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Abstract: In physical engineering, a rock surface, whether naturally or artificially formed, is rough.
When irradiating rocks, microwaves produce reflections and diffractions on the surface of rough
rocks, which significantly affect the absorption of microwave energy by rocks, thus influencing the
result of microwave irradiation. In order to explore the influence of rough rock surfaces on the effect
of microwave-assisted rock breaking, microwave irradiation tests were carried out on basalt samples
with different values of roughness to test the temperature and P-wave velocity of the samples before
and after microwave irradiation. Numerical test methods were used to systematically study the
influence of rough rock surfaces on microwave irradiation. The results show that, under the same
microwave irradiation conditions, the effect of microwave irradiation on rough surface basalt is
more significant than that of flat surface basalt. The surface temperature distribution range of flat
surface specimens is narrow, the surface temperature range of rough surface specimens is wider
and more inhomogeneous, and the maximum surface temperatures of rough surface specimens are
much higher than those of flat surface specimens. After irradiation, new macroscopic cracks were
generated on the surface of the samples, and the crack propagation of the rough surface samples
was more obvious. The decrease in P-wave velocity before and after the irradiation of flat surface
samples is small, and that of rough surface samples is larger. The main factors affecting the effect
of microwave irradiation on the rough surface are the refraction and reflection of electromagnetic

waves, heat conduction, and stress concentration on the surface.

Keywords: microwave irradiation; surface roughness; crack propagation; thermal stress; thermal
conduction

1. Introduction

Hard-rock excavation has been a key problem in underground space excavation and
resource exploitation, and it has been the focus of study by many scholars for a long time.
Traditional rock underground space excavation is mainly performed using the drilling
and blasting methods and the mechanical method [1,2]: The drilling and blasting methods
induce large disturbances in the original rock, which can easily cause damage to the
surrounding rock, and have low construction accuracy. With the rapid development of
mechanical excavation, the mechanical method has overcome the deficits of most drilling
and blasting methods, but it still exhibits large wear and low efficiency when excavating
hard rock. Therefore, the development of an energy-saving, efficient, and economical hard-
rock crushing method is a necessary part of the development of underground engineering
excavation technology [3]. The strength of rock is significantly weakened after microwave
irradiation; thus, some scholars have proposed the application of microwave radiation to
mechanical rock breaking with many studies having demonstrated significant results.

Microwave heating has the characteristics of bulk heating, rapid speed heating, energy
saving, high efficiency, easy control, and safety. Microwave irradiation can be used as an
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auxiliary means of rock breaking and applied to hard-rock excavation engineering [4,5].
Some preliminary research results on microwave-assisted rock breaking are as follows:
Bai et al. [6-8] explored the mechanism of microwave radiation damage to rocks and found
that the higher the mineral iron content in the rock, the more serious the rock damage after
microwave irradiation; Hu et al. [9-11] found that the microwave irradiation power and
irradiation time are the main factors affecting the damage and strength weakening of the
internal structure of rocks, and when the power increases to a certain extent, the influence of
irradiation time on the strength of rock and the weakening degree of the internal structure is
gradually significant; Chen et al. [12,13] studied the effect of microwave heating pathways
on the effect of microwave radiation on rock and found that, when the microwave energy
input was consistently maintained, the rock-breaking effect was better when following the
irradiation pathway of ‘first low and then high’; Lu et al. [14,15] found that the response
of rocks to temperature increases under microwave irradiation was mainly related to the
dielectric properties and mineral content of the rocks themselves; Liu et al. [16,17] found that
the effect of microwave irradiation can be improved by increasing the water content of rock
mass, but the effect will decrease with an increase in water content; Zhang et al. [18-20]
found that, under different stress conditions, a complex crack network dominated by
tensile cracks was generated in the rock samples after microwave-induced borehole rupture
under different stress conditions, and the thermal fracture process could be divided into a
silent period, calm period, dense period, and continuous period; Chen et al. [21-23] found
that the microwave irradiation law of different irradiation distances decreased when the
irradiation distance increased. The microwave irradiation surfaces of the rock samples
in the abovementioned studies were set to be flat and smooth, which is inconsistent with
actual engineering situations. At present, research on the laws and mechanisms of the effect
of microwave irradiation on rough rock surfaces is still lacking.

The tunnel boring machine (TBM) creates rough rock surfaces, which will inevitably
influence the microwave irradiation effect. In previous studies, the sample surfaces were
assumed to be smooth and flat, which is far from the actual engineering scenario. In the
author’s preliminary experiments, it was found that rough rock surfaces have a certain
influence on the effect of microwave-assisted rock breaking. Obvious differences are
observed in the electric field distribution, temperature rise characteristics, crack evolution,
and plastic zone distribution between flat surfaces and rough surfaces under microwave
irradiation as well as disparities in the effect of irradiation on different roughness degrees.
In this study, basalt was taken as the research object, and microwave-irradiation tests of
rock samples with different surface roughness values were carried out. The influence
of rock surface roughness on the effect of microwave irradiation was analyzed from the
aspects of temperature characteristics, crack evolution, and P-wave wave velocity so as to
reveal the mechanisms of microwave reflection, diffraction, absorption, and rock failure on
the surface of rocks with different roughness values, which is of great significance for the
practical application of microwave-assisted rock-breaking technology.

2. Effect of Roughness on the P-Wave Velocity and Crack Propagation of the Specimen
2.1. Characterization of Rock Surface Roughness

It has been found that the surface roughness of rock has a certain influence on its shear
strength [24,25]. Therefore, the research on the characterization method of rock surface
roughness has been relatively perfect.

Many methods can be used to characterize the surface roughness of rocks, such as the
comparison method, straight edge method, and contour rms method. According to the test
method and cost considerations, the EL Soudani roughness quantitative characterization
method [26] was selected in this study, as shown in Equation (1), i.e., the contour roughness
Ry calculation:

Rp = 5 (1)
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where R is the roughness of the rock surface contour line, Lp is the actual length of the
contour line of the rock surface (m), and L is the length of the contour line of the rock
surface (m).

2.2. Test Specimen

Basalt is an extremely hard rock, which is mainly composed of basic feldspar, pyroxene,
and olivine. Pyroxene is a strongly microwave-absorbing mineral; olivine is a moderately
microwave-absorbing mineral; and feldspar is a non-microwave-absorbing mineral. The
basalt used in this paper was taken from Chifeng, Inner Mongolia. The sample size was
100 mm x 100 mm x 30 mm, and the surface of the sample was a natural surface, as shown
in Figure 1. Some of the physical and mechanical parameters of basalt are shown in Table 1
(all measured in the Mechanics Laboratory of Graduate School of Xi’an University of Science
and Technology). The P-wave velocity is measured with an NM-4A non-metallic ultrasonic
testing analyzer, and the compressive strength (ISRM) is measured with a TYA-2000 digital
display pressure testing machine (Shenrui, Shanghai, China).

Figure 1. The surface of the basalt samples.

Table 1. Physical and mechanical parameters of basalt.

P-Wave Velocity (m-s—1) Density (g-cm—3) Compressive Strength (MPa)
5556~5952 2.95 245

2.3. Test Equipment

A commercial EMB17G4V-SS microwave system (Midea Group, Foshan, China) was
used in the test, which has a single-mode resonator with a microwave frequency of
2.45 GHz. To simulate one-sided irradiation, silicon carbide plates were placed around and
on the bottom surface of the microwave oven for processing, as shown in Figure 2. Silicon
carbide plates have a strong ability to absorb microwaves [27,28] and can, thus, absorb
most of the microwaves and achieve single-sided irradiation [5].

Glass plate
‘!

Silicom carbide

Figure 2. Arrangement of the microwave oven irradiation chamber.
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2.4. Scheme and Process

The test sample was divided into 3 groups—A, B, and C—with 8 samples in each
group: One sample with a smooth surface and 7 samples with different roughness values.
Specimens A-1 to A-7 had roughness values of 1.1 to 1.7, respectively; Figure 1 shows
samples A-2, A-5, and A-7. Microwave irradiation was carried out before the experiment;
the microwave irradiation power was finally selected as 1 kW, and the irradiation time
was 180 s. The test process was followed to measure and calculate the surface roughness
of the sample, perform ultrasonic wave velocity tests on the sample, conduct real-time
temperature measurements after irradiation, and then carry out the ultrasonic wave velocity
test. The method of measuring and calculating the surface roughness was as follows. A
needle-comb-type contour extractor was used to extract the surface contour line of the
specimen with an upper surface size of the sample being 100 mm x 100 mm. In order
to extract the contour line uniformly, 11 contour lines were extracted longitudinally; the
spacing of adjacent contour lines was 10 mm, as shown in Figure 3a. The length of each
contour was calculated using MATLAB (2020b), and the average roughness of all contour
lines calculated using Equation (1) for each specimen was used as the surface roughness of
the specimen, as shown in Figure 3b.
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Figure 3. Measurement and calculation of surface roughness. (a) Contour line extraction. (b) Roughness
calculation.
2.5. Results

2.5.1. Temperature Distribution

Figure 4 show the surface temperature distributions of a flat smooth surface and
partially rough surface specimens, respectively. The high-temperature zone of the flat
smooth surface was concentrated in the center of the sample, which was approximately cir-
cular, and the high-temperature distribution area was small. The peak surface temperature
was 123 °C. The high-temperature area on the surface of the 1.5 roughness specimen was
irregularly shaped and covered a large distribution area; the peak temperature was 213 °C.
The surface profile and temperature distribution of the rock sample indicate that the shape
of the temperature distribution has a certain relationship with the undulating profile of the
sample, and the surface temperature peak occurred at the convex contour position.

Figure 5 shows the curve of the peak surface temperature of the sample as a function
of roughness. The peak temperature of the flat surface sample was 123 °C, and the peak
temperature gradually increased with the increase in roughness. When the roughness
reached 1.5, the growth rate decreased, and the temperature peaks of all rough surfaces
were much greater than those of flat surfaces.

Figure 6 shows the curve of the average surface temperature of the sample with
roughness after MATLAB image post-processing. When the roughness was less than 1.5,
the average surface temperature of the sample increased with the increase in roughness.
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When the roughness was greater than 1.5, the average temperature decreased slowly, and a
threshold between roughness values of approximately 1.4 and 1.6 promoted the maximum
average temperature. The surface temperature distribution of the sample indicated that
the main surface temperature distribution areas of samples with roughness values greater
than 1.5 (A-7 and C-7 specimens in Figure 4) were discontinuous, showing the distribution
of local high temperature. The high-temperature area decreased, and the surface area
of the samples increased with the increase in roughness, resulting in decreases in the
average temperature of the whole surface. The average temperature of the flat surface was
approximately 74 °C, and the average maximum temperature of the rough surface was
112 °C, representing an increase of approximately 51.4%. Thus, the effect of microwave

irradiation on rough surface samples was better.
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Figure 4. Temperature distribution of some rough surface samples.
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Figure 5. Peak temperature values of the samples as a function of roughness.
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Figure 6. Variation curve of the average temperature of the sample with varying roughness values.
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2.5.2. Crack Growth

The dielectric properties and thermal expansion coefficients of each mineral in basalt
are different; therefore, basalt expands unevenly after microwave irradiation, resulting
in cracks. Before irradiation, there were no macroscopic cracks on the surface of the flat
specimen, and no macroscopic cracks were observed on the surface of the specimen after
microwave irradiation. However, there was significant crack propagation on the surface of
the rough specimen. During the microwave irradiation, the local temperature of the rough
surface was higher, and the temperature distribution was uneven, so the local position
generated large thermal stress; then, new cracks were generated when the rock strength
limit was exceeded. The crack of the rough surface specimen is shown in Figure 7. The
above shows that the microwave irradiation effect of a rough rock surface is better, which
is beneficial to improve the efficiency of microwave-assisted rock breaking.

S

Before microwave irradiation

After microwave irradiation

Before microwave irradiation After microwave irradiation

(b)

Figure 7. Surface crack propagation after microwave irradiation of the specimen. (a) A-3. (R = 1.3).
(b) C-5. (Rp =1.5).

2.5.3. P-Wave Velocity

Non-metallic ultrasonic detectors were utilized to detect the degree of damage to
the test sample after microwave irradiation. The P-wave velocities of group A samples
before and after microwave irradiation are shown in Figure 8. The P-wave velocities of
all samples decreased after microwave irradiation, the wave velocity of the flat surface
specimen decreased by approximately 2%, and the wave velocity decreased first and then
decreased with the increase in roughness. The samples with the largest reduction in wave
velocity in groups A, B, and C were specimens 1.5, 1.5, and 1.4, respectively, with wave
velocity reductions of 7.2%, 7.0%, and 8.4%, respectively. Under the same irradiation
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conditions, the temperature of the leveled basalt sample was lower, the thermal stress
was smaller, and the damage was diminished. The temperature distribution of the rough
surface specimens was uneven, and the undulating contours led to greater thermal stress
at local high temperatures, resulting in more induced damage.

—— Group A wave velocity difference - ‘Wave velodty of group A before irradiation
|- - Group B wave velocity difference |:|“’a\re velodty of group A after irradiation | _ g
- -4 - Group C wave velocity difference

6000

2000

4000

3000

P-wave velocity (m/s)

2000
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1 1.1 L2 1.3 1.4 1.5 1.6 1.7

Roughness
Figure 8. P-wave velocities and wave velocity differences of the samples before and after irradiation.

3. Numerical Experiment
3.1. Modelling

In order to study the influence of roughness on the effect of microwave-assisted rock
breaking more systematically, the electromagnetic field, temperature distribution, and
plastic zone were analyzed through numerical tests so as to make up for the shortcomings
of physical tests in determining key characteristics, such as the electromagnetic field and
plastic zone.

The numerical model was the same size as the rock sample, as shown in Figure 9.
The selected physical and mechanical parameters were derived from the existing litera-
ture [29,30]. The 11 contour lines were imported into MATLAB to extract the data points and
then imported into COMSOLS5.6 to generate an equiscale model. Finally, electromagnetic—
thermal-mechanical coupling calculations were performed to analyze the electric field
contours, temperature fields, and plastic zone distributions. The microwave frequency,
irradiation power, and irradiation time are consistent with the physical test. The bound-
ary conditions were consistent with the physical test, the mechanical boundary was the
fixed-end bottom surface, and the surrounding and top surfaces were the free ends. The
electromagnetic boundary condition was that the side surface and the bottom surface were
the scattering boundary.

SO PSR

[
PRIXAAKAK o
ARAAROOOOER]

(@) (b) (© (d)

Figure 9. Numerical model building process. (a) Rock sample. (b) Contour extraction, calculation of
roughness, extraction of data points. (¢) Mesh. (d) Cloud diagram of the temperature, electric field,
and plastic zone was obtained.
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3.2. Electromagnetic Field Characteristics

Figure 10 depicts the electric field cloud diagram of each sample, indicating that the
electric field intensity decreased outward from the center of the sample; the electric field
distribution of the rough surface sample was more concentrated than that of the flat surface
sample, and the maximum electric field intensity was larger. The peak value of the electric
field intensity increased first and then decreased with the increase in roughness, and the
peak value of the electric field reached the maximum when the roughness value was 1.4~1.6.
The differences between the peak electric field of the samples with roughness values of
1.1~1.7 and those with a flat surface were 19.0%, 22.1%, 24.6%, 25.3%, 29.9%, 26.2%, and
23.6%, respectively. The peak electric fields of the samples with roughness values of 1.1 to
1.5 increased by 10.9%, and the peak electric field difference between the specimen with a
roughness value of 1.4 and that with a roughness of 1.5 was the largest: 4.6%. As shown in
Figure 11, the average electric field intensity of the rock surface increased first and then
decreased with the increase in roughness. The average electric field of the specimen with a
roughness of 1.5 reached the maximum, 3715 V/m, which was basically consistent with the
change in electric field peak.

(a)
Figure 10. Electric field cloud diagrams of the surfaces of each sample (Group A). (a) Flat surface.
(b) R, =15. (c) R, = 1.7.
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Figure 11. The average electric field strengths on the surfaces of samples with different values
of roughness.

The above analysis shows that the surface roughness has a significant effect on the
electric field distribution. As shown in Figure 12, in the same model, in the absence of rock
samples, the peak electric field and average electric field intensities of the electromagnetic
wave transmission at the same distance were 15000 V/m and 9021 V/m, respectively; the
peak and average electric fields irradiated with electromagnetic waves on the surface of the
flat rock were 56.9% and 66.9%, respectively, and the peak and average electric fields on the
surface of the rough rock were 44.1~48.7% and 59.0~61.6%, respectively, which are much
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smaller values than those on the surface of the flat rock. The rough surface reduced the loss
of electric field strength and improved the effect of microwave irradiation on the rocks.
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Figure 12. Loss rate of electric field strength on the surfaces of samples with different values
of roughness.

3.3. Temperature Distribution Characteristics

As shown in Figure 13, the average surface temperature of the specimen with a
roughness value of 1.5 was the largest, 19.8% higher than that of the sample with the flat
surface. Figure 14 shows the average peak temperatures of each rock surface with varied
roughness values in the physical test and the numerical experiment: The trends in peak
temperature under the two types of tests were approximately the same, both increasing
with the increase in roughness, and were significantly larger than that of the flat surface,
and the peak temperature growth rates decreased above roughness values of 1.5. However,
there was a certain gap between the average peak temperature value of the physical test
and the numerical test. This was mainly due to the error caused by infrared thermography
of the specimen.

There was a significant peak temperature difference between the sample with a flat
surface and that with a roughness value of 1.1; moreover, the physical and numerical
tests revealed peak rock surface temperatures of 231 °C and 249 °C, respectively, for the
specimen with a roughness value of 1.7, which was approximately 1.9 times greater than
that of the flat surface.
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Figure 13. Average temperatures on the surface of samples with different values of roughness.
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Figure 14. The average peak temperature values of the samples with different roughness values
obtained through physical and numerical experiments.

3.4. Plastic Zone

The plastic zone is an important index for determining the effect of microwave irradia-
tion, which is usually analyzed from the distribution and size of the plastic zone. There
was no plastic zone on the surface of the flat rock, and the plastic zone of the rough rock
surface was mainly distributed in the central area of the rock surface, which is basically
consistent with the distribution of the temperature and electric field. The plastic zone of
the sample with a roughness of 1.2 was roughly distributed in the central area of the rock
surface, and the plastic zone of the specimen with a roughness 1.5 was mainly concentrated
in the contour convex position of the central area of the rock, as shown in Figure 15 (The
red area represents the plastic zone). The total volume of the plastic zone after microwave
irradiation is shown in Figure 16; the volume first increased and then decreased with the
increase in roughness. The volume of the plastic zone on the flat surface was 144.83 mm?,
and the plastic zone on the rough surface gradually increased by approximately 10.8%,
17.5%, 23.3%, 31.3%, 44.7%, 28.2%, and 22.9%.

The above results indicate that the change characteristics of the plastic zones of rock
surfaces with different roughness values after microwave irradiation are different from their
temperature characteristics and electric field characteristics. This is because the distribution
of the plastic zone is not only related to the electric field, temperature, and physical and
mechanical parameters; the location of the stress concentration also has a certain influence
on the occurrence of the plastic zone.
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Figure 15. Cloud map of the plastic zones of the samples (Group A). (a) Ry = 1.2. (b) R, = 1.5.
(©Ry,=17.
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Figure 16. The total volume of the plastic zone of the samples with different roughness values after
microwave irradiation.

4. Analysis and Discussion

Microwave-assisted rock breaking is the process of applying microwave irradiation to
rock: The rock temperature rises to produce thermal stress, and when the stress is greater
than the strength limit, the rock is damaged. This is an electromagnetic—thermal-solid
multi-field coupling process. In this section, the mechanisms of the influence of rough
surfaces on the effect of microwave irradiation are discussed.

When an electromagnetic wave is incident at the interface of the medium, reflection,
diffraction, and refraction occur. The power flow density results indicate that the direction
of the power flow density of rough surfaces changes when it reaches the surface of the
sample, and the direction of the power flow density is consistent with the propagation
direction of the electromagnetic wave. Thus, the incident angle of the electromagnetic
wave is changed by the rough surface, and the refractive angle and the reflection angle
are also altered. Table 2 presents the average results of the microwave incidence angle
calculations for the whole rough surface performed in MATLAB. Calculating the reflection
coefficient R through Fresnel’s formula, the reflection coefficient of the flat surface was
approximately 0.250, and the reflection coefficient of the specimen with a roughness of
1.5 was approximately 0.179, i.e., the electric field strength of the specimen with a flat
surface and that of the sample with a roughness value of 1.5 were approximately 50% and
42.3%, respectively, indicating that the rough surface can reduce the energy loss caused by
a certain electromagnetic wave reflection.

Table 2. Reflection coefficient and reflection loss for samples of each roughness value.

Roughness Average Incident Reflection Reflection Loss Rate

Angle (°) Coefficient, R (%)
1 0 0.250 50.0
1.1 25 0.227 47.6
1.2 34 0.209 45.7
13 40 0.196 44.2
14 44 0.187 43.2
15 48 0.179 423
1.6 51 0.175 418
1.7 54 0.172 414

When an incident wave passes through the surface of a medium, a reflected wave and
a refracted wave are formed with frequencies that are the same as the incident wave; thus,
reflection of the electromagnetic wave can easily cause interference between the incident
wave and the reflected wave, weakening the electric field strength of the microwave. The
incident wave and the reflected wave on a flat surface have the same frequency but con-
trasting directions and phase differences; as such, interference occurs, thereby weakening
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the intensity of the incident wave. The incident wave approached the rough surface in
different directions from the reflected wave, and thus, the influence of the reflected wave
on the incident wave was reduced. Therefore, the loss of electric field strength was further
reduced by the rough surface specimen relative to the flat surface specimen.

Solid heat transfer methods include heat conduction, convective heat transfer, and
heat radiation: Convective heat transfer and heat radiation are the transfers of heat between
the sample and the air, although the amount of heat transferred is small, and the influence
of the two is basically negligible in microwave-irradiated rock; heat conduction is the main
influencing factor. Heat flux in the x-direction of Fourier’s law in heat conduction, gy, can
be calculated as follows:

gx =K - A- P ()
where « is the thermal conductivity coefficient, W-m~1.K~1; A is the heat transfer area,
m2, for temperature K; and x is the coordinates on the thermal conduction surface, m. As
shown in Figure 17, during the microwave-irradiation process, the heat conduction of the
flat surface specimen was not limited to just the x and z directions, and the conduction
range was hemispherical. Heat conduction at the contour convex position of the rough
surface specimen was limited to the x-direction, which led to a reduction in the local heat
transfer area, a decrease in the heat flux, and an observed heat accumulation effect. This
caused the local temperature to be too high, and the large thermal stress destroyed the rock,
thereby increasing the microwave-irradiation effect.

Microwave irradiation direction

NG jj:-\ /\

« / { ¥ I

I
211
A1

(@) (b)
Figure 17. Heat conduction direction of different samples during microwave irradiation (Arrows

are the main direction of heat transfer, and different colored lines represent different temperature
gradients). (a) Flat surface. (b) Non-flat surface.

The shear stress distribution contour of the cross-section of the sample in the irradiation
center area is shown in Figure 18. The maximum shear stress point of the 1.5 roughness
sample appeared at the highest point of the contour convex position in the irradiation
center area, whereas that of the sample with a flat surface appeared in the center of the
surface: The temperature of the maximum stress point was 100 °C; the maximum shear
stress of the flat surface sample was 22.23 MPa; and the roughness of the 1.5 sample was
37.43 MPa. Therefore, rough surface specimen contour fluctuations are prone to stress
concentrations; if the stress is large and coupled with the propagation of existing cracks,
the specimen is more likely to be damaged, thereby increasing the effect of microwave
irradiation rock breakage.

Analysis of the physical and numerical test results showed that the electric field
strength, average temperature, and plastic zone volume of the rock surface had basically
the same trend with roughness, which first increased and then decreased with the increase
in roughness. A threshold between roughness values of approximately 1.4 and 1.6 was
demonstrated to maximize the surface temperature, electric field strength, and plastic zone
volume of the sample. Combined with the test conclusion and the influencing mechanism,
there are three main reasons for the occurrence of this threshold. First, when the degree of
roughness is larger, the undulating profile is larger, and the maximum difference is larger,
which leads to an increase in the distance from the microwave irradiation to some positions
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of the sample, and the microwave intensity decreases with the increase in irradiation
distance. Therefore, when the weakening irradiation effect caused by the increase in
distance increases, the influence of the rough surface on the microwave-irradiation effect
is weakened. Moreover, the larger the roughness value, the larger the surface area of the
sample, and thus, the area of heat conduction on the surface of the whole sample will
increase, resulting in weakening of the microwave-heating effect of the entire surface. Third,
with the increase in roughness, undulations of the rock surface contour will be greater,
more stress concentrations are likely to occur, and the volume of the plastic zone after
microwave irradiation will also be larger. However, when the roughness reaches a value of
1.5, the rock surface contour is even more undulating, and there are more convex fragments;
the rock surface is thus “divided” into multiple parts by these larger contour protrusions,
resulting in a reduction in the main temperature distribution area and a decrease in the
plastic zone expansion area.

a3
l : 37.427 MPa

-
(a) (b)

Figure 18. Shear stress distribution (The red area represents the high stress area, and the blue
area represents the low stress area, maximum stress point temperature of 100 °C). (a) Flat surface.
(b) Non-flat surface.

In this study, a single-mode cavity microwave oven was used to heat the rock. The
microwave oven cavity was arranged with a silicon carbide plate to simulate open single-
sided irradiation. However, there was still a certain discrepancy between the actual project
without a cavity and completely open microwave irradiation. In order to realize the en-
gineering applications of microwave-assisted rock breaking, an open microwave device
should be used. Due to the limitations of the test equipment, the microwave-irradiation pa-
rameters selected in the test were 1 kW irradiation for 180 s, and the maximum temperature
of the surface after irradiation was 229 °C. Although there were cracks on the surface of the
sample after irradiation, there were no penetrating cracks or spalling, and therefore, the
failure mode cannot be judged. In order to make the experimental results more instructive
to actual projects, a high-power microwave device should be used.

Microwave irradiation, as an auxiliary means of mechanical rock breaking, will not
directly lead to changes in mechanical parameters; however, the microwave parameters
can be adjusted to achieve the best rock-breaking effect. The different roughness values
studied in this experiment correspond to different tunnel faces in actual engineering, and
in the case of the reasonable use of energy, different values of roughness correspond to
appropriate microwave parameters required to improve the effect of microwave-assisted
rock breaking.

5. Conclusions

In this study, microwave-irradiation tests were carried out on basalt samples (from
Chifeng, Inner Mongolia) with surfaces of different roughness, and the influences of rough
rock surfaces on the effect of microwave irradiation were explored through numerical
simulation. The main conclusions are presented subsequently.

(1) After microwave irradiation, the distribution of the high-temperature region of the
flat surface sample is mainly concentrated in the central area, whereas the high-
temperature area of the rough surface sample is unevenly distributed with the main
high-temperature region appearing in the convex surface area. The temperature peaks
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of all rough rock surfaces were much larger than those of flat surfaces; the temperature
peak increased with the increase in roughness.

(2) When microwaves irradiate rocks, thermal stress is generated, and when the stress is
greater than the strength of the rock, the rock is damaged. After microwave irradiation,
no macroscopic cracks were observed on the flat surface, whereas crack propagation
on the rough surface was obvious: New cracks were generated on the surface, and
existing cracks continued to propagate. The P-wave velocities of the rough surface
specimens were significantly reduced.

(3) Through numerical simulation, it was determined that the average surface electric
field strength and average surface temperature of the rough surface samples were
greater than those of the specimen with the flat surface. The distribution of the plastic
zone is related to the distribution of the electromagnetic field and temperature; the
total volume of the plastic zone increased first and then decreased with the increase
in roughness.

(4) The comprehensive experimental and theoretical analysis shows that the influencing
factors of rough rock surfaces on the effect of microwave irradiation are mainly the
refraction and reflection of electromagnetic waves on the rock surface, heat conduction,
and stress concentration.
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