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Microwave heating is a promising assisted rock-breakage technology. However, 
the non-uniform temperature distribution in microwave-heated rocks has not been 
quantitatively studied. In this work, the microwave heating experiment with power 
ranging from 1.5-7.5 kW was conducted to investigate the fracturing and heating 
characteristics of basalt. The results show that the fracture time of basalt decreases 
non-linearly with increasing power, while the surface temperature increases linearly 
with irradiation time. For a fixed time, the uniformity of temperature distribution is 
more affected by power, while for a fixed input energy, the uniformity remains essen-
tially unchanged. Increasing microwave power is more effective in enhancing the 
non-uniformity of temperature distribution and the increase of thermal stress.
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Introduction

The excessive consumption of primary energy on Earth necessitates the exploration 
of deep Earth as one of the effective ways to alleviate energy conflicts [1-3]. The high strength 
of deep rock mass leads to issues such as cutter wear, cutting failure, and reduced tunneling 
speed during mechanical excavation [4], significantly limiting the development and utilization 
of deep resources. Microwave technology, known for its high efficiency and environmental 
friendliness, is considered a promising assisted rock-breakage technology [5]. Using micro-
wave pretreatment to weaken the mechanical properties of rocks could effectively improve 
excavation efficiency [6].

Essentially, the thermal effect of microwave is the primary reason for rock fragmen-
tation. When the thermal stress induced by thermal mismatch and thermal gradient reaches the 
rock’s ultimate tensile/shear strength, the fracture occurs [7, 8]. This is related to the mineralo-
gy, spatial position, size, and water content of the heated material [9-12]. The study of the im-
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pact of microwave thermal effects on rock mechanical parameters is mostly conducted through 
laboratory experiments and numerical simulations. Pressacco et al. [13] conducted microwave 
treatment on granite through numerical simulation. The results showed that the main reason for 
the weakening of granite strength by microwave is the temperature increase. Kahraman et al. 
[9] conducted microwave treatment on nine types of igneous rocks and verified that strength 
loss depends on factors such as microwave power, irradiation time, and mineralogy, which 
affect the heating degree of igneous rocks. Ahmadihosseini et al. [14] found that the real part 
of the dielectric constant changes the temperature distribution in basalt. At the same output 
energy, higher power generates higher temperature in the samples, which is beneficial for rock 
fracturing. Meanwhile Sun et al. [15] quantitatively described the relationship between granite 
fracturing and temperature using infrared monitoring.

The aforementioned studies have promoted the research on the characteristics and mech-
anisms of microwave-assisted rock breakage under microwave thermal effects. However, there 
is still a lack of quantitative research on the non-uniform temperature distribution characteristics 
of basalt in a multimode applicator, and the mechanism of microwave-induced rock fracturing 
needs further exploration from a temperature perspective. Therefore, the purpose of this work is 
to quantitatively investigate the temperature distribution characteristics of basalt, revealing the 
mechanism of microwave-induced rock fracturing from the perspective of microwave thermal 
effects, thus providing a theoretical basis for the efficient development of deep resources.

Experiment method and procedure

Material properties and sample preparation

The rock material used in this work is ba-
salt, sourced from Guangdong Province, China. 
All specimens were taken from the same rock 
mass and processed into standard cylindrical 
specimens of Ø50 mm × 100 mm. The orthog-
onal polarized light microphotograph is shown 
in fig. 1. Petrographic analysis revealed that the 
mineral composition of the basalt is 37% py-
roxene, 59% plagioclase, and 2% olivine. It has 
a density of 2710 kg/m3, a P-wave velocity of  
5556 m/s and a uniaxial compressive strength 
of 207.7 MPa.

Testing system and scheme design

The microwave experiment was conducted using a self-developed industrial microwave 
testing system, as shown in fig. 2, with an adjustable output power of 0-15 kW and an output 
frequency of 2.45 GHz. The testing system consists of a microwave power supply, microwave 
generator, WR340 waveguide, impedance tuner, water load, and multimode cavity applicator. 

To study the effect of microwave power on the temperature characteristics of ba-
salt, microwave heating tests were conducted on the specimens with power ranging from  
1.5-7.5 kW. The microwave irradiation was stopped when the camera observed molten minerals 
on the specimen surface. It should be noted that before the microwave experiment, the spec-
imens were subjected to a drying treatment, where the specimens were continuously dried at  
80 ℃ for 48 hours in a constant temperature drying oven to eliminate the effect of open pore 
water on microwave heating.

Figure 1. Petrographic microphotograph of 
basalt: Px – pyroxene and Pl – plagioclase
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Figure 2. Testing devices and procedures

Results and discussion

Basalt fracturing and heating characteristics in microwave field

The fracture results of basalt under different microwave power are shown in fig. 3(a). 
Therefore, based on the observed melt phenomena, the fracture times of the specimens at dif-
ferent power levels were 677 seconds, 178 seconds, 106 seconds, 68 seconds, and 50 sec-
onds. With the increase in microwave power, the fracture times decreased by 73.71%, 40.45%, 
35.85%, and 26.47%. The most significant reduction in fracture time occurred when the power 
increased from 1.5-3 kW, after which the rate of reduction gradually slowed, showing a non-lin-
ear trend. Overall, when the microwave power increased from 1.5-7.5 kW, the fracture time of 
basalt was reduced by a total of 92.61%.

Figure 3. Fracturing and heating results of basalt;  
(a) fracture time, (b) 1.5 kW, (c) 3.0 kW, (d) 4.5 kW, (e) 6.0 kW, and (f) 7.5 kW
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The heating characteristics of basalt is shown in figs. 3(b)-3(f). Overall, the surface tem-
perature shows an approximately linear growth trend. Under 1.5 kW, the maximum and average 
temperature initially rose rapidly, slowed down after 120 seconds, and showed a steep increase 
after 600 seconds, which is related to the appearance of molten minerals. At 210 seconds, surface 
microcracks were observed, and it is speculated that the fluctuation in heating rate is related to the 
evaporation of internal pore water carrying away heat. Before the final fracturing, the monitored 
maximum and average temperature were 924.9 °C and 534.8 °C, with heating rate of 1.11 °C 
per seconds and 0.7 °C per seconds. Under 3.0 kW, the maximum and average temperature were 
924.9 °C and 496.3 °C, with heating rate increasing to 4.54 °C per seconds and 2.45 °C per sec-
onds. Microcracks appeared on the surface at 30 seconds and further developed thereafter. Under 
4.5 kW and 6.0 kW, molten minerals flowed out from the bottom of the specimens, but the heat-
ing rate was as high as 12.36 °C per seconds at 6.0 kW and 8.21 °C per seconds at 4.5 kW, with 
no microcracks observed on the surface. Under 7.5 kW, the specimen thermal responded most 
violently, with molten minerals almost splashing out. Evaporation of water was observed just 10 
seconds after microwave irradiation, and the evaporation sites coincided with the crack locations, 
indicating that water promotes in promoting crack formation. The surface temperature was 746.2 
°C and 426.8 °C, with heating rate of 12.77 °C per seconds and 7.5 °C per seconds. The maximum 
heating rate did not significantly increase compared to 6.0 kW, further indicating that the thermal 
sensitivity of basalt to high power microwave mainly occurs inside the basalt.

In addition, it could be observed that the locations of molten minerals in basalt are 
consistent at different power levels, all situated in the middle to lower part of the specimens, 
indicating that when the rock type is determined, the electric field distribution characteristics 
in the applicator are basically the same. As the microwave power increases, the forms in which 
molten minerals appear could be categorized as calm, flowing out, and splashing. These phe-
nomena to some extent reflect the magnitude of thermal stress generated after mineral phase 
transformation.

Uniformity of temperature distribution

To quantify the non-uniformity of the basalt temperature distribution, the temperature 
coefficient of variation, COVT, was utilized. This coefficient reflects the internal damage to a 
certain extent:
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where Ti is the temperature at a point, T̄  – the average temperature, and N – the number of 
points. A higher COVT value indicates a more non-uniform temperature distribution.

The evolution of COVT values of basalt under different power levels is shown in fig. 
4. When t = 30 seconds, with the increase of microwave power, the COVT value first increased 
and then decreased, reaching a maximum of 0.43 at 3 kW, and only 0.23 kW at 7.5 kW. When 
the power exceeded 4.5 kW, the trend of COVT change significantly slowed down. When the 
microwave output energy was 225 kJ, the COVT value still maintained the trend of first rising 
and then falling, but the maximum difference is only 0.05. When the power exceeded 4.5 kW, 
the COVT value basically no longer changed. The COVT value of 3 kW was still the highest, at 
0.28, but the difference from the COVT values under other conditions was tiny. As the irradia-
tion time increased, the COVT value showed a V shaped trend. The change in COVT value could 
be explained by three reasons: First, due to the influence of convective heat transfer with air and 
heat transfer between minerals, the temperature distribution tended to become uniform, causing 
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the COVT value to decrease. Second, the evaporation of pore water carried away part of the heat, 
increasing the uniformity of temperature distribution and causing the COVT value to decrease.
Third, the mineral phase transformation, where the outflow of molten minerals caused a signif-
icant rise in regional temperature, increased the non-uniformity of temperature distribution and 
caused the COVT value to increase.

Figure 4. Coefficient of variation evolution law of basalt;  
(a) power, (b) 1.5 kW, (c) 3 kW, (d) 4.5 kW, (e) 6.0 kW, and (f) 7.5 kW

The uneven distribution of the electric field in the applicator caused significant hot 
and cold zone effects on the surface of basalt, as shown in fig. 5. When the irradiation time is 
30 seconds, an increase in microwave power leads to a greater range of temperature non-uni-
formity. The reason is that as microwave power increased, the heating rate of the specimen 
significantly increased, creating more new cracks within the same time. These cracks acted as 
channels for water to escape, carrying away a large amount of heat from the hot zone, which is 
the main reason for the decrease in the COVT value from 3.0-4.5 kW.

Figure 5. Infrared images of basalt heated for 30 seconds

Conclusion

Based on the infrared thermal imager, the non-uniform temperature distribution char-
acteristics of basalt in the microwave field were quantitatively revealed. As microwave power 
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increases from 1.5-7.5 kW, the fracture time of basalt decreases non-linearly, with a total reduc-
tion of 92.61%. The surface temperature has a linear relationship with the irradiation time. The 
temperature uniformity is mainly influenced by the distribution of the electric field, water, and 
heat transfer. When the irradiation time is constant, the uniformity value is more affected by 
microwave power. For the fixed input energy, there is no significant difference in temperature 
distribution uniformity.
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Nomenclature
Ti – temperature at a point, [°C]     T – average temperature, [°C]
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