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Abstract: To explore the influences of microwave irradiation on the rock-breaking efficiency of tunnel
boring machine (TBM) cutters, a multimode cavity with a microwave power of 2100 W was used to
conduct microwave irradiation tests on Chifeng basalt for different durations. A combined abrasion
test device for the reduced-scale SP3-I TBM cutter was adopted to conduct cutter wear and rock-
breaking tests on basalt samples before and after microwave irradiation. Influences of microwave
irradiation on the wear loss of the reduced-scale TBM cutter, rock removal, cutting force, and specific
energy were investigated. The results show that the wear loss of the reduced-scale TBM cutter linearly
reduces while the rock removal linearly increases with increasing exposure to microwave irradiation.
When the penetration depth and the cutter spacing are fixed, the cutting force and the work done by
the cutting force exerted by the reduced-scale TBM cutter decrease linearly with increasing exposure
to microwave irradiation. The rock-breaking specific energy decreases with increasing exposure to
microwave irradiation in an exponential manner. These results indicate that microwave irradiation
can prolong the service life of the TBM cutter in the rock-breaking process, reduce the required thrust
and torque of the cutter, and improve the rock-breaking efficiency of the TBM.

Keywords: microwave irradiation; TBM; reduced-scale TBM cutter; specific energy consumption;
rock-breaking efficiency

1. Introduction

Tunnel boring machines (TBMs) are efficient, safe machines used for constructing
tunnels and are widely used in engineering practice, including the excavation of rock
tunnels and underground passages [1]. Cutters, as the teeth of a TBM to excavate soil,
play a key role in breaking rocks. However, the wear of the cutter has become a key factor
that limits the progress of construction under complex strata conditions, taking extremely
hard rocks, for example [2,3]. Therefore, how to increase the service life and improve the
rock-breaking efficiency of the cutter has become a focus of research into TBM excavation
of tunnels in hard rock.

Scholars have conducted much research into the rock-breaking mechanism of TBM
cutters. Evans et al. [4] considered that a cutter rolls over and damages rocks because the
stress applied to the rocks exceeds their uniaxial compressive strength. Ozdemir et al. [5]
conducted experimental research on rock breakage using a wedged cutter and pointed out that
the shear force produced in rocks by vertical force applied by the cutter on the rocks causes
rock spalling. Sanio [6] believed that rock breakage by a cutter is a result of the joint action of
tension and compression effects of blades on rocks. By conducting numerical analysis, Zhang
et al. [7] found that rock breakage by a cutter is mainly achieved by the shear effect. At AGH
University of Science and Technology, laboratory tests were carried out to determine the effect
of temperature on cutting resistance and the selected mechanical properties of rock salt. The
selected mechanical parameters (compressive, tensile, and shear strength) of rock salt for the
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same temperature values were compared and described [8,9]. In the Department of Mining,
Dressing and Transport Machines, AGH UST in Krakow, innovative and atypical mining
tools were developed as crown picks and asymmetrical mini disk tools, especially for hard
and very hard rock mining. A special solution of lubricated holder was also developed for
cutting tools, allowing to facilitate and increase the number of pick rotations in the holder
and, as a consequence, reducing the wear of the tool [10]. Xia et al. [11] performed numerical
analysis to reveal that the rock-breaking process and the formation process of cuttings are the
results of the propagation of tensile and shear cracks. Researchers at Central South University
(Changsha City, China) [12] developed a linear cutting test bench for disc cutters to study
the rock-breaking effect under impact and rolling action of the cutters. A combined abrasion
test device was independently developed in the State Key Laboratory of Shield Machine and
Boring Technology, which has been used to reveal the mechanism underlying the interaction
between rocks and mechanical tools [13,14].

Microwave heating is instantaneous, integrative, and selective [15–17]. Microwave-
assisted mechanical rock breakage, as a new rock-breaking method, can reduce tool wear
and improve rock-breaking efficiency if rocks are fractured by microwave heating before
being cut using a cutter [18–20]. By using a method integrating physical tests and numerical
simulation, Hartlieb et al. [21–23] explored the conditions for the formation of cracks in
rocks under microwave irradiation. Qin et al. [24] studied crack propagation in rocks
containing different shapes of minerals under microwave irradiation using a numerical
method, and the results show that cracks formed under microwave irradiation are mainly
tensile cracks. Lu et al. [25,26] developed an open test facility for microwave-assisted
fracturing of hard rocks, which was used to achieve microwave-induced fracturing of large
rock samples and engineering rock mass. They also conducted cutting tests on different
rock samples subjected to microwave irradiation using a TBM cutter to investigate the
influence of microwave energy on the cutting performance of the TBM cutter.

Although there are abundant studies on rock breakage using TBM cutters and microwave-
induced rock fracturing, research that combines the two is poorly researched, justifying the
study of the influences of microwave irradiation on the rock-breaking efficiency of TBM
cutters. The researchers selected a high-strength rock, Chifeng basalt, to conduct microwave
irradiation tests and rock-breaking tests using a reduced-scale TBM cutter. Influences of
microwave irradiation on the rock-breaking efficiency of the TBM cutter were evaluated by
analyzing changes in the wear loss of the reduced-scale TBM cutter, rock removal, stress
characteristics, energy consumption during rock breakage, and specific energy.

2. Test Device, Samples, and Test Methods
2.1. Test Device

A Midea EMB17G4V-SS commercial microwave oven was used in the microwave
irradiation tests. In the commercial resonant cavity, an infrared temperature measuring
device and a data acquisition device were added, which could real-timely measure and
record temperatures at a certain point on the sample surface, with the temperature mea-
surement range of 0 to 1300 ◦C, as shown in Figure 1. The rated voltage, rated frequency,
and rated power input of the commercial microwave oven were 220 V, 50 Hz, and 3200 W,
respectively. The operating frequency and the maximum power output of microwaves
were separately 2450 MHz and 2100 W, and the power was continuously adjustable within
the range from 100 to 2100 W.

The combined abrasion test device (Figure 2) [13,14] for a reduced-scale SP3-I TBM cutter
in the State Key Laboratory of Shield Machine and Boring Technology was used to study the
influences of the microwave irradiation on the machinability of rocks using a TBM cutter. On
this basis, cutting tests were conducted on basalt samples subjected to microwave irradiation
for different durations using the reduced-scale TBM cutter. The test device could simulate
cutter wear during rock breakage and abrasion of the rock, providing conditions akin to those
prevailing on a TBM tunnelling site where rocks are cut using a TBM cutter. The design ratio
of the size of the model cutter to that of an actual cutter was 1:10.
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ing, a measurement and control subsystem for vertical loading, a wear mechanism for 
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system integration and tested automatic control component. The schematic diagram of 
the test device is illustrated in Figure 3. Measurement and closed-loop servo control were 
adopted; these could achieve servo-motor control of the horizontal displacement or pres-
sure, and closed-loop servo control was used for the vertical speed. The collected test data 
included the driving force and horizontal displacement, as well as the vertical displace-
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Figure 2. The combined abrasion test device for the reduced-scale SP3-I TBM cutter.

The test device comprised a measurement and control subsystem for horizontal loading,
a measurement and control subsystem for vertical loading, a wear mechanism for rock
samples and the model cutter, a measuring component of the model cutter, and a system
integration and tested automatic control component. The schematic diagram of the test device
is illustrated in Figure 3. Measurement and closed-loop servo control were adopted; these
could achieve servo-motor control of the horizontal displacement or pressure, and closed-loop
servo control was used for the vertical speed. The collected test data included the driving
force and horizontal displacement, as well as the vertical displacement of the tool, the mass
of rock debris, and the mass of the cutter [13]. The multimode cavity microwave device is
used in the laboratory test. In the field of engineering applications, an open-type microwave
cracking device is needed.
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4—Wrench for fixing the rock sample; 5—Rock sample; 6—Bearing platform for the guide rail; 7—AC
servo motor actuator; 8—Model cutter; 9—Shaft of the model cutter; 10—Box to collect rock debris;
11—Horizontal guide rail; 12—Box to collect excess rock debris; 13—Load sensor; 14—Horizontal
displacement sensor.

2.2. Samples and Test Methods

The test samples were cuboid test blocks of Chifeng basalt measuring (300 ± 5 mm)
× (70 ± 2 mm) × (70 ± 2 mm) (length × width × height). The sample preparation met
the requirement for surface evenness recommended by the International Society for Rock
Mechanics (ISRM). Samples were prepared through two processes: cutting and polishing.
The rock was dense basalt, and X-ray diffraction (XRD) results show that it was mainly
composed of feldspar, pyroxene, olivine, and a small amount of ilmenite. The average
density, average wave velocity, and average uniaxial compressive strength of the rock
samples were 2.90 g/mm3, 5900 m/s, and 282.50 MPa, respectively [27].

The microwave heating tests were performed in the modified commercial microwave
oven. In the microwave oven, a mullite cushion (a microwave-insensitive material used
to elevate the sample) was placed, on which the basalt sample was put to be heated by
microwaves. The used microwave heating power was 2100 W, and the preset microwave
heating durations were 0 (blank control), 3, 6, 9, 12, and 15 min (the microwave heating
duration was relatively long due to the large volume of the rock samples in the tests, while
in practical production, an industrial microwave oven is generally used). After microwave
heating, the samples were removed and naturally cooled to room temperature.

The cutter wear and cutting tests were conducted on the combined abrasion test device
for the SP3-I TBM cutter. The material of the reduced-scale TBM cutter used is H13, the
diameter of the cutter ring is 48.26 mm, the surface hardness of the cutter ring is 58HRC,
the blade width is 1.5 mm, and the ratio of the prototype TBM cutter is 1:10. The bearing
specification is 6800ZZ deep groove ball bearing with an inner diameter of 10 mm and
outer diameter of 19 mm. Before testing, the reduced-scale cutter was first wiped with
acetone and then weighed using a balance with a resolution of 0.001 g after being dried.
Thereafter, the reduced-scale cutter was fixed on the fixture (Figure 4), which was then
mounted on the test device. After adjusting the reduced-scale TBM cutter to the lower part
of the sample, a basalt sample was fixed on the fixture (Figure 5). In the process of cutting
rocks, the three-dimensional cutting forces (driving force and rolling force) applied on the
reduced-scale TBM cutter were measured by the three-way force sensor on the tool apron.
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Figure 5. The abrasion process of the reduced-scale cutter.

In the cutter wear and cutting tests, the penetration speed, penetration depth, sin-
gle rolling stroke, rolling speed, cumulative number of rolling events, and cumulative
rolling distance of the reduced-scale cutter were set to be 0.08 mm/min, 3 mm, 250 mm,
17.8 mm/min, 150, and 37.5 m, respectively. The cutting marks of the reduced-scale TBM
cutter with different spacings could be set by adjusting the horizontal installation location
of the rock sample. In the tests, each sample was cut twice, on which two cutting marks
were left, and the cutter spacing was set to 20 mm. After cutting the basalt samples with
the reduced-scale cutter, the cutter was removed from the fixture and then weighed. The
rock debris falling therefrom was also collected, weighed, and screened.

3. Test Results and Analysis
3.1. Microwave Heating Effect

After microwave irradiation, the surface temperature of the samples increases with
prolonged increasing exposure to microwave irradiation in a linear manner (Figure 6).
After 15 min of microwave irradiation, the highest surface temperature of the sample
reached 242 ◦C, and the temperature increased at 18.83 ◦C/min. Microwave irradiation
increased the temperature of the rock sample because different mineral components in the
rock transformed the microwave energy into thermal energy after absorbing microwave
energy, which was related to the comprehensive dielectric properties of the rock. Basalt, as
a mineral with strong microwave absorption capacity, experiences a significant increase in
temperature after microwave irradiation [20].

After microwave irradiation for different durations, cracks propagate to different
degrees on the surface of basalt samples. The longer the exposure to microwave irradia-
tion, the more significant the crack propagation. After 16 min of microwave irradiation,
the samples burst apart and fractured (to ensure that cutting tests of the reduced-scale
TBM cutter could be conducted, and the longest microwave heating exposure was set to
15 min in the tests), as shown in Figure 7. After microwave irradiation, the bursting and
fracturing of samples were caused by different degrees of thermal expansion of different
mineral components in the rock after absorbing microwave energy and being heated. As
a result, intergranular and transgranular fractures occur in and between minerals in the
samples [25]. With increasing exposure to microwave irradiation, the microcracks occurring
in the rock develop to form macrocracks. After the thermal expansion of minerals in the
rock accumulates to a certain extent, the thermal stress generated in the rock enables the
bursting and fracturing of the rock [26].
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Figure 7. Bursting and fracturing of the sample after microwave irradiation.

3.2. Cutter Wear

The reduced-scale TBM cutter after cutting the rock was weighed, and the results are
displayed in Table 1 and Figure 8. As the increasing exposure to microwave irradiation
increases, the wear loss of the reduced-scale TBM cutter gradually reduces in a linear
relationship with the increasing exposure to microwave irradiation. This is to some extent
because microwave irradiation damages the internal structure of the basalt sample. With
the increase in the increasing exposure to microwave irradiation, the damage to the internal
structure of the rock is intensified, which results in a gradual reduction in the wear loss of
the reduced-scale TBM cutter when reaching the same penetration depth and cutting dis-
tance. Microwave irradiation reduces the wear loss of the cutter, indicating that microwave
irradiation can prolong the service life of the cutter. In practice, this can shorten the time
taken changing tools and decrease the repair frequency of TBM equipment, reduce the
number of cutters used, and therefore save money.
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Table 1. Changes in the mass loss of the reduced-scale TBM cutter with increasing exposure to
microwave irradiation.

Serial No. of
Cutters

Microwave
Power (W)

Increasing Exposure
to Microwave Irradiation

(min)

The First
Cutting

Mark (mg)

The Second
Cutting

Mark (mg)

Total
(mg)

W-5 2100 0 2 3 5
W-6 2100 3 2 2 4
W-7 2100 6 2 2 4
W-8 2100 9 1 2 3
W-9 2100 12 1 2 3
W-10 2100 15 1 1 2
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3.3. Cutting and Rock-Breaking Effects

The cutting effects of two cutting marks on the rock samples subjected to microwave
irradiation for different durations are listed in Table 2. Only two normal cutting marks
were left on the untreated basalt sample, and the basalt sample was subjected to 3 min
of microwave irradiation in the cutting process using the reduced-scale TBM cutter. As
the exposure to microwave irradiation increased to 6 min, cracks between the two cutting
marks began to coalesce in the cutting process using the reduced-scale TBM cutter. With
the further increase in the exposure to microwave irradiation to 9 and 12 min, the area of
coalesced cracks in the basalt samples gradually expanded in the cutting process using the
reduced-scale TBM cutter. For the basalt sample subject to 15 min of microwave irradiation,
not only did the area of coalesced cracks enlarge, but also the cross-section of the sample
was cracked in the cutting process, as shown in Figure 9.

3.4. Rock Removal

According to the macroscopic states of broken rock debris in Table 2, the large-particle
rock debris first increases and then decreases during the cutting of the basalt samples using
the reduced-scale TBM cutter. This is because certain microwave irradiation can induce
microcracks in the rock, which renders the rock more prone to breakage, so the formed
fragments are larger. When microwaves further heat the rock, more intergranular and
transgranular fractures occur, and the mineral structure in the rock is changed, which leads
to decreased cohesion in the rock [25]. Therefore, the broken rock debris begins to become
smaller. Hence, with increasing exposure to microwave irradiation, the removal of rock
from the basalt samples increases when using the reduced-scale TBM cutter and exhibits
an approximately linear increasing trend over time (Figure 10). After 15 min of microwave
irradiation, the removal of rock using a reduced-scale TBM cutter increases by 42%.
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Table 2. Cutting effects of the reduced-scale TBM cutter on the samples subjected to different
durations of microwave irradiation.

Serial No. of
Samples

Increasing
Exposure to
Microwave

Irradiation (min)

Initial State The First
Cutting Mark

The Second
Cutting Mark Rock Debris Mass of Rock

Debris (g)
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3.5. Cutting Force of the Cutter

The reduced-scale TBM cutter is subjected to forces in three directions during the
cutting of basalt samples, namely, the driving force, rolling force, and lateral force, among
which the lateral force is negligible. According to the working principle of the combined
abrasion test bench for the reduced-scale TBM cutter used in the research, the rock is broken
under the reciprocating rolling of the cutter. Therefore, the research mainly explored the
relationships of the driving force and rolling force with increasing exposure to microwave
irradiation. Tables 3 and 4 show the average driving force and average rolling force at
different microwave exposure times. Figures 11 and 12 illustrate the relationships of the
average driving force and the average rolling force of the reduced-scale TBM cutter with
different exposures to microwave irradiation.

Table 3. The average driving force at different microwave exposure times.

Exposure time (min) 0 3 6 9 12 15

Average driving force (kN) 7.31 6.85 5.64 5.74 4.74 4.91

Table 4. The average rolling force at different microwave exposure times.

Exposure time (min) 0 3 6 9 12 15

Average rolling force (kN) 0.72 0.65 0.64 0.51 0.53 0.49
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Figures 11 and 12 show that the average driving force and the average rolling force of
the reduced-scale TBM cutter decrease in a quasi-linear manner with increasing exposure
to microwave irradiation when the penetration and cutter spacing are fixed. After 15 min
of microwave irradiation, the average driving force and the average rolling force are
separately decreased by 33% and 32%. This finding suggests that microwave irradiation
can reduce the driving force and rolling force needed by the TBM disc cutter to cut the rock.
The average driving force and average rolling force can be used separately to predict the
thrust and torque of the TBM cutter head in the tunnelling process [28]. This indicates that
microwave irradiation reduces the thrust and torque of the cutter during TBM tunnelling
and allows the disc cutter to cut the rock more easily from surface to interior under the
preset penetration degree and thus fracture the internal part of the rock. This reduces
the pretorque needed by the cutter and drives the cutter to roll forward to break the rock
continuously.

3.6. The Work Done by Cutting Force and the Specific Energy Associated Therewith

The rock-breaking energy of a cutter is defined as the energy needed by a cutter to break a
unit volume of rock (and is expressed by the specific energy). The lower the specific energy, the
lower the energy needed to break a unit volume of rock and the more efficient the process [28,29].
The energy required by the reduced-scale TBM cutter in breaking rocks manifests as the work



Appl. Sci. 2023, 13, 4713 11 of 15

done by the driving force and that done by the rolling force, which can be calculated using
Equation (1). The specific energy is calculated using Equations (2) and (3) [28,29]:

W = FL (1)

SE =
W
∆V

(2)

∆V =
m
ρ

(3)

where W is the work done by the cutting force (J); F denotes the cutting force of the cutter
(kN); L represents the motion distance of the cutter (m); SE denotes the specific energy
(MJ/m3); ∆V is the volume of rock debris falling off in the rock-breaking process (m3);
m stands for the mass of rock debris (kg); ρ is the density of basalt samples (kg/m3).

Tables 5 and 6 show the work done by the average driving force and average rolling
force at different microwave exposure times. Figures 13 and 14 illustrate changes in the
work done by the average driving force and that done by the average rolling force of the
reduced-scale TBM cutter calculated using Equation (1) with increasing exposure to mi-
crowave irradiation. The energy consumed by the work done by the driving force and that
done by the rolling force is both linearly reduced with increasing exposure to microwave
irradiation. That is, as the increasing exposure to microwave irradiation prolongs, the
energy associated with the work done by the driving and rolling forces decreases. After
15 min of microwave irradiation, the work done by the driving and rolling forces separately
decrease by 33% and 32%. This indicates that microwave irradiation can reduce the energy
consumption of the TBM cutter. In addition, a comparison of energy consumption of the
work done by the driving force and that done by the rolling force shows that the energy
associated with the driving force is about 0.08% of that associated with the rolling force.
This indicates that the energy used by the TBM cutter in breaking rocks is associated mainly
with the rolling force. When designing and setting a microwave antenna on the TBM cutter,
one can follow the principle of mainly reducing the torque delivered by the TBM cutter.

Table 5. The work done by the driving force at different microwave exposure times.

Exposure time (min) 0 3 6 9 12 15

Work done (J) 21.93 20.55 16.92 17.22 14.22 14.73

Table 6. The work done by the rolling force at different microwave exposure times.

Exposure time (min) 0 3 6 9 12 15

Work done (J) 27,000 24,375 24,000 19,125 19,875 18,375
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Tables 7 and 8 show the specific energy by the average driving force and average
rolling force at different microwave exposure times. Figures 15 and 16 show the specific
energy of the driving force and rolling force of the reduced-scale TBM cutter calculated
using Equations (1)–(3). When cutting the basalt samples, the specific energy of the reduced-
scale TBM cutter constantly decreases with increasing exposure to microwave irradiation.
The specific energy of the driving force and that of the rolling force both reduce with
increasing exposure to microwave irradiation in an exponential manner. After microwave
irradiation for 15 min at 2100 W, the specific energy of the driving force and that of the
rolling force separately decrease by 53% and 52%. This indicates that, when breaking the
same volume of rock, microwave irradiation can gradually reduce the energy consumption
of the reduced-scale TBM cutter. The reduction in specific energy suggests that microwave
irradiation can improve the energy-utilization rate of the TBM cutter when breaking rocks;
that is, the rock-breaking efficiency is improved. Under a fixed microwave power, the
longer the exposure to microwave irradiation, the greater the reduction in the specific
energy and the greater the promotion of the rock-breaking efficiency of the TBM cutter.

Table 7. The specific energy of driving force at different microwave exposure times.

Exposure time (min) 0 3 6 9 12 15

Specific energy (MJ/m3) 16.61 15.22 10.75 10.67 8.09 7.84

Table 8. The specific energy of rolling force at different microwave exposure times.

Exposure time (min) 0 3 6 9 12 15

Specific energy (MJ/m3) 20,455 18,056 15,254 11,854 11,314 9774
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4. Discussion

In this paper, a low-power multimode cavity microwave oven is used in the microwave
heating test, and a reduced-scale TBM cutter is used in the cutter cutting rock breaking test.
In practical engineering applications, because of the limitation of the microwave cavity, the
cavity equipment cannot be directly applied to the engineering site. In order to realize the
engineering application of microwave-assisted TBM cutter rock breaking, the open-type
microwave cracking device of hard rock should be adopted.

As for energy consumption, some scholars have analyzed the energy consumption of
indoor microwave-assisted rock breaking [30]. For the actual field application, the energy
consumption is complicated, and it should be analyzed according to the actual situation of
the field. Regarding the construction process, two construction methods can be proposed
based on actual geological conditions. One is to apply microwave radiation and cutter
action concurrently if the rock mass is readily fractured. The other is to irradiate the rock
mass to prefracture it and then use the TBM cutter head to cut the rock. Apart from these,
technical issues such as the power and water supply, dustproofing, shockproofing, and
equipment stability also need to be considered. If necessary, the structural fabrication of
the TBM cutter head also requires modification.

5. Conclusions

(1) Microwave irradiation causes some damage to both the surface and interior of the
basalt samples. Under a fixed microwave power input, the wear loss of the reduced-
scale TBM cutter is decreased, while the amount of rock removed increases upon
prolonged exposure to microwave irradiation. This indicates that microwave irradia-
tion can reduce wear, prolong service life, and increase the amount and rate of rock
removal of the cutter.

(2) After microwave irradiation of the rock, the cutting force of the reduced-scale TBM
cutter decreases linearly with increasing exposure to microwave irradiation, and the
average driving force and the average rolling force separately reduce by 33% and 32%
(at most). This suggests that microwave irradiation can reduce the thrust and torque
on the cutter head in the TBM tunnelling process.

(3) The work done by the driving force and that done by the rolling force decrease
linearly with increasing exposure to microwave irradiation, implying that microwave
irradiation can decrease the energy consumption of the TBM cutter. The energy
associated with the work done by the driving force is 0.08% of that associated with
the work done by the rolling force, suggesting that the energy consumption of the
TBM cutter is mainly attributed to the rolling force.

(4) After microwave irradiation of rock, the specific energy of the reduced-scale TBM
cutter to reach the same penetration depth constantly decreases with increasing
exposure to microwave irradiation. The rock-breaking specific energy decreases with
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increasing exposure to microwave irradiation in an exponential manner. This indicates
that microwave irradiation can reduce the specific energy consumption of the TBM
cutter when breaking rock, thus also improving the efficiency of the process.
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