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Abstract
The mining industry is heavily dependent on energy-intensive processes, such as rock break-
age, which leads to significant operational costs. This paper explores microwave-assisted rock
breakage as an innovativemethod to enhance the efficiency of comminutionwithin themining
industry. It introduces a system that employs a Klystron microwave power source with a max-
imum output of 7.5MW, using a TM010 single-mode cavity at 3GHz, to channel energy inside
a specially designed rock cavity. The paper emphasizes the importance of designing an effi-
cientmicrowave cavity for this system, focusing on the cavity’s design and simulation.Through
both simulated results (using HFSS software) and experimental observations, the study reveals
the promising application of microwave technology in the field of mining. The simulated fre-
quency response of the designed cavity (S11) is −22 dB, it demonstrates significant potential
for reducing both energy consumption and associated costs. Additionally, the designed cavity
is fabricated from aluminum and filled with polyether ether ketone material. The measured
frequency response (S11) of the cavity at 3GHz is −17 dB.

Introduction

The mining industry is recognized as one of the most energy-consuming sectors, faces chal-
lenges in reducing both energy consumption and operational costs during the rock breakage
process, a critical step in mineral extraction. An earlier version of this paper was presented at
the SMWD 2023 Conference [1]. Microwave-assisted rock breakage has recently emerged as a
promisingmethod to enhance comminution efficiency inmining operations.While microwave
technology has been extensively explored for various applications, such as mineral processing,
food industry, and healthcare, its potential in rock breakage has remained largely unexplored
until recently [2]. This innovative approach seeks to break down rocks using high-power
microwave sources, generating thermal stress and inducing fractures without the need for
traditional mechanical methods. The integration of microwaves into rock breakage processes
has the potential to reduce environmental impacts, enhance safety, and increase productiv-
ity [3]. Microwave-assisted rock breakage utilizes high-power microwave sources to induce
thermal stress within rocks, leading them to fracture without relying on conventional mechan-
ical techniques.This groundbreaking approach carries the potential to diminish environmental
impacts, elevate operational safety, and amplify overall productivity in mining operations [3].
As the world seeks sustainable alternatives for traditional rock breakage methods, this cutting-
edge technology presents a significant opportunity to instigate positive transformation within
the industry. The application of microwaves for rock breakage, particularly in deep strata
exploration, offers immense potential. Preconditioning rocks with microwave treatment can
significantly increase the efficiency ofmechanical cutting tools, such as tunnel boringmachines.
Furthermore, microwave-assisted rock breakage can reduce energy consumption and enhance
drilling efficiency. An understanding of the fracture behavior and temperature rise charac-
teristics of rocks in the microwave field is essential for optimizing microwave-assisted rock
breakage systems [4]. This understanding provides valuable insights into the feasibility and
cost-effectiveness of this innovative technology in the mining industry [3]. As a result, diverse
microwave-assisted rock breakage systems are being proposed, utilizing variousmicrowave cav-
ities with differing resonant frequencies and power levels. Various studies have investigated the
weakening and fracture characteristics of different rock types, including basalt, gabbro, and
granite, in the microwave field. Experiments have been conducted to evaluate the impact of
microwave power and irradiation time on the mechanical properties of these hard rocks [4].
Pre-conditioning rocks with microwaves prior to mechanical breakage has shown potential for
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reducing both energy consumption and environmental impacts.
Thus, realizing the full potential of microwave-assisted rock break-
age requires addressing several challenges, including the efficient
application of microwaves, precise modeling, and optimization
of the microwave feeder arrangement. Thoroughly understanding
and accurately evaluating parameters, such as dielectric properties,
thermal and electrical characteristics, and microwave efficiency
makes it possible to design and implement economically viable
microwave-assisted rock breakage systems [3]. In this paper, an
efficient single-mode TM010 cavity is designed as an applicator in
a high power microwave-assisted rock comminution system. This
work focuses on granite rocks as the target sample. To investigate
the electromagnetic behavior of granite rocks, we measure their
permittivity using both the reflection method and the developed
Kajfez’ algorithm. Therefore, an efficient single-mode TM010 cav-
ity which filled by polyether ether ketone (PEEK) to centralize
maximum E-field in samples is designed. Also, the simulation and
measurement results are reported.

Material characterization

The investigation of permittivity in granite rock is a significant
undertaking aimed at characterizing its electromagnetic proper-
ties. This measurement plays a pivotal role in understanding the
material behavior in the study of rock breaking, contributing to a
more comprehensive insight into this field.

Permittivity measurement

Many microwave-based techniques have been developed to mea-
sure the exact complex permittivity at specific frequencies for
non-destructive testing [5, 6]. One of the critical parameters in
measuring the permittivity of the complex is the accuratemeasure-
ment of the quality factor, or Q-factor. The use of the reflection
method is one approach that has been introduced for this purpose.
In this method, an RF signal is transmitted through a transmission
line to the cavity. The impedance mismatch between the transmis-
sion line and the cavity results in a reflection of part of the signal.
The reflection coefficient is thenmeasured across a frequency range
using a vector network analyzer. In this study, the Kajfez’ algo-
rithm is developed in Python to extract the Q-factor of the cavity
and calculate the complex permittivity. The experimentally mea-
sured S11 is fitted using the Kajfez’ algorithm to determine the
reflection coefficient of the cavity and extract the quality factor [6].
In this work, various granite rock samples are measured using a
high Q-factor TM010 single-mode resonance cavity at 2.45GHz to
investigate their electromagnetic behavior. The permittivity of dif-
ferent granite rock samples are measured employing the reflection
method, coupled with a specially developed Kajfez algorithm. The
single-mode TM010 resonance cavity operating at 2.45GHz, which
is used to accurately measure the complex permittivity of the gran-
ite rock is illustrated in Fig. 1. Additionally, an Agilent network
analyzer is utilized to measure the s-parameters, and a PC is used
to extract the exact values through the developed algorithm.

Resonant cavities are microwave devices that resonate at a
desired frequency with a high Q-factor, and they are utilized to
measure the exact value of the complex permittivity (𝜀 = 𝜀′ − j𝜀″)
of materials.The single-mode resonance cavity serves this purpose
in the dominant resonance mode [7]. The algorithm developed by
Kajfez is designed to estimate the complex permittivity of a sample
using a resonance cavity and the reflection coefficient (S11) mea-
surement method [6]. In this approach, the resonance frequency

Figure 1. TM010 single mode cavity for granite rock’s complex permittivity
measurement.

(fl) and Q-factor (Q0) of the cavity are measured both with and
without the sample. The dielectric constant (𝜀′) and dielectric loss
(𝜀″) are calculated using equations (1) and (2) [8, 9], where Vc and
Vs are the volume of the cavity and sample, f 0 and fs are the reso-
nance frequency of the cavity with and without sample, and QLs,
and QL0 represent the Q-factor of the empty and loaded cavity,
calculated using Kajfez’s algorithm. The constant values are deter-
mined through the perturbation technique, as detailed in [8, 9]. So,
for cylindrical cavities and samples, the volume can be replace with
𝜋r2 [10].

𝜀′ = 1 + 0.539
Vc (f0 − fs)

Vsf0
, (1)

𝜀″ = 0.269 × Vc
Vs

× ( 1
QLS

− 1
QL

) . (2)

So,

tan 𝛿 = 𝜀″

𝜀′ . (3)

Using above literature, to improve accuracy of complex permit-
tivity measurement, the Kajfez’s algorithm developed in Python
is used in this work. The developed algorithm could be used for
calculating Q-factor using lower points and narrower resonance
band [12].

Permittivity measurement results

In our designs, an average value for granite permittivity is con-
sidered that calculated using measurements from three kinds of
available granite rock samples, as shown in Fig. 2. For the ini-
tial step of measuring the resonance frequency and Q-factor of
the samples, the provided granite samples were placed in the
middle of the cavity (as illustrated in Fig. 1). Additionally, Fig. 2
illustrates the measured reflection coefficients (S11) for both the
empty cavity and the cavity loaded with samples. These mea-
surements are conducted using an Agilent network analyzer
N5221A.

The fitted graphs by the developed algorithm for the reflec-
tion coefficient of empty cavity and loaded by rock samples are
shown in Fig. 3. The extracted values of resonance frequency
and quality factor for each samples are presented in Table 1.
In addition, the complex permittivity permeability are calculated
using (1)–(3), these values are given in the table. According to the
measured values, an average value can be used to simulate and
analyze the electromagnetic behavior of granite rock that is equal
to 4−j0.52.
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Figure 2. Granite rock samples with different mixture of minerals and measured S11 and resonance frequencies for air and granite rock samples.

Figure 3. Fitted the reflection coefficient graphs using
the developed algorithm for calculating Q-factor of empty
and loaded cavity.

Table 1. Extracted and calculated values for Q-factor (Q0), resonance frequency
(fres), and complex permittivity

Air Sample 1 Sample 2 Sample 3 Avg. value

Q0 6092.4 163.9 95.0 112.96 –

fres 2.48GHz 1.91GHz 1.86GHz 1.9 GHz –

𝜖′ – 3.86 4.14 4.00 4.00

𝜖′ – 0.037 0.065 0.055 0.052

tan 𝛿 – 0.0096 0.0157 0.0137 0.013

Applicator design

The applicators play a key role in microwave heating systems.They
involve two different types of applicators or cavities: single-mode
and multi-mode, each with different heating mechanisms. Single-
mode microwave irradiation, known for its ability to effectively
focus microwaves and induce rapid heating, is typically employed
for localized effects such as heating and cracking on material
surfaces. This makes it particularly suitable when coupled with
rock cutting tools like drills and boreholes or when rock frag-
mentations are needed for downstream processes. Multi-mode
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Figure 4. (a) Designed single-mode TM010 cavity at 3 GHz. (b) Cross section of
designed cavity.

microwave irradiation is employed for volumetric heating of rocks,
serving a more generalized purpose, especially in the mineral
processing industry. The distinction between single-mode and
multi-mode cavities reflects the varied applications and mecha-
nisms that microwaves offer, from precise localized treatments to
more extensive industrial processes [3, 11, 13, 14]. The single-
mode microwave cavity consists of a metallic enclosure and a
waveguide as a coupling port. These metallic parts are designed
in such a way that the polarization of the electromagnetic field
from the microwave signal creates a well-defined standing wave
pattern in the cavity space. This specific pattern, characterized
by single-mode cavities, allows focusing microwaves in a small
volume, and creating a high electric field. Since the electric field
and power density are directly proportional, single-mode cavi-
ties enable rapid heating, allowing the dielectric material (such as
rock) to be placed in positions where maximum heating rates and
subsequent maximum mechanical stresses can be achieved [14].
Therefore, designing a single-mode applicator and concentrating
the maximum electric field in the center of the granite sample will
be the best choice for designing an optimal rock comminution

Table 2. Breakdown voltage of used materials in the designed cavity [15]

Material Breakdown voltage

Air 3 × 106

PEEK 2.3 × 107

PTFE 2 × 107

Granite 1.15 × 107

Figure 5. Frequency response (S11) of the designed cavity.

system. In this research, a TM010 single mode cavity at 3GHz is
designed as an efficient microwave applicator. The designed appli-
cator is shown in Fig. 4. It can be seen, the designed applicator
consists of aTM010 cylindrical cavity, aWR340waveguide coupling
port, a granite rock sample, fixing pieces, and a sample holder. Also,
the resonance frequency of a TM01l single-mode cylindrical cavity

Figure 6. E-field distribution inside the granite rock sample for different microwave
powers irradiated at 3 GHz.

Figure 7. Maximum E-field (V/m) inside the granite vs. exposed microwave power
inside the TM010 cavity.
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Figure 8. (a) Fabricated TM010 cavity. (b) Measured frequency response (S11).

are calculated using [7]:

fnml = c
2𝜋√𝜖′𝜇′

√(Pnm
a )

2
+ ( l𝜋

d )
2
, (4)

where a and d are radius and height of cavity which filled by
dielectric material with 𝜀′ and 𝜇′ characteristics. Also, n, m, and l
represent the dominant mode of cavity and Pnm is a constant value
which is 2.405 for TM01l [7].

As shown in Fig. 4, the granite rock sample is placed in themid-
dle of the cavity using a dielectric holder. This material is chosen
based on the very high electric field density inside the single-mode
cavities. To use the cavity for studying rock comminution, paying
attention to the breakdown voltage of the material inside the cavity
is important for this process.Therefore, PEEKmaterial with higher
breakdown voltage than air and rock sample is a good choice to fill
the space inside the cavity and keep the rock sample in the cen-
ter of the cavity. In addition, to compensate the dimensions of the
samples and adjust the resonance frequency, small pieces of PTFE
have been used inside the sample place. The breakdown voltage of
the materials used in the cavity is shown in Table 2.

The designed cavity is simulated using HFSS software and its
E-field and frequency response (S11 = −22 dB) are illustrated in
Fig. 5.

Simulation results

Thegranite rock sample has been fixed in the center of the designed
cavity using the PEEK holder. The distribution of the electric field
inside the granite rock sample for differentmicrowave powers radi-
ated at a frequency of 3GHz is shown in Fig. 6. As can be seen,
the maximum of the electric field is concentrated in the center of
the granite rock, which will cause it to be crushed if it reaches the
breakdown voltage level. The maximum electric field in the center
of the granite sample is given in Fig. 6.

The maximum electric field in the center of the granite sample,
in terms of the amount of radiated power inside the cavity at a fre-
quency of 3GHz, is shown in Fig. 7. If the breakdown voltage of
granite rock considered as the electric field required to crush the
rock [16], it can be seen that by radiating approximately 4.5mWof
microwave power inside the cavity, this level of electric field will be
generatedwithin the rock. Before reaching this electric field thresh-
old, the temperature difference created in various compositions of

the granite stone will increase the mechanical stress, initiating the
crushing process.

Experimental results

The fabricated cavity is illustrated in Fig. 8(a), and its frequency
response (S11) is measured using a network analyzer. Considering
mechanical fabrication tolerances, an IRIS is employed to optimize
the frequency response. The experimental results are presented in
Fig. 8(b). The frequency response (S11) of the optimized fabricated
cavity at 3GHz is approximately −17 dB, as shown in Fig. 8(b).

Conclusion

The exploration and development of microwave-assisted rock
breakage within the mining industry offer a promising avenue for
enhancing efficiency and reducing energy consumption. By utiliz-
ing a 7.5MW Klystron microwave power source and introducing
a TM010 single mode cavity at 3 GHz, this study has demonstrated
the feasibility of applying microwave technology for rock break-
age. The design, simulation, and experimental validation of the
microwave cavity have proven effective, with measured frequency
responses in line with expectations.This research contributes a sig-
nificant step toward the practical application of microwave energy
inmining processes, opening newpossibilities formore sustainable
and economically viable methods within the industry.
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