite fracture in the microwave
1113
field were examined further by peeling off the molten part and the
non-melted part of the granite; Fig. 5 shows the sampling parts. X-
ray diffraction (XRD) and scanning electronmicroscopy (SEM) were
performed. Table 2 lists the XRD test results. The granite is
composed mainly of quartz, albite, and muscovite, which is
consistent with the test results for the lithofacies thin section. The
mineral components of themolten part of granite are mainly quartz
and albite, and the main content is quartz, accounting for 85%. The
non-molten minerals are composed mainly of quartz, muscovite,
and albite at 41%, 36% and 23%, respectively. A comparison of the
non-melted and molten mineral components of granite showed
that the content of quartz in the molten part was dominant with a
small amount of albite and almost negligible calcite and muscovite
contents. This result is in sharp contrast to the result for the con-
tents of the non-fused parts of quartz, muscovite, and albite.
Therefore, under 1000 W irradiation, the internal temperature of
granite increased continuously, and quartz, as a mineral with good
thermal expansion and thermal conductivity, melts and flows,
continuously concentrating. Finally, it breaks through the con-
straints of rock to flow out in the form of a molten slurry and form a
fracture surface, resulting in a high quartz content of molten



Fig. 5. Sampling diagram.
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minerals near the fracture surface. At the same time, the com-
pounds in the sample may also decompose to form quartz under
the action of high temperatures. On the other hand, it still shows
high-temperature melting failure dominated by quartz.

Fig. 6 shows SEM scanning images of the non-melted part and
the molten part of the granite. The non-melted part of the granite
was composedmainly of a matrix and cracks (Fig. 6(a)). At the same
time, the non-melting part of the granite contained a large number
of fracture structures, and the smoothness of the microscopic sur-
face was low (Fig. 6(a)). Fig. 6(b) shows SEM images of the molten
part of the granite, which is in sharp contrast to that of the non-
melted part. The molten part of the granite contained many
microscopic molten pores, and the surface was relatively smooth.
The analysis showed that the molten part of granite experienced a
high temperature before the sample was destroyed because of the
significant selective heating characteristics of microwaves, thereby
destroying its internal structure. Hence, the molten part contained
many molten pores and smooth a surface on the microscopic scale.
The microwave influence on the non-melted part was relatively
weak, so the interior was composed mainly of original cracks and
structures.

3.2. Exploration of the heating characteristics and degradation
behavior of granite in the microwave field

The microwave continuous irradiation test shows that the
Table 2
XRD test results.

Name Compound name Che

Non-molten part Quartz SiO2

Muscovite KAl
Albite low Na(

Melting part Quartz SiO2

Albite low Na(
Calcite Ca(C
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granite will undergo abrupt changes when microwave irradiated
for 4 min 18 s, 7 min 44 s, 11 min 30 s, and 12 min 24 s. One of the
elements to ensure the accuracy of measuring P-wave velocity is
maintaining an intact sample. Therefore, three groups of test
schemes of 4, 3 and 2 min were set up to consider the sample
integrity. Fig. 7 shows the temperature measurement process. The
temperature measurement principle for complete rock and molten
rock is as follows. For the complete rock, some temperature mea-
surements were taken from the bottom to the top. The sample was
divided roughly into three parts, and the temperature was
measured at two points in each part. By contrast, for the molten
rock, the temperature was measured at molten and non-molten
parts and 6 points at molten parts. The non-melting part was
divided into upper and lower parts, and the temperatures of three
sample points were collected at each part. Figs. 8 and 9 shows the
temperature rise characteristics of granite under continuous/cyclic
microwave irradiation. Fig. 8 presents the temperature evolution
characteristics of the non-molten and molten parts during contin-
uous melting fracture of granite, and Fig. 9 shows the evolution
characteristics of the maximum temperature, average temperature
and minimum temperature of six sample points after a single cycle.
The temperature of the molten part and the non-melted part could
be distinguished only during continuous irradiation because
granite does not appear as molten minerals during cyclic irradia-
tion. The infrared thermometer could only measure the tempera-
ture at a fixed point and could not obtain the overall temperature
distribution of the sample surface. Hence, the temperature mea-
surement points of each sample were guaranteed to obtain at least
six sample points to ensure the validity of the temperature mea-
surement data as much as possible. The temperature of the
ruptured surface of the sample under continuous microwave irra-
diation was significantly higher than that of the non-ruptured
surface, as shown in Fig. 8. The maximum temperature was
550 �C, and the maximum temperature difference was 188 �C.
Indeed, the measured temperature was only the temperature of the
sample surface, owing to the limitations of temperature measure-
mentmethods. Moreover, the test failed to capture the temperature
distribution inside and on the sample surface under real-time mi-
crowave heating. Therefore, the maximum temperature and the
maximum temperature difference of granite will be greater than
the measured temperature after the microwaves irradiate contin-
uously on the granite. The granite was subjected to the dual
coupling effect of high temperatures and thermal stress before
being destroyed, i.e., macroscopic melt fracture failure. Fig. 9 shows
the law of temperature rises under the irradiation of cyclic micro-
waves. The sample surface temperature increased with increasing
single irradiation time. The temperature rise was smallest when
microwaves were applied for 2min, and it was basically maintained
below 200 �C. The temperature was increased further when mi-
crowaves were applied for 3 min. Hence, the maximum tempera-
ture rise was approximately 250 �C. Based on Figs. 8 and 9, the
temperature rises in the cycle test was significantly lower than that
mical formula Semi quantitative analysis

41%
2.2(Si3Al)0.975O10((OH)1.72 O0.28) 36%
AlSi3O8) 23%

85%
AlSi3O8) 14%
O3) 1%



Fig. 6. SEM images of granite. (a) SEM image of the non-molten part. (b) SEM image of the molten part.

Fig. 7. Schematic diagram of the temperature measurement.
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under continuous microwave irradiation. Therefore, the tempera-
ture rises under the combined continuous/cyclic microwave irra-
diation showed that the temperature rise and thermal damage
accumulation of the sample increase with increasing single irra-
diation time. It is not possible to keep irradiating on the sample in
engineering practice. Moreover, it is necessary to capture the
minimum microwave irradiation time. That is, the rock can be
damaged only when the rated microwave power irradiates
continuously up to this threshold. In this experiment, when the
damaging effect of the sample was evaluated according to the
temperature rise, 3 min of single microwave irradiation was the
minimum duration threshold of single microwave irradiation.

The rock fracture damage under microwave irradiation was
examined quantitatively using the P-wave velocity to characterize
the degradation characteristics of granite under cyclic irradiation.
The degradation coefficient Df was defined to eliminate the
1115
individual differences in the rocks and compare the degradation
characteristics of granite under different single-cycle durations.

Df ¼
VPi
VP0

(1)

where Df is the degradation coefficient; VPi is the P-wave velocity of
sample after microwave irradiation; VP0 is the initial P-wave ve-
locity of sample.

Figs. 10 and 11 present the variation law of the P-wave velocity
of granite and the degradation coefficient under cyclic microwave
irradiation. The degradation coefficient was approximately 0.9
when the duration of single irradiation was 2 min. However, the
degradation coefficient reached 0.8 or an even lower value when
the time was 3 and 4 min. The P-wave velocity test result was
consistent with the temperature measurement result. Hence, a



Fig. 8. Temperature rise characteristics of granite under continuous irradiation. Fig. 10. Evolution characteristics of the P-wave velocity of granite under cyclic
irradiation.

Fig. 11. Evolution characteristics of the deterioration coefficient under cyclic
irradiation.

M.-Z. Gao, B.-G. Yang, J. Xie et al. Petroleum Science 19 (2022) 1110e1124
certain degree of damage to the specimen will occur when the
single-cycle time reaches 3 min, and the damaging effect of rock
will be poor after a single 2 min cycle. The temperature measure-
ment and P-wave velocity test show that the granite in the mi-
crowave field can reach 200 �C or even higher within a certain time,
which will promote the deterioration of granite.

4. Rock-breaking simulation in drilling under microwave
irradiation

4.1. Model construction and geometric parameter setting

Research on the fracture characteristics of granite in the indoor-
scale microwave field demonstrated the feasibility of granite frac-
tures under microwave irradiation. However, indoor-scale research
is still far from meeting the needs of engineering practice, the
experimental research and numerical simulation research at engi-
neering scale are still needed. A numerical simulation is favored by
scholars because of its high computational efficiency and conve-
nience. In the field of microwave rock breaking, scholars use nu-
merical calculations to compensate for the shortcomings of existing
tests and technical means because the existing test methods have
difficulty simulating engineering-scale rock breaking. Moreover, it
is difficult to explore the distribution characteristics of the electric
field, temperature field, and stress field in the test sample by
technical means (Hartlieb et al., 2012; Toifl et al., 2016). Microwave
drilling combined with rock breaking technology has not been
Fig. 9. Temperature rise characteristics of granite under cyclic irradiation. (a) M
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applied to actual engineering on a large scale, and there is no actual
engineering model for reference at this stage. Therefore, the model
was simplified based on the following assumptions to consider
engineering practices and display the electric field, temperature
aximum temperature. (b) Average temperature. (c) Minimum temperature.



Table 3
Dimensions of the waveguide, air interlayer and granite layer.

Height, mm Length, mm Width, mm Radius, mm

Waveguide 43.18 86.36 43.18 e

Air interlayer z e e 50
Granite layer 431.8 863.6 431.8 e

Table 4
Thermal and electrical properties of the materials (Liu et al., 2017; Zheng, 2017).

Material properties Values

Air Copper Granite

Relative permittivity 1 1 5.25e0.16j
Relative permeability 1 1 1
Electrical conductivity, S/m 0 5.998 � 107 0
Thermal conductivity, W/(m$K) k(T) 400 2.9
Density, kg/m3 r 8960 2600
Heat capacity at constant pressure, J/(kg$K) Cp(T) 385 850
Coefficient of thermal expansion, 1/K e e 7 � 10e6
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field, and stress field of the rock stratum after microwave irradia-
tion more intuitively. (1) The lithology of the target rock stratum is
granite, which is a nonmagnetic, homogeneous and isotropic ma-
terial. (2) The thermodynamic parameters and dielectric constant
of granite are fixed values. (3) The chemical reaction and water
vapor evaporation effect in the microwave heating process are
negligible. (4) Air is a microwave transmission medium, and the
dielectric loss is zero. (5) The outer wall of the drill pipe is made
from copper with a radius of 50 mm.

Fig. 12 presents the geometric model of microwave drilling. The
system is composed of a microwave feed port, an air interlayer, and
a rock stratum. The microwave feed port is a BJ 26 rectangular
waveguide. The outer wall of the air interlayer is made from copper
to simulate the distance between the microwave feed port inside
the drilling rig and the drilled rock. Table 3 lists the specific geo-
metric parameters. The thickness of the air interlayer needs to be
optimized and adjusted, so the rock stratum is within the high
energy threshold because of the short-period oscillating charac-
teristics of microwave propagation in space and to weaken the rock
stratum in contact with the drilling rig as much as possible.
Therefore, the thickness of the air interlayer was set to z, and the
specific value can be expressed as

z¼al (2)

where a is the thickness coefficient, and the specific value is
0.25e2; l is the wavelength of the microwave with a frequency of
2.45 GHz, and the value is 12.24 cm.

The model involves three materials: air, copper and granite. The
basic material parameters are all taken from the material library.
The parameters are listed in Table 4 and expressed as Eqs. (3) and
(4):

kðTÞ¼ � 0:00227583562þ 1:15480022� 10�4T

� 7:90252856� 10�8T2 þ 4:11702505� 10�11T3

� 7:43864331� 10�15T4 (3)

CpðTÞ¼1047:63657� 0:372589265T þ 9:45304214� 10�4T2

� 6:02409443� 10�7T3 þ 1:2858961� 10�10T4

(4)
Fig. 12. Rock-breaking model of microwave drilling.
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In Table 4, the r is the air density function, which was solved by
the ideal gas law.
4.2. Governing equations and boundary conditions

The model mainly analyzes the electromagnetic field and heat
transfer field, and the electric field intensity of the electromagnetic
field is solved using the Helmholtz vector equation (Jiajia et al.,
2014):

V�m�1
r ðV�EÞ � k20ðεr �

js
uε0

ÞE ¼ 0 (5)

where mr is the relative permeability; E is the electric field strength,
V/m; k0 is the free space wave velocity; s is the conductivity, S/m; εr
is the dielectric constant; u is the angular frequency, rad/s; ε0 is the
vacuum dielectric constant, F/m; j is the imaginary part of dielectric
constant of materials.

k0 ¼
u

c0
(6)

where c0 is the speed of light in a vacuum, 3.8�108 m/s.
As a type of dielectric material, when rock interacts with elec-

tromagnetic waves, the electromagnetic energy contained in mi-
crowaves will be converted to heat energy. Because it was assumed
that granite is a nonmagnetic material, the energy absorbed by
granite depends mainly on the dielectric loss in the electric field
(Jiajia et al., 2014):

Qe ¼Qrh ¼ 1
2
ReðJ ,E*Þ (7)

where Qe is the electromagnetic power loss, W/m3, which will be
used as a heat source term in the solid heat transfer field to
participate in the calculation; Qrh is the resistance loss, W/m3; Re is
the real part of the relative permittivity of materials; J is the current
density, A/m3.

The electromagnetic power loss is used as a kind of heat source
to heat the dielectric material, and solid heat transfer includes two
modules of electromagnetic heating and heat conduction, as shown
in Eq. (8) (Li et al., 2019):
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rCp
vT
vt

þ rCpu,VT þ V,q ¼ Qe (8)

q¼ � kVT (9)

where r is the material density, kg/m3; Cp is the specific heat ca-
pacity at constant pressure, J/(kg$K); T is the absolute temperature,
K; u is the velocity vector of the average movement, m/s; q is the
conduction heat flux density, W/㎡; k is the thermal conductivity,
W/(m$K). Eqs. (5)e(9) can be combined to obtain the heating
characteristics of dielectric material in a microwave field (Cai,
2002):

εth ¼aðT � Tref Þ (10)

sth ¼ Eεth (11)

where Ɛth is the thermal strain; a is the thermal expansion coeffi-
cient; T and Tref are the temperatures of the dielectric material and
the reference temperature, K, respectively; E is the elastic modulus
of the material, GPa.

The thermodynamic response of the rock stratum under mi-
crowave irradiation can be discussed using Eqs. (13) and (14).

There are two electromagnetic boundary conditions involved in
the microwave propagation process. First, when microwaves
propagate in the drill pipe, the drill pipe material defaults to copper
metal material. Therefore, the boundary condition is set as the
impedance boundary condition (Hong et al., 2016) (Eq. (12)), and
the microwaves cannot escape when trapped inside the drill pipe.
When the microwave propagates into the rock stratum, the rock
stratum needs to be set as an open boundary condition to simulate
the real drilling rock-breaking model. The microwave can propa-
gate indefinitely until the attenuation reaches zero. Therefore, the
rock boundary is set as the scattering boundary condition (Eq. (13)).
In addition, the size of the rock stratum is set to ten times the size of
the feed opening to eliminate the influence of the boundary con-
ditions as much as possible. The boundary condition of the tem-
perature field is thermal insulation.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0mr

ε0εr � js=u

r
n�Hþ E� ðn�EÞn ¼ ðn�EsÞn� Es (12)

n�ðV�ðEÞÞ � jkn� ðE�nÞ ¼ 0 (13)

where m0 is the permeability of the vacuum; s is the conductivity, S/
m; Es is the field source vector, k is the wave number.

The user-controlled grid is used for grid division to improve the
quality of the grid. As shown in Fig. 13, the average element quality
reaches approximately 0.7.

4.3. Research on the optimal layout of the feed opening and the
temperature field-stress field of the rock stratum

In the model, the TE10 mode microwave with a frequency of
2.45 GHz is excited by a rectangular waveguide and irradiates on
the granite layer through the air interlayer. Fig. 14(a) shows the
maximum electric field intensity of different air interlayer thick-
nesses. The overall maximum electric field strength and von Mises
stress were attenuated with the increasing thickness of the air
interlayer. However, a presplit space is needed to arrange the coring
barrel in the actual coring process. Hence, the microwave feed
opening needs to reserve a certain space with the bottom of the
drill pipe. The variation characteristics of the electric field intensity
and stress in the rock stratum with increasing air layer thickness
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were examined by calculating the relative change rate of electric
field intensity and relative change rate of vonMises stress using the
following equation:

DEz ¼ Ez � Ez�1

Dl
(14)

DsMises ¼
sz � sz�1

Dl
(15)

where sMises is von Mises stress, MPa; DEz and DsMises are the
relative change rate when the thickness of the air interlayer is z; Ez
and sz are the maximum electric field strength and maximum von
Mises stress, respectively, when the thickness of the air interlayer is
z; Dl is the difference between the thickness of the adjacent air
interlayer, with a value of 0.25l. When z ¼ 0.25l is the initial
thickness, it was assumed that DEz and Dsz ¼ 0 when z ¼ 0.25l.
Fig. 14(b) shows the relative change rate of the maximum electric
field strength and maximum von Mises stress. When z ¼ 1.5l, the
relative change rate of the maximum electric field intensity and the
maximumvonMises stresswere lower, indicating a 1.25l transition
to 1.5l. The maximum electric field intensity and maximum von
Mises stress change relatively little. Therefore, based on a consid-
eration of the attenuation of the electromagnetic field/stress and
the relative rate of change, the thickness of the air interlayer is 1.5l,
which is 18.36 cm.

Fig. 15 shows the distribution of the electric field-temperature
field-stress field of the granite layer when the thickness of the air
interlayer is 18.36 cm. The electric field distribution inside the
granite exhibited periodic attenuation characteristics because of
the attenuation of microwave propagation in the granite layer and
its inherent periodic characteristics. However, the temperature
distribution is high in the middle and low in the surroundings
because the electric field energy of each cycle is lower than the
electric field energy of the previous cycle. The stress field distri-
bution dependsmainly on the temperature field distribution, so the
stress field distribution presents a bimodal distribution that cor-
responds to the temperature field distribution.
4.4. Study of the weakening characteristics of the granite layer
under microwave irradiation considering the depth effect

From the perspective of resource and energy development
trends, the current resource development has entered the deep
trend (Gao et al., 2021c; Xie et al., 2020), and the impacts of high
ground temperatures and high ground stresses have become more
prominent after the project enters the deep part. Therefore, to
consider the rock-breaking characteristics of microwave drilling
under the influence of the coupling factors of high ground stress
and high ground temperature, the following three sets of working
conditions were set specifically to simulate the microwave weak-
ening characteristics of granitewith a buried depth of 2000m: (1) A
high ground temperature and high ground stress were not
considered; (2) only high ground temperature was considered; (3)
only high ground stress was considered. According to the
geothermal gradient and the distribution of the ground stress (Cai,
2002), the ground temperature was estimated to be 100 �C at a
buried depth of 2000 m. In addition, according to the Heim hy-
drostatic pressure hypothesis, the ground stress was considered a
hydrostatic stress state, i.e., sh ¼ sv ¼ gH ¼ 54 MPa. The ground
stress will not affect the electric field strength and distribution
because the microwave feed mode, rock size and basic physical and
mechanical properties have not been changed. Therefore, only the
distribution of the temperature field-stress field of the rock stratum
is discussed. The thermal stress inside the rock stratum under



Fig. 13. Model grid diagram. (a) Schematic diagram of grid generation. (b) Cloud image of the grid quality distribution.

Fig. 14. Electric field strength and von Mises stress of the rock stratum under different air interlayers. (a) Maximum electric field intensity and von Mises stress. (b) Relative change
rate of the maximum electric field intensity and von Mises stress.

Fig. 15. Multisection diagram of the electric field-temperature field-stress field distribution. (a) Electric field (V/mm). (b) Temperature field (K). (c) Stress field (MPa).
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microwave irradiation is caused mainly by the temperature
gradient (Eq. (8)). However, the thermal stress will only change its
internal physical and mechanical properties when the rock stratum
is at a high ground temperature for a long time, while the distri-
bution of the temperature gradients will not change. Therefore, as
shown in Fig. 14(a), the high ground temperature under microwave
irradiation will not affect the stress field distribution, while the
high ground stress state will have a greater impact on the internal
1119
stress distribution of the rock stratum. Although the stress
adjustment area in Fig. 15(c) is significantly higher than in Fig. 16
(b), the stress adjustment law remains consistent under the two
working conditions. Fig. 16(c) shows that higher stress areas are
generated in the part closest to the air interlayer, and the stresses
exceed 75 MPa. However, a low-stress area appears a certain dis-
tance away from the air interlayer, and the stress value is approx-
imately 40 MPa lower than the initial stress, suggesting that the



Fig. 17. Schematic diagram of a typical monitoring line selection.
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stress can be released in some rock strata under microwave
irradiation.

A typical monitoring line (group) is selected to explore the
quantification of the three-dimensional damaged area and the
damage evolution characteristics of the rock under microwave
irradiation, as shown in Fig. 17. First, the vertical centerline of the
granite rock stratum (line 1) is used to quantify the stress evolution
characteristics of the granite layer along the depth range. In addi-
tion, this provides a reference for selecting line groups 2 and 3 on
the XZ plane and YZ planes, respectively. As shown in Fig. 18, ac-
cording to the internal stress values and the initial in situ stress
values in different areas, the granite layer can be divided into three
areas along the depth direction after microwave irradiation. When
the stress is greater than the initial stress, the granite layer is
defined as the disturbed deterioration area (from �66.41 mm
to �18.36 mm), with a depth of approximately 48.05 mm. The
granite layer is defined as the disturbed unloading area
(from �390.26 mm to �66.41 mm) with a depth of 323.85 mm
when the stress value is less than the initial stress. Otherwise, it is
the initial stress area (from e∞ to �390.26 mm). Based on the
results of stress zoning along the depth direction, the stress evo-
lution characteristics of the disturbed deterioration area and the
disturbed unloading area are discussed. The disturbed deteriora-
tion area is separated was 10mm, and the disturbed unloading area
is separated by 60 mm. The Z-axis coordinates
were �18.36, �28.36, �38.36, �48.36, �58.36, �68.36,
128.36, �188.36, �248.36, �308.36 and �368.36 mm, denoted by
the letter H.

Figs. 19 and 20 show the trend of the stress change of moni-
toring line group 2 and monitoring line group 3. Overall, the stress
distribution law is consistent with the stress divisions in Fig. 18. The
stress in the disturbed deterioration area was mostly higher than
54 MPa, showing unimodal distribution characteristic. Except for a
small part of the disturbed deterioration area, the stress is higher
than the initial ground stress, most of which are lower than 54MPa.
Bimodal distribution characteristics were observed, and the stress
value experienced a significant drop near the origin. In addition, the
influence range of microwave irradiation on the rock stratum
decreased from X2(e200, 200) mm to X2(e100, 100) mm as the
depth of the rock stratum increased, which reduced the range of
the influence area by almost half. In particular, there is a large drop
in stress near the origin in the disturbed unloading area due to the
Fig. 16. Distribution of the rock temperature field and stress field under different working
distribution of each section (54 MPa).
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interaction between the thermal stress and the initial ground
stress, which is relatively consistent with the initial ground stress
or even lower than the initial ground stress. This suggests that
while the microwaves crack and destroy the rock stratum at a close
distance, the stress could be simultaneously released to the rock
stratum within a certain distance because of their penetrating
characteristics, which is more likely to aggravate rock destruction.
5. Discussion

5.1. Discussion on the fracture mechanism of granite in the
microwave field

Previous studies have reported that hard rock in a high-power
microwave field will collapse in a short time and at low tempera-
tures, while it will melt at high temperatures for a long time in a
low-power microwave field (Li et al., 2017b). Meisels et al. (2015)
conditions. (a) Ground temperature is 100 �C. (b) In situ stress is 54 MPa. (c) Stress



Fig. 18. Stress distribution law of monitoring line 1.
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suggested that when the internal temperature of the sample
increased rapidly, the internal temperature occurred too late for
heat conduction, which led to sharp amplification of the temper-
ature gradient and caused the sample to rupture. Correspondingly,
the heat conduction in the sample was relatively sufficient when
the microwave power was low, and the temperature stress was
unable to increase rapidly in a short time, which led to high-
temperature melting failure. In this study, the granite did not
crack until approximately 7 min under irradiation with 1000 W
microwave power, and it did not break until 12 min. This suggested
that under 1000 W microwave irradiation, the internal mineral
components of the granite have sufficient time for heat conduction,
which extends the length of time that the temperature gradient
reaches the tensile limit and promotes the continuous increase in
the overall temperature of the sample. Hence, the granite macro-
scopically presents typical high-temperature melting failure char-
acteristics (Fig. 4).

At the same time, some scholars have interpreted the fracture
behavior of quartzite in the microwave field on the micromineral
Fig. 19. Stress distribution characteristics of monitoring line group 2. (a) Disturbed de
(�368.36 mm � H � �68.36 mm).
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scale. Hartlieb et al. (2012, 2016) and Toifl et al. (2017, 2016) studied
quartz a-b. The phase transformation is the main factor in the in-
ternal weakening of the rock, and the cracks in the sample are
caused by the case where the thermal stress exceeds the tensile
limit. Lu et al. (2019a) suggested that rock melting fracture in a
microwave field occurs because microwave-sensitive minerals
provide heat, thermal expansion minerals provide volume expan-
sion and cracks, and quartz has good thermal conductivity and
thermal expansion (Li et al., 2019). The microscopic test results
(Table 2 and Fig. 6) showed that the melting part in the microwave
field is composed mainly of quartz, and a large number of micro-
cracks and melting holes are generated in the quartz. The fracture
of granite is controlled mainly by the phase transformation and
melting of quartz.

The above macro- and microlevel analysis suggest that the
fracture behavior mechanism of granite under 1000 W microwave
irradiation occurs through the following process. Under 1000 W
microwave irradiation, there is a specific time for heat conduction
inside the granite, leading to thermal stress that does not increase
rapidly in a short time. At the same time, the temperature of the
quartz minerals continues to rise. Quartz undergoes an a to b phase
transformation when the quartz phase transition temperature is
reached, which promotes the melting and cracking failure of the
sample so that the granite in the microwave field shows the failure
characteristics of high-temperature melting.
5.2. Discussion on the feasibility of efficient rock breaking by a
microwave combined drilling rig

The numerical results show that under microwave irradiation,
different degrees of thermal stress will be produced in the drilled
strata, and monitoring line groups 2 and 3 are fitted (R2 > 0.9), as
shown in Eq. (16).

sMises ¼ y0 þ ðA
.
ðw�

ffiffiffiffiffiffiffiffiffi
p=2

p
ÞÞ�2�ððx�xcÞ=wÞ2 (16)

where y0, xc, A, and w are empirical coefficients, which are related
to the depth of the monitoring line; x is the independent variable,
corresponding to the x coordinate or y coordinate of each point on
the line. The equation shows that the stress distribution along the x
and y directions on the xy plane of the stratum has a Gaussian
distribution. Hence, for the specific xy plane of rock, microwave
terioration area (�58.36 mm � H � �18.36 mm). (b) Disturbed unloading area



Fig. 20. Stress distribution characteristics of monitoring line group 3. (a) Disturbed deterioration area (�58.36 mm � H � �18.36 mm). (b) Disturbed unloading
area �368.36 mm � H � �68.36 mm.

Fig. 21. Stress distribution characteristics on the xy plane. (a) H ¼ �18.36 mm. (b) H ¼ �38.36 mm. (c) H ¼ �58.36 mm.

Fig. 22. Schematic diagram of rock breaking using a microwave combined drilling
machine (Zhang et al., 2014).
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irradiationwill produce a high-stress area in a part of that area. This
area is the weakening fracture area of rock, which is conducive to
drilling machine cutting. Therefore, the damaged area in the xy
plane of the disturbed deterioration area was characterized quan-
titatively by selecting three height planes of H ¼ �18.36 mm,
H¼�38.36 mm and H¼�58.36 mm to describe the damaged area.
As shown in Fig. 21, a higher stress field is generated in the middle
part of the plane, which shows a Gaussian distribution. The surface
was fitted to a Gaussian function to describe the electric field dis-
tribution of the surface quantitatively (R2 > 0.9), as shown in Eq.
(17)).

sMises ¼ Z0 þ A�0:5�ððx�xcÞ=w1Þ2�0:5�ððy�ycÞ=w2Þ2 (17)

where the empirical coefficients Z0, A, xc, w1, yc, and w2 are related
to the distance between the xy plane and the microwave feed port.
Fig. 21 and Eq. (20) show that when microwaves are applied to the
area with initial geostress, the weakening degree of the rock strata
in the disturbed deterioration area in front of the drilling rig pre-
sents the characteristics of a Gaussian distribution. According to the
model in this paper, the range of the strong weakening area is
approximately 200 mm2 with the center of the drill pipe circle. The
strong weakening area was approximately equal to the cutting
range of the drilling rig. Hence, the microwave combined drilling
rig is theoretically feasible.

In terms of the development level of high-efficiency rock-
breaking equipment of microwave combined drilling rigs, several
studies (Nekoovaght and Hassani, 2014; Wang et al., 2013; Zhang
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et al., 2014) have reported the possibility of cooperative drilling
with combined microwave drilling rigs, which are composed
mainly of cutting teeth and microwave generators arranged at the
bottom of the drill bit. After the microwave generator is powered
on, the transformer increases the voltage. The microwaves are
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excited by themagnetron tube to heat the rock stratum that is to be
drilled and weaken the rock stratum through the generated ther-
mal stress. Subsequently, the cutting teeth break the rock, and the
drilling fluid washes the broken particles away from the rock. The
rock-breaking schematic diagram was adjusted to show the rock-
breaking characteristics of the microwave combined drilling rig
more clearly, as shown in Fig. 22, thereby considering the layout of
the core barrel and the rock damaged area in front of microwave
irradiation. From the perspective of the equipment development,
the high-efficiency rock breaking of microwave combined drilling
rigs is feasible.
6. Conclusions

In this paper, granite was selected as the research object.
Combined with a microwave fracturing test and drilling rock-
breaking model, the temperature rise characteristics, fracture
characteristics, and degradation behavior of granite in the micro-
wave field were studied from micro to macro perspectives. At the
same time, the distribution of the temperature and stress fields in
the drilled strata after microwave irradiation was discussed.

(1) Under irradiation at a microwave power of 1000 W, the
granite in the microwave field mainly presented the char-
acteristics of high-temperature melt fracture. The maximum
monitoring temperature was 550 �C, and radial cracks were
formed around the fracture surface. The melting part was
composed mainly of quartz and albite, and the fracture
morphologywas smoother than that of the non-melting part,
which was composed mainly of melting holes and cracks.

(2) The cyclic cracking test revealed a minimum irradiation time
for thermal damage of granite under microwave irradiation.
The temperature rise of the granite surface was small, and
the deterioration characteristics were not obvious below this
time. In this test, the minimum irradiation time of 1000 W
microwave power was 3 min.

(3) The numerical simulation results showed that the distance
between the microwave feed port and the drilled strata
would affect the thermal damage degree inside the strata.
The layout of the core barrel and other modules in engi-
neering practice was considered. Hence, it will be necessary
to optimize the layout of the microwave feed port. When a
rectangular waveguide is used to excite the TE10 mode mi-
crowave, it should be 18.36 cm away from the drilled strata.

(4) In the process of deep resource drilling and exploration, the
high ground temperature under the irradiation of micro-
waves will not affect the generation of thermal stress.
However, the interaction of in situ stress and thermal stress
makes the internal stress of the rock stratum adjust to form a
disturbed deterioration area and a disturbed unloading area.
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