
Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 26, No. 2, 2024 

 

Study on Microwave-assisted TBM Double-edged Cutter Rock-breaking 

Efficiency and its Positional Relationship 

 

Indexed by: 

  

Sen Wena, Lin Dua, Qingmei Konga,*, Min Zhanga, Xinru Dinga 

 

 

a School of Civil and Architecture Engineering, Henan University, China 

 

Highlights  Abstract  

▪ Establishing a microwave-assisted TBM 

double-edged cutter rock-breaking model 

based on the discrete element method, and 

exploring the crack propagation mechanism. 

▪ Exploring the positional relationship between 

microwave waveguides and disc cutters, and 

proposing the optimal rock-breaking 

combination mode, further improving the 

microwave-assisted disc cutter rock-breaking 

mechanism. 

 In this study, based on a microwave test, the discrete element program 

(PFC) is used to establish a microwave-assisted disc cutter rock-

breaking model and explore the influence law of the positional 

relationship between microwave radiation and disc cutter penetration on 

rock-breaking efficiency, and the results show that: The improvement of 

the positional relationship has a significant effect on improving the rock-

breaking efficiency, and the double-edged cutter reaches and minimum 

rock-breaking specific energy when breaking the rock in the center 

position with a waveguide spacing of 90 mm and in the inner and outer 

positions with a waveguide spacing of 150 mm; When the waveguide 

spacing is 150mm, the double-edged cutter with cutter spacing of 

110mm, 130mm, and 190mm have their advantages in rock-breaking 

efficiency and economic benefits, which should be selected according to 

the actual needs of the project. The follow-up research should also fully 

consider the rock type, microwave parameters, cutter profile, 

engineering environment, and other factors for in-depth investigation. 

  Keywords 

This is an open access article under the CC BY license 

(https://creativecommons.org/licenses/by/4.0/)  

microwave-assisted rock-breaking, double-edged cutter, discrete 

element, specific energy; positional relationship 

1. Introduction 

With the development of science and technology, TBM (Tunnel 

Boring Machine) through continuous upgrading and 

improvement of the tunneling, support, slagging, and other 

construction processes are integrated and continuous operation, 

now has a high degree of mechanization, high-efficiency rock-

breaking, safety and reliability, green environmental protection, 

etc., in the field of transportation, water conservancy, and 

hydropower, municipal tunneling projects are widely used [1]. 

However, when breaking hard rock strata, the traditional 

mechanical rock-breaking method has the defect of serious wear 

and tear of the disc cutter, which directly leads to higher 

maintenance costs of machinery, low digging efficiency, 

prolonged construction period, and a substantial increase in the 

total economic investment [2-3]. For example, in China Qinling 

Tunnel Project [4] and Yangtai Mountain Tunnel Project [5], the 

loss of disc cutter reaches 2.3 m/cutter and 5.4 m/cutter, 

respectively, while the inspection and replacement of tools and 

maintenance of cutters and other operations account for about 

one-third of the total time of the tunneling construction; The 

disc cutter breaking rates in Kiena gold mine in Canada [6] and 
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Corbalis to Fox mill water main project in USA [7] were 5.6 

m/day and 3.7 ~ 4.0 m/day, respectively. To solve this problem, 

scholars at home and abroad have explored how to transform 

the traditional rock-breaking method and put forward a variety 

of auxiliary rock-breaking methods. Among them, the high-

pressure water jet method [8-9], laser method [10-11], and high-

pressure liquid nitrogen jet method [12-13] can reduce the force of 

disc cutter rock-breaking and improve the efficiency of rock-

breaking when assisting TBM disc cutter rock-breaking, but at 

the same time, there are defects of the technology itself and the 

limitations of the environment. The high-pressure water jetting 

method  requires high reliability of hydraulic components, and 

is easy to cause water accumulation, affecting the construction 

[14]; The laser method  has a small damage range and depth to 

the rock, and the auxiliary effect is most obvious only when 

breaking the surface of the rock [15]; the high-pressure liquid 

nitrogen jet method  has a significant effect on the cold impact 

fracturing of high-temperature rocks in thermal reservoirs, but 

the effect is poor in other applications, especially in water-

bearing formations [16]. 

Microwave is an electromagnetic wave with a frequency in 

the range of 300 MHz ~ 300 GHz, which is able to generate 

thermal energy by causing vibration and friction of polar 

molecules, and has the characteristics of rapid heating, 

advanced process, easy to control, safe and harmless, and 

selective heating [17], which is studied in the field of agroforestry 

sciences as an important means of food processing [18], material 

storage [19], and plant refining and optimization [20-22]. 

Microwave radiation not only has a significant effect on hard 

rock damage weakening, but also has strong adaptability to the 

construction environment, and good synergy with TBM and 

other rock-breaking machinery. Therefore, it attracts many 

scholars to further explore this. Some scholars have carried out 

a lot of research in microwave radiation rock damage 

destruction mechanism. Different rock minerals in the 

microwave radiation heating effect are different, so the rock in 

the radiation region forms a large temperature gradient and 

thermal stress, resulting in rock damage [23][24]. Therefore, the 

variability of the wave-absorbing capacity of rock minerals is 

the fundamental cause of damage destruction of rocks due to 

microwave radiation. Ford et al. [25], Lu et al. [26], and Zheng et 

al. [27] characterized by dielectric properties and classified them 

into strong wave-absorbing minerals, moderately wave-

absorbing minerals, and weakly wave-absorbing minerals 

according to the magnitude of the loss factor; Ali et al. [28], Chen 

et al. [29], Gautam et al. [30], Lu et al. [31], Sunet al. [32] analyzed 

from the microscopic point of view and found that the formation 

of a more pronounced temperature gradient, intergranular 

cracks, and intragranular cracks successively begin to develop 

and form crack networks in the process of microwave radiation; 

Gao et al. [33], and Lu et al. [34] analyzed from a macroscopic 

point of view and found that the damage to rocks by microwave 

radiation is mainly manifested as fracture damage and high-

temperature melting and that the rock cracks expand radially 

from the approximate center of the microwave-radiated surface. 

In addition, the vapor pressure from pore water vaporization 

under microwave radiation [35][36] and rock mineral phase 

changes [37][38] contribute to further rock fragmentation. 

There are also some scholars from the microwave action 

mode considerations, to explore the change rule of rock physical 

and mechanical properties. Through different microwave power 

and radiation time on the heating damage to a variety of rock 

specimens, Bisai et al. [39], Deyab et al. [40], Nekoovaght et al. 

[41], Kahraman et al. [42], and Zheng et al. [43] compared and 

analyzed the trend of compressive strength and tensile strength 

of rocks before and after the microwave and showed that with 

the increase of microwave power and radiation time, the 

weakening effect of compressive strength and tensile strength 

gradually increases, and under the same energy, the microwave 

with "high power and short time" has a better damage effect on 

the rock; Li et al. [44], Lu et al. [45], Ge et al. [46], Yang et al. [47], 

and Bai et al. [48] comparatively analyzed the fracture toughness 

and resistance index (CAI) of rocks before and after microwave 

and showed that the fracture toughness and resistance index 

(CAI) of rocks decreased exponentially with the increase of 

microwave power and radiation time. The change of waveguide 

position leads to the change of electromagnetic field distribution, 

which affects the rock warming and damage effects. 

Ahmadihosseini et al. [49], Hassani et al. [50], Teimoori et al. [51], 

and Shadi et al. [52] analyzed the effect of microwave radiation 

by varying the distance between the microwave waveguide and 

the rock and showed that there are different optimum distances 

between the waveguide and different types of rocks, mainly 

related to the real part of the rock dielectric constant; Gao et al. 
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[53], and Feng et al. [54] also considered and analyzed the effects 

of multi-waveguide cyclic radiation and rotating waveguide 

radiation on the rock-breaking effect, respectively. In addition, 

some scholars combine microwave radiation with disc cutters to 

explore and analyze. Rui et al. [55] implemented the numerical 

simulation of microwave-assisted TBM disc cutters breaking by 

electromagnetic-thermal-force coupling method, and proved 

that mobile microwave irradiation can better reduce the normal 

force of disc cutters than fixed microwave irradiation; Lu et al. 

[56] [57] carried out disc cutters breaking tests on rocks before and 

after microwave, and the comparative analysis found that: 

microwave-assisted can reduce the wear of disc cutters and 

increase the volume of rock-breaking, and the increase of 

microwave power and radiation time makes the effect of rock-

breaking more significant; Hartlieb et al. [58] analyzed the 

microwave-assisted disc cutter rock-breaking tests and found 

that microwave radiation increases the rock-breaking efficiency 

while leading to a larger size of the rock mass broken by the disc 

cutters. 

Previous research on microwave-assisted rock-breaking 

mainly analyzed the damage mechanism, physical and 

mechanical property changes, and the effect of disc cutter rock-

breaking, but did not consider the relative position of 

microwave radiation and disc cutter penetration on the disc 

cutter load changes, crack expansion characteristics, disc cutter 

rock-breaking efficiency of the impact of the study.  Meanwhile, 

a disc cutter is a tool with an interchangeable rim, usually with 

single, double, and multiple edges. The study selects a double-

edged cutter as the research object, based on the temperature 

change, strength damage, and crack expansion of granite before 

and after microwave radiation, and uses the discrete element 

procedure PFC to establish the microwave-assisted double-

edged cutter rock-breaking model. From the point of view of 

normal force, crack extension characteristics, rock-breaking 

area, and rock-breaking specific energy, to explore and analyze 

the influence of the positional relationship between microwave 

radiation and disc cutter penetration on the performance of 

microwave-assisted disc cutter rock-breaking, and to put 

forward the optimal positional relationship of the action from 

the aspect of rock-breaking efficiency and economic benefits, 

so as to provide the theoretical basis for the mechanical 

construction of microwave-assisted TBM disc cutter rock-

breaking technology. 

2. Experimental study 

2.1. Material characteristics 

The high-strength granite from Jining, Shandong Province was 

selected as the research object, and the mineral composition and 

content of the rock were examined by petrographic test and 

XRD diffraction test. The test results show that the granite is 

mainly composed of potassium feldspar, diopside  and biotite, 

with mineral contents of 69.1%, 26.2% and 4.7%, respectively. 

The results of petrographic analysis and XRD mapping are 

shown in Fig. 1 and Fig. 2. 

 

Fig. 1. The XRD analysis results of the granite powder. 

 

Fig. 2. Petrographic analysis results. 

To calculate the penetration depth of microwave radiation 

into the granite, the dielectric properties of a circular specimen 

of dried granite with a diameter of 20 mm and a thickness of 3 

mm were examined using a vector network analyzer, and the 

complex dielectric constants at a frequency of 2.45 GHz were 
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obtained as shown in Table 1. The dielectric constant is the 

measure of how well a dielectric material responds to 

microwave radiation as shown in Eq. (1~2) [59]. 

𝜀 = 𝜀′ − 𝑗𝜀′′    (1) 

𝑡𝑎𝑛 𝛿 =
𝜀′′

𝜀′     (2) 

where ε is the relative dielectric constant; the real part; ε΄ is the 

permittivity of the material (relative to that of free space); the 

imaginary part; ε΄΄ is its dielectric loss factor (also relative to ε0 

of free space).  

Table 1. The dielectric constant of granite at 2.45 GHz. 

When the microwave radiation rock, with the increase of 

penetration depth, microwave energy gradually decreases. In 

the international community, microwave energy is considered to 

have ceased to propagate when it decays to 38.6% of the energy 

of the surface of the medium or 1/e (e=2.718). According to Eq. 

(3) [60], the theoretical penetration depth of microwave 

irradiation granite is calculated as 61.13 mm. 

𝑍 =
𝜆0√𝜀′

2𝜋𝜀′′     (3) 

where λ0 is the microwave wavelength. 

2.2. Microwave experiment 

The test selected a Webox-A9 type microwave heating system 

for microwave heating of rock samples, which adopts  

a multimode resonant cavity with a microwave frequency of 

2.45GHz, mainly composed of a control box, a microwave 

generator, and a microwave oven body, as shown in Fig. 3. The 

set power is 5kW, and the microwave heating is carried out on 

the standard granite specimens of ϕ50×50mm and ϕ50×100mm 

by continuous heating, and the radiation time is 0s, 60s, 120s, 

180s, 300s and 420s, respectively. After the microwave 

radiation is completed, the surface temperature of the rock 

samples is determined immediately by using the infrared 

thermometer. After cooling to room temperature, the rock 

samples were then tested for strength. The microwave test did 

not consider the effect of pore water in the rock samples, so the 

rock samples were placed in a drying oven set at 60℃ for 48h 

before the microwave test. 

Through the microwave test, it was found that there was no 

obvious change on the surface of the rock samples within the 

range of 180s of microwave radiation. When the microwave 

radiation 180s, the measured average surface temperature of the 

rock samples 436.8 ℃; when the microwave radiation 300s, the 

measured average surface temperature of the rock samples 

578.8 ℃, and there is obvious damage cracks; when the 

microwave radiation 420s, the measured average surface 

temperature of the rock samples 665.3 ℃, while the internal 

melting point, the phenomenon of hot melting and along the 

cracks overflow, and when it cools down is black and hard, as 

shown in Fig. 4. The surface temperature and mechanical 

strength of the rock samples were detected and found that: with 

the increase of microwave radiation time, the surface 

temperature of the granite gradually increased, and the 

compressive strength and tensile strength gradually decreased. 

The results of the surface temperature and mechanical strength 

of the rock samples before and after microwave are shown in 

Fig. 5 and Fig. 6 (after 180s of microwave radiation, the surface 

of the rock samples is obviously damaged, and it is not possible 

to test its strength).

 

Fig. 3. Exterior and interior view of the Webox-A9 microwave heating system. 

Rock samples ε΄ ε΄΄ tanδ 

granite 1.774 0.425 0.239 
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Fig. 4. Microwave power 5kW radiation 0s, 300s, 430s of granite damage patterns.

 

Fig. 5. Rock surface heating with 5kW microwave power. 

 

Fig. 6. Rock strength deterioration with 5kW microwave 

power. 

3. Numerical simulation analysis 

3.1. Theoretical equations 

3.1.1. Simulation calculation equations 

The energy absorbed per unit volume of medium in a 

microwave field can be mathematically represented as 

follows[61]: 

𝑃𝑑 = 2𝜋𝑓𝜀0𝜀′′𝐸0
2    (4) 

where Pd is the loss power density deposited within the sample 

in watts（W/m3）;  f is the microwave frequency in hertz(Hz); 

ε0 is the permittivity of free space(8.85×10-12F/m); E0 is the 

electric field strength. 

Assuming that all microwave energy is absorbed by the rock, 

the energy relationship between the microwave test and the 

microwave simulation is expressed as: 

𝑃 × 𝑡′ = 𝑃𝑑 × 𝑡 × 𝑉    (5) 

where P is the microwave power(W); t' is the radiation time in 

the microwave test(s); t is t the radiation time in the microwave 

simulation(s); V is the rock volume of microwave radiation(m3). 

Assuming that the effect of strain change on temperature is 

negligible, the heat transfer equation for a continuous medium 

is: 

−
∂𝑞𝑖

∂𝑥𝑖
+ 𝑃𝑑 = 𝜌𝑡𝐶𝑣

∂𝑇

∂𝑡
    (6) 

where qi is the heat-flux vector(W/m2); ρt is the mass 

density(kg/m3); Cv is the specific heat at constant 

volume[J/(kg·℃)]; T is the temperature(℃). 

Fourier's law for a continuum establishes the correlation 

between the heat-flux vector and the temperature gradient as 

follows: 
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𝑞𝑖 = −𝑘𝑖𝑗
∂𝑇

∂𝑥𝑗
    (7) 

where kij is the thermal-conductivity tensor [W/(m·℃)]. 

Calculation of the thermal expansion effect of continuous 

media: 

Δ𝑅 = 𝛼𝑅Δ𝑇    (8) 

where ΔR is the Particle radius increment; α is the coefficient 

of linear thermal expansion associated with the particle 1/℃; 

is the Particle radius; ΔT is the temperature increment。 

Calculation of normal bond damage between continuous 

media: 

Δ𝐹𝑖

𝑛
= −𝑘𝑛𝐴Δ𝑈𝑛𝑛𝑖 = −𝑘𝑛𝐴𝛼𝐿Δ𝑇  (9) 

where nk is the bond's normal stiffness; A is the area of the bond 

cross-section;    is the expansion coefficient of the bond 

material; L  is the bond length. 

3.1.2. Data processing equations 

Calculation of the average normal force reduction of double-

edged cutter before and after microwave radiation:  

Average normal force reduction =
𝐹(𝑝,𝑠)−𝐹′(𝑝,𝑠)

𝐹(𝑝,𝑠)
× 100% (10) 

where 𝐹(𝑝, 𝑠)   represents the average normal force at the 

penetration of p mm and a cutter spacing of s mm; 𝐹′(𝑝, 𝑠) 

represents the average normal force at the penetration of p mm 

and a cutter spacing of s mm. (p={4,6,8,10,12}; 

s={60,90,120,150,180}) 

Calculation of specific energy for rock-breaking with the 

double-edged cutter: 

𝑆𝑒 =
𝑊

𝑉
=

∑ F𝑣(𝑖)∙𝑑(𝑖)𝑛
𝑖=1

𝑉
   (11) 

where W is the energy consumption of the double-edged cutter; 

V is the rock-breaking volume; n is the analysis step; Fv(i) is the 

average value of the normal force of the double-edged cutter in 

the i-th analysis step; d(i) is the normal displacement value of 

the rolling tool in the i-th analysis step. 

Calculation of the specific energy reduction of rock-

breaking with double-edged cutters before and after microwave 

radiation: 

Rock-breaking specific energy reduction =
𝑆𝑒(𝑝,𝑠)−𝑆𝑒

′(𝑝,𝑠)

𝑆𝑒(𝑝,𝑠)
× 100%  (12) 

where 𝑆𝑒(𝑝, 𝑠)  represents the specific energy at the 

penetration of p mm and cutter spacing of s mm; 𝑆𝑒
′(𝑝, 𝑠) 

represents the specific energy at the penetration of p mm and 

cutter spacing of s mm. (p={4,6,8,10,12}; 

s={60,90,120,150,180}) 

3.2. Numerical modeling and parameter calibration 

As shown in Fig. 7, Granite models with dimensions of 800 mm 

× 250 mm and a pore ratio of 0.12 were built by a discrete 

element procedure and consisted of potassium feldspar (69.1%), 

diopside (26.2%), and biotite (4.7%), which were characterized 

using light grey, dark grey and black, respectively. The double-

edged cutter has a blade width and edge angle of 15 mm and 

20°, respectively, generated by the wall command, and is rigid 

overall. As shown in Fig. 8, the simulation study of microwave-

assisted disc cutters for rock-breaking starts with the use of 

double waveguides to weaken the rock, followed by the use of 

a double-edged cutter to break the rock. 

 

Fig. 7. Rock-breaking model with double-edged cutter. 

 

Fig. 8. Schematic diagram of microwave-assisted TBM 

double-edged cutter breaking. 

The contact type of the model was selected as parallel 

bonding, and according to the macro-mechanical parameters, 

the "trial and error method" was used to calibrate the granite 

model's microscopic parameters, and the results were shown in 

Table 2. 

 

R
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Table 2. Microscopic parameters of granite model [26]. 

Model variable 
Potassium 

feldspar 
Diopside Biotite 

Minimum particle 

radius/mm 
0.5 

Particle size ratio 1.66 

Particle density/kg·m-3 2750 3560 3080 

Particle modulus/GPa 12.8 

Particle stiffness ratio 1.5 

Friction coefficient 1.6 

Parallel bonding modulus/ 

GPa 
12.8 

Parallel bonding stiffness 

ratio 
1.5 

Parallel bonding normal 

strength/MPa 
108.8±5 

Tangential strength of 

parallel bonding/ MPa 
112.5±5 

Thermal expansion 

coefficient/(10-6) 
4.8 6.5 8.3 

Thermal 

conductivity/(W/(m·℃)) 
2.31 5.76 1.17 

Specific heat 

capacity/(J/(kg·℃)) 
710 800 760 

Eq. (4) serves as a bridge between the electromagnetic and 

temperature fields, allowing microwave radiant heating to be 

realized in discrete elements. Considering that the unfolding 

microwave test energy loss in the microwave cavity with the 

effect of isolation and reflection of microwaves is relatively 

small, this study assumes that all the microwave energy is 

absorbed by the rock, and applies microwave energy to the 

radiating region based on the principle that the microwave 

energy of numerical simulation is equal to the microwave 

energy of the physical test. Through the microwave test results 

show that: the use of 5kW microwave power radiation, the 

increase in radiation time makes the surface temperature of the 

rock samples rise rapidly, the compressive strength and tensile 

strength gradually decreased. Due to the rock samples are 

destroyed after 180s of microwave radiation, it is no longer 

possible to provide an auxiliary role for the double-edged cutter 

to break the rock, so the microwave power of 5kW is chosen to 

radiate the heating and damaging effect of the rock specimen for 

the 180s as an example to carry out the simulation study of 

assisted double-edged cutter breaking. Calculated by Eq. (5), 

simulation uses microwave power density of 1×1010 W/m3 

radiated 0.018s and 0.046s for standard granite samples 

subjected to uniaxial compression and Brazilian splitting, 

respectively. Complete the theoretical calculation of heat 

conduction and bonding damage according to Eq. (6) ~ (9). The 

comparison of the results of the mechanical test and numerical 

simulation is shown in Fig. 9 and Table 3, the relative errors of 

elastic modulus, Poisson's ratio, compressive strength, and 

tensile strength before and after microwave are below 3%, and 

the simulation results of microwave -irradiated rock samples are 

consistent with the results of the indoor test in the aspects of 

strength weakening, temperature growth, crack development 

pattern and indicates that the calibration of fine-scale 

parameters is more accurate and the simulation results are 

reasonable.
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Fig. 9. Comparison of experimental and simulated stress-strain curves: (a) Uniaxial compression before microwave radiation; (b) 

Brazil splitting before microwave radiation; (c) Uniaxial compression after microwave radiation; (d) Brazilian splitting after 

microwave radiation. 

Table 3. Comparison between experimental results and numerical simulation results. 

The international standard WR340 type waveguide with  

a width of 43.18 mm was selected for the simulation, and its 

applicable frequency range (2.20 GHz to 3.30 GHz) meets the 

requirements for the use of the required microwave frequency 

(2.45 GHz). The theoretical penetration depth of 61.13 mm for 

microwave radiated granite has been calculated and obtained 

according to Eq. (3). Since the extent of microwave action on 

the same horizontal plane decreases with increasing radiation 

depth, the radiation area is set to be semi-elliptic[62]. Calculated 

by Eq. (5),the microwave power density of 1×1010 W/m3 should 

be used to radiate 0.043s to the granite in this area, and the effect 

of microwave radiation is shown in Fig. 10.  

 

Fig. 10. Microwave radiation effect. 

The initial temperature of the rock is 20°C, and the 

microwaves form a maximum temperature of 771.5°C at the 

center of the rock's radiation area, decreasing in all directions. 

3.3. Research programme 

The study used double waveguides for microwave radiation 

heating of the rock and divided the two microwave radiation 

heating intervals in the rock into four equal segments, taking the 

middle three points from the inside to the outside of the 

correspondingly labeled as the inner position, the center 

position, and the outer position, respectively. The rock model 

has a peripheral pressure of 5 MPa, and the double-edged cutter 

penetrates the rock at a speed of 0.1 m/s. To investigate the 

effect of a microwave-assisted double-edged cutter on rock-

breaking, comparative analysis of rock breakage before and 

after microwave radiation was carried out using a double-edged 

cutter at the center of waveguide spacing of 60mm, 90mm, 

120mm, 150mm, and 180mm. Considering that the distance of 

the inner position at the waveguide spacing of 60 mm is too 

close, it is difficult to place the double-edged cutter, so to 

explore the influence of the relative position on the double-

edged cutter to break the rock law, the double-edged cutter is 

compared and analyzed to penetrate the rock only at the relative 
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c                                                                               d 4 

 Before microwave radiation Microwave power 5kW radiation for 180s 

 E/GPa υ Sc/MPa St/MPa E/GPa υ Sc/MPa St/MPa 

Laboratory test 19.35 0.336 215.88 21.185 18.38 0.193 184.012 8.277 

Numerical simulation 19.39 0.341 215.653 21.14 18.91 0.198 185.560 8.440 

Relative error 0.21% 1.50% 0.11% 0.21% 2.88% 2.59% 0.84% 1.97% 
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positions of the waveguide spacing of 90 mm, 120 mm, 150 mm 

and 180 mm as shown in Table 4. During the double-edged 

cutter breaking process, the normal force and specific energy 

were recorded and analyzed at 4mm, 6mm, 8mm, 10mm, and 

12mm of penetration.

Table 4. The relative position of the microwave and double-edged cutter. 

relative position 

waveguide spacing 

90mm 120mm 150mm 180mm 

inner position 

 

center position 

outer position 

3.4. Result analysis 

3.4.1. Analysis of the normal force of the double-edged 

cutter 

To analyze the weakening effect of microwave assistance on the 

normal force of the double-edged cutter to break the rock, the 

average normal force of the double-edged cutter before and after 

microwave radiation was recorded and analyzed for different 

combinations of cutter spacing and penetration during 

penetration at the center position, as shown in Fig.11. The 

average normal force of the double-edged cutter before 

microwave radiation is between 1.747 MN·m-1 and 6.791 

MN·m-1; the average normal force of the double-edged hob after 

microwave radiation is between 0.474 MN·m-1 and 1.505 

MN·m-1. It can be seen that the normal force of the double-

edged cutter is obviously weakened under the effect of 

microwave radiation. The average normal force of the double-

edged cutter before and after microwave radiation is the 

minimum value when the cutter spacing is 60 mm, and it 

increases gradually with the increase of the cutter spacing.  With 

the increase in penetration, the trend of the average normal force 

of the double-edged cutter is changed by the influence of 

microwave radiation. Before microwave radiation, the average 

normal force of the double-edged cutter decreases with the 

increase of penetration and tends to stabilize gradually; After 

microwave radiation, the average normal force of the double-

edged cutter fluctuates up and down with the increase of 

penetration, with no obvious trend pattern. According to Eq. 

(10), the reduction of the average normal force of the double-

edged cutter before and after microwave radiation is calculated 

at different combinations of cutter spacing and penetration, and 

the results are shown in Table 5. From the table, it can be seen 

that the weakening effect of microwave radiation on the average 

normal force of the double-edged cutter is significant, and the 

decrease of the average normal force of the double-edged cutter 

is more than 61.52% in the range of cutter spacing of 180 mm 

and penetration of 12 mm. In addition, the changes in cutter 

spacing and penetration will also affect the weakening effect of 

the average normal force of the double-edged cutter, with the 

increase of cutter spacing, the decrease of the average normal 

force of the double-edged cutter gradually decreases, which is 

due to the increase of the spacing of the waveguide to weaken 

the damaging effect of the microwave radiation; with the 

increase of penetration, the decrease of the average normal force 

of the double-edged cutter shows a trend of increasing and then 

decreasing and reaches its maximum in the double-edged cutter 

penetration of 6mm or 8mm. The decrease in the average 

normal force of the double-edged cutter is due to the formation 

of a dense core in the rock-breaking process, which weakens the 

effect of microwave assistance to a certain extent. 
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Fig. 11. The change curves of the average normal force of the 

double-edged cutter at the center position before and after 

microwave radiation. 

Table 5. Average normal force decrease of double-edged cutter 

before and after microwave radiation. 

Penetration 

Cutter spacing 

60mm 90mm 120mm 150mm 180mm 

4mm 81.12% 72.29% 71.79% 68.80% 72.87% 

6mm 84.43% 78.02% 72.15% 72.53% 65.52% 

8mm 81.51% 75.38% 72.77% 68.66% 68.79% 

10mm 81.10% 73.88% 73.81% 66.01% 62.96% 

12mm 77.84% 70.08% 70.38% 66.22% 61.52% 

As to investigate the influence law of the relative positions 

of microwave and double-edged cutter on the normal force of 

double-edged cutter breaking, the average normal force change 

curves of double-edged cutter at three relative positions with 

different waveguide spacing and penetration are recorded and 

plotted, as shown in Fig. 12. The average normal force of the 

double-edged cutter at all three relative positions increases with 

increasing waveguide spacing within penetration of 12 mm and 

waveguide spacing of 180 mm. In the range of waveguide 

spacing 180mm, the average normal force of a double-edged 

cutter when breaking rock in the inner position is always smaller 

than that in the center and outer positions. Within the range of 

150 mm waveguide spacing, the average normal force of the 

double-edged cutter in breaking rock in the inner position grows 

slowly, and the maximum increase is 14%; while the waveguide 

spacing is more than 150mm, the increase in penetration of 4 

mm, 6 mm, 8 mm, 10 mm, and 12 mm is 108.26%, 72.37%, 

67.79%, 57.90%, and 27.36%, respectively, and the inner 

position of the average normal force of the double-edged cutter 

increases significantly and the growth decreases gradually with 

the increase of the penetration. As the waveguide spacing 

increases, the average normal force growth rate of the double-

edged cutter in breaking rock in the outer position is 

significantly greater than in the center position. When the 

waveguide spacing is less than 120 mm, the average normal 

force of the double-edged cutter in the outer position is less than 

that in the center position; When the waveguide spacing is in 

the range of 120mm to 150mm, the average normal force of the 

double-edged cutter in the outer position gradually exceeds that 

of the double-edged cutter in the center position. When the 

waveguide spacing is greater than 150 mm, the average normal 

force of the double-edged cutter in the outer position is greater 

than that in the center position. The comparison of the average 

normal force of the double-edged cutter when breaking rock at 

three relative positions revealed that the maximum average 

normal force of 2.258 MN·m-1 was achieved when breaking 

rock at the outer position with waveguide spacing of 180 mm 

and penetration of 4 mm, and the minimum mean normal force 

of 0.479 MN·m-1 was achieved when breaking rock at the inner 

position with waveguide spacing of 90 mm and penetration of 8 

mm.
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Fig. 12. The change curve of the average normal force of the double-edged cutter in different relative positions: (a) penetration: 4 

mm; (b) penetration: 6 mm; (c) penetration: 8 mm; (d) penetration: 10 mm; (e) penetration: 12 mm.

3.4.2. Analysis of rock-breaking crack propagation 

Taking the maximum penetration of 12mm as an example, the 

crack extension mechanism and rock damage characteristics of 

double-edged cutter breaking at different cutter spacing are 

analyzed, as shown in Fig. 13. To analyze the rock-breaking 

situation more intuitively, different colors were used to 

characterize the broken rock pieces. Among them, the unbroken 

rocks are characterized by blue color, and the individual rock 

fragments broken by the double-edged cutter are characterized 

by different colors. After the double-edged cutter penetrates, the 

lateral crack expands along the vertical direction of the double-

edged cutter penetration, and the length is shorter; the 

longitudinal crack expands along the direction of the double-

edged cutter penetration, and it is distributed in the shape of 

Chinese "herringbone". When the cutter spacing is 60 mm, 90 

mm, 120 mm, 150 mm, and 180 mm, the rock fragmentation 

area is 2.429×10-3 m2, 2.883×10-3 m2, 2.038×10-3 m2, 1.983×10-

3 m2, 1.865×10-3 m2, respectively. Within the cutter spacing of 

90mm, the lateral cracks pass through each other, promoting the 

spalling of rock between the double-edged cutter, when the 

cutter spacing of 90mm, the rock has the largest broken area; 

when the cutter spacing exceeds 120mm, the lateral cracks do 

not pass through, and the rock is broken only in the area below 

and on both sides of the double-edged cutter, and the cutter 

spacing is too large.
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Fig. 13. Crack distribution at different cutter spacing before microwave radiation: (a) cutter spacing: 60mm; (b) cutter spacing: 

90mm; (c) cutter spacing: 120mm; (d) cutter spacing: 150mm; (e) cutter spacing: 180mm.

The temperature and crack distribution characteristics 

formed by the double waveguides using different waveguide 

spacing for microwave radiation heating of the rock are shown 

in Fig. 14. When the waveguide spacing of 60mm, 90mm, 

120mm, 150mm, and 180mm form the maximum temperature 

of 794.3°C, 783.0°C, 774.9°C, 774.1°C and 773.4°C, 

respectively, the maximum temperature of the rock decreases 

and tends to be stable with the increase of waveguide spacing. 

Due to the rock except the palm face being surrounded by 

pressure, the crack extension played a restraining effect, in the 

thermal expansion and thermal stress, did not produce 

longitudinal cracks along the direction of the double-edged 

cutter penetration, but from the thermal core area to form lateral 

cracks, and along the perpendicular to the direction of the 

double-edged cutter penetration to the surface of the rock to 

expand, conducive to the surface of the rock block spalling. 

Within the range of 150 mm waveguide spacing, the cracks 

generated by the double waveguides action are connected, and 

the larger the waveguide spacing is, the closer the connected 

cracks between the radiating regions are to the surface of the 

rock; when the waveguide spacing exceeds 150 mm, the cracks 

generated by the double waveguides action are not connected. 

The crack distribution and rock damage characteristics of 

the double-edged cutter at the center position penetrating 12 mm 

after microwave action with different waveguide spacing are 

shown in Fig. 15. Combined with Fig. 13, the comparison found 

that the cracks generated after the penetration of the double-

edged cutter are mainly perpendicular to the direction of the 

double-edged cutter penetration, which is more conducive to the 

promotion of the breaking of the rock between the double-edged 

cutter, induced by the lateral cracks generated by the microwave 

radiation. After a waveguide spacing of 150 mm, the effects of 

thermal damage cracking diminished, producing a small amount 

of longitudinal cracking in the direction of the double-edged 

cutter penetration. As shown in Fig. 18, in the range of 

waveguide spacing from 60mm to 180mm, the rock 

fragmentation area in the center position shows a trend of "first 

up and then down" with the increase of waveguide spacing, and 

the rock fragmentation area reaches the maximum when the 

waveguide spacing is 90mm. At waveguide spacing of 60 mm, 

90 mm, 120 mm, 150 mm, and 180 mm, the breaking area of 

the double-edged cutter in the center position was 3.266×10-3 

m2, 6.802×10-3 m2, 4.862×10-3 m2, 4.438×10-3 m2, 3.456×10-3 

m2, respectively. Compared with the rock-breaking by the 

double-edged cutter with the same cutter spacing before 

microwave radiation, the rock-breaking area increased by 

34.46%, 135.93%, 138.57%, 123.80%, and 85.31%, 

respectively. It can be seen that the microwave assistance can 

greatly improve the rock-breaking area, and in the range of 

waveguide spacing 90mm to 150mm, the extended crack 

produced by the double-edged cutter penetration in the center 

position has a significant effect on the breaking effect on the 

surface of the rock, whereas in the case of the waveguide 

spacing of 60mm and 180mm, due to the irrational arrangement 

of the waveguide and the spacing of the double-edged cutter, 

although it produces a longer lateral crack, it is insufficient in 

the width and depth of the rock-breaking, resulting in  

a relatively poor effect of rock-breaking.

 

a                                                    b     
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Fig. 14. Temperature and crack distribution in the rock after microwave radiation: (a) waveguide spacing: 60mm; (b) waveguide 

spacing: 90mm; (c) waveguide spacing: 120mm; (d) waveguide spacing: 150mm; (e) waveguide spacing: 180mm.  

 

a                                                     b     

 

c                                                      d                                               e  

Fig. 15. Crack distribution in the center position of broken rock at different waveguide spacing after microwave radiation: (a) 

waveguide spacing: 60mm; (b) waveguide spacing: 90mm; (c) waveguide spacing: 120mm; (d) waveguide spacing: 150mm; (e) 

waveguide spacing: 180mm.

The crack distribution and rock fragmentation 

characteristics of the double-edged cutter when penetrating 12 

mm in the inner and outer positions with different waveguide 

spacings are shown in Figs. 16 and 17, respectively. Combined 

with Fig. 18, it is found that the double-edged cutter penetration 

in the inner and outer positions still produces mainly lateral 

cracks perpendicular to the direction of double-edged cutter 

penetration, and the rock fragmentation area in the inner and 

outer positions has the same trend with the increase of 

waveguide spacing. When the waveguide spacing is 90mm, due 

to the close spacing between the waveguide and the double-

edged cutter, the lateral crack extension generated by the 

double-edged cutter penetrating in the inner and outer positions 

is insufficient, and it mainly breakes the rock between and 

below the double-edged cutter, and the rock-breaking area is 

relatively small. With the increase of waveguide spacing, the 

extension length of lateral cracks to both sides increases, which 

makes the rock fragmentation area increase gradually. When the 

waveguide spacing is 150 mm, the rock fragmentation area of 

the inner and outer positions reaches the maximum value of 

7.307×10-3 m2, and 7.221×10-3 m2 respectively. When the 

waveguide spacing is more than 150mm, the rock crack between 

the double-edged cutter is not through when the inner position 

breaks the rock, and no synergistic rock-breaking is formed, 

while when the outer position breaks the rock, although the rock 

crack between the double-edged cutter is through, the depth of 

the rock-breaking is not enough, the rock-breaking effect is poor, 

and the broken area is reduced rapidly. When the waveguide 

spacing is 180 mm, the rock fragmentation area reaches  

a minimum value of 2.166×10-3 m2, and 4.033×10-3 m2 in the 

inner and outer positions, respectively. Comparison with the 

change curves of the rock fragmentation area at the center 

position reveals that the rock fragmentation area in three relative 

positions within the range of waveguide spacing from 90 mm to 

150 mm is greater than 4.032×10-3 m2, which is a better effect 

of rock-breaking. Among them, when the waveguide spacing is 

less than 120mm, the rock fragmentation area of the center 

position is larger than that of the inner and outer positions; when 

the waveguide spacing is 150mm, the rock fragmentation area 

of the inner and outer positions increases rapidly and exceeds 

that of the center position, reaching the maximum rock 

fragmentation area. 
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Fig. 16. Crack distribution in the inner position of broken rock 

at different waveguide spacings after microwave radiation: (a) 

waveguide spacing: 90mm; (b) waveguide spacing: 120mm; 

(c) waveguide spacing: 150mm; (d) waveguide spacing: 

180mm. 

 

Fig. 17. Crack distribution in the outer position of broken rock 

at different waveguide spacings after microwave radiation: (a) 

waveguide spacing: 90mm; (b) waveguide spacing: 120mm; 

(c) waveguide spacing: 150mm; (d) waveguide spacing: 

180mm. 

 

Fig. 18. The change curves of the rock fragmentation area of 

the double-edged cutter in three relative positions with 

different waveguide spacings 

3.4.3. Analysis of rock-breaking efficiency 

To investigate the effect of microwave assistance on the rock-

breaking efficiency of the double-edged cutter, the specific 

energy of rock-breaking of the double-edged cutter is calculated 

according to Eq. (11), and the change curve of the specific 

energy of rock-breaking of the double-edged cutter in the center 

position before and after the microwave radiation is plotted for 

the comparative analysis, as shown in Fig. 19. In the range of 

cutter spacing of 180mm and penetration of 12mm,  before and 

after microwave radiation, different penetration of the double-

edged cutter rock-breaking specific energy with the increase of 

the cutter spacing show a "first lower and then higher" trend, 

when the cutter spacing is 90mm, the rock-breaking specific 

energy is the smallest. Before microwave radiation, the 

variation interval of the rock-breaking specific energy of the 

double-edged cutter is 22.125 MN·m-2 to 48.900 MN·m-2, and 

the variation of the rock-breaking specific energy in the range 

of 150 mm between double-edged cutter is relatively small, with 

the variation range of 2.41% to 30.19%; the variation of rock-

breaking specific energy is relatively large when the cutter 

spacing is greater than 150 mm, and the variation ranges from 

55.59% to 85.28%. After microwave radiation, the variation 

interval of the specific energy of double-edged cutter breaking 

was from 1.836 MN·m-2 to 8.693 MN·m-2 and showed a V-

shaped trend. The degradation of the specific energy of the 

double-edged cutter breaking by microwave assistance is 

calculated according to Eq. (12), as shown in Table 6. In the 

range of cutter spacing of 180mm and penetration of 12mm, the 

decrease of rock-breaking specific energy of the double-edged 

cutter after microwave radiation is between 75.66% and 92.33%, 

and the decrease of rock-breaking specific energy of different 

cutter spacings shows the trend of "rising, then decreasing, then 

rising" with the increase of penetration, and the decrease of 

rock-breaking specific energy of the double-edged cutter with 

penetration of 6mm and 12mm is relatively larger. In particular, 

the reduction of rock-breaking specific energy reaches the 

maximum when the penetration is 6mm, and the reduction is 

90.12%, 88.26%, 92.33%, 88.95%, and 90.51% when the cutter 

spacing is 60m, 90mm, 120mm, 150mm, and 180mm 

respectively. It can be seen that the microwave-assisted can 

greatly reduce the rock-breaking specific energy, and the effect 

on the improvement of the double-edged cutter rock-breaking 
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efficiency is significant.

  

a                                                                                                    b     

Fig. 19. The change curves of rock-breaking specific energy of double-edged cutter in the center position before and after microwave 

radiation: (a) before microwave radiation; (b) after microwave radiation.

Table 6. Specific energy reduction of double-edged cutter 

breaking before and after microwave radiation. 

Penetration 

Cutter spacing 

60mm 90mm 120mm 150mm 180mm 

4mm 86.42% 79.79% 79.44% 77.15% 76.17% 

6mm 90.12% 88.26% 92.33% 88.95% 90.51% 

8mm 86.11% 85.81% 77.86% 79.22% 77.87% 

10mm 81.74% 79.46% 78.16% 75.73% 75.66% 

12mm 87.23% 85.44% 84.98% 84.76% 81.70% 

To investigate the influence law of the relative position of 

microwave and double-edged cutter on the rock-breaking 

efficiency, the change curves of the double-edged cutter rock-

breaking specific energy for three relative positions with 

different waveguide spacing and penetration are recorded and 

plotted, as shown in Fig. 20. Combined with Fig. 19(b), it can 

be seen that: within the range of 12mm penetration, the three 

relative positions show a trend of "first down and then up" with 

the increase of waveguide spacing, and in the simulation 

calculation of the waveguide spacing, the specific energy of the 

double-edged cutter in the center position of the rock-breaking 

reaches a minimum when the waveguide spacing is 90mm; the 

specific energy of the double-edged cutter in the outer position 

and the inner position of the rock-breaking reaches a minimum 

when the waveguide spacing of 150mm. The analysis of the 

rock-breaking specific energy of the three relative positions 

reveals that when the waveguide spacing is 90mm, the rock-

breaking specific energy of the inner position is always smaller 

than that of the outer position within the range of penetration of 

12mm and the change amplitude is small, with the maximum 

difference amplitude being 25.01%; the center position has the 

smallest rock-breaking specific energy, and the magnitude of 

the difference in rock-breaking specific energy increases 

gradually from 10.68% to 47.81% with increasing penetration 

compared to the inner position. In the range of waveguide 

spacing from 90mm to 150mm, the rock-breaking specific 

energy of the center position gradually increases, the inner and 

outer positions gradually decrease, and the rock-breaking 

specific energies of the waveguide spacing of 120mm and 

150mm are the center position, the outer position, and the inner 

position from large to small, respectively. In the range of 

waveguide spacing from 150mm to 180mm, the rock-breaking 

specific energy of the inner and outer positions gradually 

increases, the growth rate is larger than the rock-breaking 

specific energy of the center position, and the rock-breaking 

specific energies of the waveguide spacing of 180mm are the 

inner position, the outer position, and the center position from 

large to small, respectively. The comparison of the minimum 

breaking specific energy of the inner, center, and outer positions 

in the range of 12 mm of penetration reveals that the average 

breaking specific energy of the inner position is the smallest, 

and the average rock-breaking specific energy of the center and 

outer positions is 14.26% and 21.78% higher than that of the 

inner position, respectively.
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a                                                                                b     

 

c                                                                                d     

 

e  

Fig. 20. The change curves of rock-breaking specific energy of double-edged cutter with different relative positions: (a) penetration: 

4 mm; (b) penetration: 6 mm; (c) penetration: 8 mm; (d) penetration: 10 mm; (e) penetration: 12 mm.

3.5. Optimal position analysis 

Based on the studies of three relative positions of the microwave 

and double-edged cutter, it is found that when the waveguide 

spacing is 150 mm, the double-edged cutter achieves the 

maximum rock fragmentation area and the minimum rock-

breaking specific energy in both the inner position and the outer 

position. Therefore, a combined rock-breaking simulation study 

was carried out using a double-edged cutter with different cutter 

spacings and double waveguides with waveguide spacing of 

150 mm to further analyze the optimal position of the 

microwave and double-edged cutter. The double-edged cutter is 
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all arranged with the center line between the waveguides as the 

axis of symmetry, and the cutter spacing is 70mm, 90mm, 

110mm, 130mm, 150mm, 170mm, 190mm, 210mm, and 

230mm, where 130mm, 150mm, and 170mm are the inner, 

center, and outer positions of the microwave radiation area, 

respectively. When the waveguide spacing is 150 mm, the crack 

distribution and the change curves of the area of broken rock 

mass at 12 mm penetration of the double-edged cutter with 

different cutter spacing are shown in Fig. 21 and Fig. 22. Under 

the influence of microwave radiation, the double-edged cutter 

with cutter spacing from 70mm to 230mm produces lateral 

cracks perpendicular to the penetration direction of the double-

edged cutter, and when the cutter spacing is 230mm, the 

damaged cracks in the rock between the disc cutters do not 

penetrate completely and form rock ridges. Combined with Fig. 

23, the change curves of the average normal force and specific 

energy of rock-breaking of double-edged cutter can be seen: due 

to the influence of microwave radiation and cutter spacing, the 

area of broken rock mass, the average normal force of double-

edged cutter and specific energy of rock-breaking show up and 

down oscillatory change trend with the increase of cutter 

spacing. When the double-edged cutter is on the inner side of 

the waveguides ( cutter spacing less than 150mm), the area of 

the broken rock mass shows a trend of "decrease, then increase, 

then decrease again" with the increase of cutter spacing, the 

average normal force and rock-breaking specific energy show a 

trend of "increase, then decrease, then increase" with the 

increase of cutter spacing, and the average normal force reaches 

a minimum when the cutter spacing is 110mm and reaches the 

maximum area of the broken rock mass and the minimum rock-

breaking specific energy when the cutter spacing is 130mm; 

when the double-edged cutter is on the outer side of the 

waveguide ( cutter spacing more than 150mm), the area of the 

broken rock mass shows the trend of "first increase and then 

decrease" with the increase of the cutter spacing, the average 

normal force shows the trend of "first increase and then decrease 

and then increase" with the increase of the cutter spacing, and 

the specific energy of the rock breakage shows the trend of "first 

decrease and then increase" with the increase of the cutter 

spacing, and when the cutter spacing of 190mm to achieve the 

maximum area of broken rock, the minimum average normal 

force and and the minimum rock-breaking specific energy. 

Although the average normal force when the hob breaks rock 

on the outer side of the waveguide is higher than that on the 

inner side of the waveguide, the area of rock broken on the outer 

side of the waveguide is significantly larger than that on the 

inner side of the waveguide within the cutter spacing of 210 mm. 

It is calculated that the average normal force of the double-

edged cutter reaches the minimum when the cutter spacing is 

110mm; the rock-breaking specific energy can reach the 

minimum when the cutter spacing is 130mm; the rock-breaking 

area reaches the maximum when the cutter spacing is 190mm.

 

a                                                                     b                                                              c 

 

d                                                                      e                                                                    f 

Fig. 21. Crack distribution at different cutter spacing for waveguide spacing of 150 mm: (a) cutter spacing: 70mm; (b) cutter spacing: 

90mm; (c) cutter spacing: 110mm; (d) cutter spacing: 190mm; (e) cutter spacing: 210mm; (f) cutter spacing: 230mm. 
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Fig. 22. The change curve of rock fragmentation area at different cutter spacing for waveguide spacing of 150mm. 

 

a                                                                                b     

Fig. 23. The change curves of average normal force and specific energy at different cutter spacings for waveguide spacing of 150 

mm: (a) the change curves of average normal force; (b) the change curve of rock-breaking specific energy.

4. Discussion 

The positional relationship between microwave radiation and 

disc cutter rock-breaking penetration has a significant effect on 

the rock-breaking efficiency, which is an important reference 

value for the design of the mechanical arrangement of 

microwave-assisted TBM disc cutter rock-breaking technology. 

The results of the simulation study show that the maximum 

increase in the area of broken rock for a double-edged cutter 

with a cutter spacing of 180 mm in the range of 12 mm 

penetration before and after the microwave radiation is 138.57%, 

and the maximum decrease in the average normal force and the 

specific energy of rock-breaking is 77.84% and 87.23%, 

respectively. Lu et al. [57] used the power of 2.1kW microwave 

radiation Chifeng basalt, and the use of the reduced-scale SP3-

I TBM cutter to complete the rock-breaking test research, the 

results show that microwave radiation makes the rock-breaking 

volume increased significantly, disc cutter force and rock-

breaking specific energy significantly reduced. Through 

comparative analysis, the simulation study has the same rule of 

change before and after microwave radiation, but due to the 

adjustment of microwave power and radiation time makes the 

input of microwave energy change, and the improvement effect 

in the hob force, rock-breaking, and rock-breaking specific 

energy is different [63].  

On this basis, the relative positional relationship between 

microwave radiation and hob penetration is further analyzed in 

this study. When the double-edged cutter breaks rock at three 

relative positions with different waveguide spacings, normal 

force, rock-breaking area, and rock-breaking specific energy all 

show different patterns of change. The average normal force of 

the double-edged cutter when breaking rock in the center 

position, outer position, and inner position all increased with the 

increase of waveguide spacing in the range of 12 mm 
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penetration. Among them, the average normal force of the 

double-edged cutter when the double-edged cutter penetrates in 

the inner position is always minimized. Combined with the 

characteristics of damage crack distribution, it can be seen that 

the double waveguides radiation rock, has damage cracks in the 

approximate center of the radiation area, and along the 

perpendicular to the direction of the double-edged cutter 

penetration to the surface of the rock. This is because 

microwave radiation makes the temperature distribution of the 

rock decrease from the thermal core to the outside, forming the 

"inner compression, outer tensile" stress distribution [64], while 

the compressive strength of the rock is higher than the tensile 

strength, and the maximum temperature does not reach the rock 

pressure damage or melt damage temperature standard, so in the 

microwave radiation on both sides of the thermal core area 

produces tension-type fracture cracks, while in the microwave 

radiation on both sides of the thermal core area produces 

tension-type fracture cracks. type fracture cracks on both sides 

of the thermal core area of microwave radiation, while no crack 

penetration was formed at the thermal core. When a double-

edged cutter breaks rock in the inner position, the thermal core 

area is not contained within the area between disc cutters. As  

a result, the average normal force required to break the rock is 

lower compared to the center and outer positions. When the 

double-edged cutter penetrates 12 mm in three relative positions, 

the waveguide spacing increases in a certain range to promote 

the increase of rock-breaking area. When the waveguide 

spacing is 90mm, the double-edged cutter reaches the maximum 

rock-breaking area of 6.802×10-3 m2 in the center position; 

when the waveguide spacing is 150mm, the double-edged cutter 

reaches the maximum rock-breaking area of 7.307×10-3 m2 and 

7.221×10-3 m2 in the inner position and outer position, 

respectively; When the waveguide spacing continues to increase, 

although it can produce longer lateral cracks, there are 

deficiencies in the width and depth of rock breakage, resulting 

in relatively poor rock fragmentation and a gradual decrease in 

the rock-breaking area. This law is consistent with the results of 

Lu et al. [34] and Hartlieb et al. [58] for the effect of microwave 

radiation affecting rock-breaking by disc cutter. The rock-

breaking efficiency of different positions is analyzed according 

to the calculation of rock-breaking specific energy, and it is 

shown that the center position reaches the minimum rock-

breaking specific energy when the waveguide spacing is 90 mm; 

the inner outer and outer positions reach the minimum rock-

breaking specific energy when the waveguide spacing is 150 

mm.  

To further investigate the optimal arrangement of 

microwave and double-edged cutter, a double-edged cutter with 

different cutter spacing and double waveguides with 150 mm 

spacing were used to study the joint rock-breaking. The results 

show that the average normal force of the double-edged cutter, 

the area of the broken rock mass, and the specific energy of 

rock-breaking all show upward and downward oscillatory 

changes with the increase of the cutter spacing under the 

influence of microwave radiation. When the cutter spacing is 

110mm to achieve the minimum average normal force; when 

the cutter spacing is 130mm to achieve the minimum rock-

breaking specific energy; when the cutter spacing is 190mm to 

achieve the maximum rock-breaking area, and to a certain 

extent can reduce the amount of cutting tools. Considering the 

comprehensive rock-breaking efficiency and economic benefits, 

when deciding the cutter spacing, it should be selected 

according to the specific conditions and actual needs of 

engineering applications. 

The study for microwave radiation simulation study is based 

on the assumption that microwave energy are absorbed by the 

rock minerals within the radiation range and generate heat 

energy to cause damage, is an ideal state of the simulation model. 

In practical engineering applications, microwave energy loss 

must exist, and the loss rate and engineering geological 

environment, mineral absorption capacity, waveguide radiation 

location and other factors are closely related. Therefore, in-

depth research in combination with the actual working 

conditions needs to fully consider the influence of related 

factors. In addition, this study on the positional relationship 

between microwave radiation and double-edged cutter 

penetration also lacks the exploration of microwave radiation 

parameters, waveguide size, rock type and disc cutter type and 

other variables, and the application of microwave-assisted TBM 

disc cutter rock-breaking technology is still to be explored in 

depth. 

5. Conclusions 

To investigate the influence of the positional relationship 
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between microwave and double-edged cutter on the rock-

breaking effect, the study uses the discrete element procedure 

(PFC) to establish a microwave-assisted double-edged cutter 

rock-breaking model based on the temperature change, strength 

damage, and cracking characteristics of granite before and after 

the microwave. Taking the double-edged cutter load, crack 

extension, and rock-breaking efficiency as the research indexes, 

the three relative positions of the double-edged cutter at 

different waveguide spacing are explored while analyzing the 

microwave-assisted improvement of the rock-breaking effect. 

Given the results of the relative position, a double-edged cutter 

with different spacing and a double waveguides with a spacing 

of 150mm are used for joint rock-breaking to deeply explore the 

optimal position of microwave and double-edged cutter action, 

yielding the following main findings: 

(1) Comparative analysis of the rock-breaking effect of  

a double-edged cutter in the center position before and after 

microwave radiation reveals that microwave radiation produces 

lateral cracks perpendicular to the penetration direction of the 

double-edged cutter, which has a significant effect on the 

increase of the rock-breaking area, the decrease of the average 

normal force of the double-edged cutter and the rock-breaking 

specific energy. The maximum increase in the rock-breaking 

area of the double-edged cutter Within a cutter spacing of 180 

mm is 138.57% when the double-edged cutters penetrates 

12mm before and after the microwave radiation, and the 

maximum decrease in the average normal force and rock-

breaking specific energy is 77.84% and 87.23%, respectively. 

(2) The positional relationship between microwave radiation 

and double-edged cutter penetration has a significant effect on 

rock-breaking effectiveness. When the double-edged cutter 

breaks rock-breaking in three relative positions, the average 

normal force of the double-edged cutter increases with the 

increase of waveguide spacing, and the average normal force of 

the double-edged cutter in the inner position is always smaller 

than that in the center position and the outer position; the area 

of rock-breaking with the increase of waveguide spacing shows 

the trend of "increasing first and then decreasing later" and 

reaches the maximum in the center position at waveguide 

spacing of 90mm; the maximum in the inner position and the 

outer position at waveguide spacing of 150mm; the specific 

energy of rock-breaking with the waveguide spacing of 150mm; 

and the maximum in the inner and outer positions at waveguide 

spacing of 150mm. The rock-breaking specific energy shows  

a trend of "decreasing first and then increasing" with the 

increase of waveguide spacing, and the center position reaches 

the minimum rock-breaking specific energy when the 

waveguide spacing is 90mm, and the inner position and outer 

position reach the minimum rock-breaking specific energy 

when the waveguide spacing is 150mm. The center position 

reaches the minimum breaking specific energy when the 

waveguide spacing is 90mm; the inner and outer positions reach 

the minimum breaking specific energy when the waveguide 

spacing is 150mm. 

(3) When the waveguide spacing is 150mm, the average 

normal force of the double-edged cutter, the area of rock-

breaking and the rock-breaking specific energy all show up and 

down oscillating trends with the increase of the cutter spacing. 

The minimum average normal force is achieved when the cutter 

spacing of 110mm is selected; the minimum rock-breaking 

specific energy is achieved when the cutter spacing of 130mm 

is selected; the maximum rock-breaking area is achieved when 

the cutter spacing of 190mm is selected and the total number of 

disc cutter equipped in the cutter plate is the smallest. 

Considering the comprehensive rock-breaking efficiency and 

economic benefits, the optimal cutter spacing needs to be 

selected according to the specific conditions and actual needs of 

engineering applications.
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