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Abstract

To study the effect of microwave on the weakening mechanism of hard rock, uniaxial compression tests were conducted on
granite samples after microwave treatment, and an acoustic emission system was established to monitor the fracture evolu-
tion in such rock samples. The effects of microwave irradiation on the stress—strain curve, acoustic emission characteristics,
and energy dissipation characteristics of granite were investigated in the experiment. The results show that: (1) With the
continuous increase of microwave irradiation power and time, the compaction stage and crack development stage of the
sample gradually increase, and the elastic stage gradually becomes shorter; the trend of post-peak stress drop becomes
slower, changing from “cliff type” to multi-step type “. The failure of the sample indicates that they become less brittle
and more ductile; (2) Microwave irradiation reduces the strength. The overall acoustic emission count rate is weak before
the peak and increases rapidly near the peak. The count rate has also changed from sparse to dense, and with the increase
in the irradiation power and time, the total acoustic emission count rate increases; (3) From the energy point of view, the
weakening of granite by microwave irradiation will not only decrease the energy-storage limit of granite and increase the
proportion of dissipated energy in the failure process, but also decrease the rate of release of elastic energy after the peak.
Therefore, microwave irradiation will not only reduce the mechanical energy dissipated during damage, but also reduce the
intensity of potential dynamic disasters.

Keywords Rock mechanics - Microwave heating - Uniaxial compression - Mechanical properties - Acoustic emission
characteristics - Energy dissipation

Introduction of non-linearity, especially in a high ground stress environ-

ment, the disturbance response of raw rock to blasting is

With the increasing depletion of global shallow gold
resources, many gold enterprises have entered the stage of
kilometre-level or even deeper mining, such as the Mponeng
gold mine in South Africa, where the depth of the mine
shaft reaches 4530 m, and its ore body is buried deeper than
7500 m. At present, the main rock-breaking methods for gold
mining are blasting and mechanical methods, which account
for more than 90% (Xi-bing et al. 2010). Compared with
shallow mining, the mechanical response of rock mass in
deep complex geological environment exhibits a high degree
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further amplified, and it is easy to induce dynamic disasters
such as loosening, spalling, and throwing of adjacent rock
mass; meanwhile, the high stress increases the uniaxial com-
pressive strength (UCS), tensile strength (BTS), wear resist-
ance (CAI) of the rock mass, etc. This makes mechanical
cutting and crushing more difficult; not only is the efficiency
of rock-breaking low, but tool wear is also more severe.

In recent years, with the rapid development of microwave
technology, many scholars have introduced microwave tech-
nology into the field of mining engineering. The research
on microwave-assisted rock breaking can be traced back to
the 1970s, when Gushchin et al. (1979) and Protasov et al.
(1984) designed a road heading machine that combined the
advantages of microwave and mechanical rock breaking.
Since then, with the improvement of the working perfor-
mance of tunnelling machinery, research into microwave-
assisted rock breaking technology has not been continued.

@ Springer


http://orcid.org/0000-0002-0419-9913
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-022-10532-4&domain=pdf

415 Page2of10

Environmental Earth Sciences (2022) 81: 415

Until the increase of major construction projects such as
underground dark matter laboratory, national defence
engineering construction, and space mining exploration,
microwave-assisted rock breaking technology has gradu-
ally become a focus of much research today. Hassani 2011,
2012, 2016; Satish et al. (2006); Nekoovaght et al. (2014)
investigated the changes in the mechanical properties of rock
under microwave irradiation, and the feasibility of micro-
wave-assisted mechanical rock breaking in space mining was
explored based on experiments and numerical simulations.

Microwave rock breaking utilises the different microwave
absorption capacities of various minerals within the rock
mass to generate an internal temperature gradient. When the
generated thermal stress exceeds the chemical bond-strength
in the mineral crystal or the cementing force between the
crystals, it causes the minerals to fracture along or through
the crystal, resulting in microscopic and macroscopic cracks
within the specimen (Li et al. 2017). In the last two decades,
scholars have conducted much research into the weakening
effect of microwave heating paths on rocks. It was found that
with the increase of microwave irradiation power and time,
the macroscopic and microscopic cracking of rock increased,
and the uniaxial compressive strength (Lu 2019a, b), tensile
strength (Hassani et al. 2016), and point load strength (Has-
sani et al. 2016) decreased. Moreover, at a certain applied
irradiation power, with the increase of the microwave irra-
diation time, the decrease in rock strength tends to be slight
(Qinhua et al. 2020). In addition, researchers also studied
these effects from the perspectives of rock mineral types and
content (Batchelor et al. 2015; Motlagh et al. 2009), particle
size (Rizmanoski et al. 2011), water content (Peinsitt et al.
2010; Jun et al. 2020), etc.

In summary, most existing studies have assessed the influ-
ence of microwaves on the mechanical properties of the rock
from the perspective of the stress—strain curve after micro-
wave heating treatment, and few studies have reported on the
damage evolution and its strain energy conversion mecha-
nism in the process of rock failure. In the present research
uniaxial compression tests on granite treated by microwave
heating were conducted, and the internal damage of the rock
samples was monitored in real-time by an acoustic emission
system. In addition, the mechanism of microwave weaken-
ing of granite was revealed from the perspective of acoustic
emission characteristics and energy dissipation law.

Test programme
Equipment

The microwave heating equipment used in this experi-
ment is an RWLM6 microwave high-temperature heating
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Fig.1 RWLMG6 microwave high-temperature heating furnace

Fig.2 GAW-2000 electro-hydraulic triaxial testing machine

furnace, the output power of the equipment is continu-
ously adjustable from 0.1 to 6.49 kW, and the microwave
frequency is 2.45 GHz +25 MHz; its internal cavity
measures 150 mm X 150 mm X 110 mm, equipped with
a microwave detector and probe, which can accurately
monitor the surface temperature of the material in real-
time. The experimental uniaxial compression uses a Ris-
ing Sun GAW-2000 microcomputer controlled electro-
hydraulic servo-controlled rigid pressure testing machine.
The equipment used in the experiment is shown in Figs. 1
and 2.



Environmental Earth Sciences (2022) 81: 415

Page3of10 415

Heating path and loading path

The sample microwave heating process is as follows:

Microwave heating path 1: microwave irradiation at 1 kW,
irradiation times of 1, 3, and 5 min, and the test group num-
bers are A, B, and C;

Microwave heating path 2: microwave irradiation at 3 kW,
irradiation times of 1, 3, and 5 min, and the test group num-
bers are D, E, and F.

After reaching the microwave heating target, we stopped
the microwave high-temperature furnace irradiation for
5 min, removed the specimen, then allowed it to cool to
room temperature in the laboratory.

The rock samples were heated by microwave and placed
in a GAW-2000 electro-hydraulic triaxial testing machine
for uniaxial loading under a compressive stress that was
increased at 0.5 MPa/s until failure. During testing, the
PCI-II acoustic emission system of the American Physical
Acoustics Company was used to monitor the acoustic emis-
sion signal in the process of rock sample fracture in real-
time. The preamplifier gain, and departure threshold values
were set to 40 dB, and the adopted frequency was 0.5 MHz.

Sample preparation

To reduce the spread of the test results, specimens were made
from the same homogeneous granite block. The average
density of the rock at room temperature is 2.68 g/cm?, and
the average P-wave velocity is 6.326 km/s. The specimens
measured @ 30 mm X 60 mm, the parallelism of the upper
and lower end faces was controlled to within +0.05 mm, and
the deviation of the end-face perpendicular to the axis of the
sample does not exceed 0.25°. A partially processed speci-
men is shown in Fig. 3.

The density and P-wave velocity of granite samples
before and after microwave heating are listed in Table 1.
After microwave irradiation, both the sample density and
P-wave velocity decrease with the increase of microwave

Fig.3 Granite samples

Table 1 Sample density and P-wave velocity before and after micro-
wave irradiation

Microwave heat- Pre-irradiation Post-irradia- P-wave velocity

ing method density tion density kms™!
kg m~> kg m~>
1 kW1 min 2667 2658 5.880
1 kW 3 min 2667 2642 5.648
1 kW 5 min 2672 2625 5.220
3 kW 1 min 2673 2642 5.654
3 kW 3 min 2664 2625 5.131
3 kW 5 min 2656 2630 4.855

irradiation power and time: at the same irradiation time, the
decrease at high power (3 kW) is greater than that at the
lower power of 1 kW.

Analysis of test results under uniaxial
compression

Stress-strain curve

The uniaxial stress—strain curves of the granite specimens
under different microwave irradiation paths are shown in
Fig. 4: the uniaxial compressive stress—strain curves evolve
in a similar manner for each specimen, all passing through
an initial fracture compaction closure stage (I), linear elastic
deformation (II), stable crack development (III), non-stable
crack development (IV), and a post-peak stage (V). How-
ever, it is found by comparison that the mechanical behav-
iour of the specimens under different microwave irradiation
regimes differs: (1) Under the same irradiation power, the
compaction phase is prolonged by an increased microwave
irradiation time, and the elastic modulus decreases (the elas-
tic moduli under irradiation at 1 kW and 3 kW for between 1
and 5 min are 30,173, 35,372, 34,298, and 34,766, 34,396,
and 30,397, respectively). The minerals or inter-mineral
cement in the specimen are damaged more severely with
prolonged irradiation; (2) Under the same microwave irra-
diation time, the high-power specimen after the post-peak
stress declines more slowly, showing that the damage caused
by high-power irradiation to the interior of the rock sample
is greater. As a result, the granite becomes less brittle and
more ductile.

Determination of feature points

In the whole process of rock deformation and failure, schol-
ars defined the key thresholds at the onset of each stage as
the crack closure stress o, crack initiation stress ¢,;, damage
stress o, and peak stress o, (Martin and Chandler 1994;
Hoek and Bieniawski 1965). The crack closure stress o, is
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Fig.4 Stress—strain curves of specimens under uniaxial compression

the stress corresponding to the maximum degree of closure
of the internal pre-existing fracture in compression closure
under load; the crack initiation stress o,; is the emergence
of new cracks in the interior and the initiation point of rock
failure; the damage stress o, is triggered by the rapid devel-
opment and coalescence of internal cracks, and marks the
onset of the expansion of the rock; the peak stress o, rep-
resents the ultimate bearing capacity of the rock under the
current stress state.

The crack closure stress o, and peak stress o, are usu-
ally determined directly from the stress—strain curve, while
the crack initiation stress o,; and damage stress ¢, were
calculated using the volumetric strain method (Brace et al.
1966), the transverse strain method (Lajtai 1974), and the
acoustic emission characteristic point method (Eberhardt
et al. 1998), numerical simulation (Huang and Li 2017).
With the development of acoustic emission technology, sub-
jective judgment is largely avoided, so the acoustic emission
method is used here.

Diederichs et al. (2014) combined the change of stress-
impact rate-cumulative impact rate-time curve and proposed
the use of a linear auxiliary line to determine o,,. Figures 5
and 6 correspond to the evolution of acoustic emission count
rate of heating paths 1 and 2. A typical 1 kW 3 min specimen
was taken as an example (Fig. 5b): the original internal fis-
sures of the specimen were gradually compressed and closed
at the early stage of loading, accompanied by certain acous-
tic emission events and peaked at the end of the compac-
tion stage (corresponding to o,.=26.076 MPa); the acoustic
emission count decreases after entering the elastic stage,
the cumulative acoustic emission count rate rises linearly
and slowly, and the acoustic emission count rate increases
significantly at the end, indicating that the internal fissures
of the specimen start to crack, and then the specimen enters
the stable crack-development stage; the acoustic emission
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count rate continues to increase therein, and the cumula-
tive acoustic emission count rate increases in a non-linear
manner; after entering the unstable crack-development stage,
the acoustic emission count rate increases abruptly, and the
cumulative acoustic emission count rate curve increases rap-
idly, indicating the rapid expansion and penetration of the
internal cracks in the specimen.
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Fig.5 Change of acoustic emission count rate under heating path 1. a
1 kW 1 min 0 MPa, b 1 kW 3 min 0 MPa, ¢ 1 kW 5 min 0 MPa
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Fig.6 Change of acoustic emission count rate under heating path 2. a
3kW 1 min O MPa, b 3 kW 3 min 0 MPa, ¢ 3 kW 5 min 0 MPa

Strength at the feature points

Under different microwave heating paths, the characteristic
point stress during the failure process of the specimen is
shown in Fig. 7: the crack closure stress o, of the specimen
tends to increase with increasing microwave time under the
same power, and the stresses o, 6,4, and o, continue to
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Fig.7 Stress at characteristic points of specimens under uniaxial
compression test. a Heating path 1, b Heating path 2

decrease. Under the same microwave irradiation time, o,
is higher under the action of high power (3 kW) than low
power (1 kW), while the crack initiation stress o,;, damage
stress 0,4, and peak stress o, are higher under low power
rather than high power. This reflects the fact that the crack-
ing point, damage point, and strength of granite decrease
with rising microwave irradiation time and power, that is, the
strength and hardness of granite are both decreased.
Considering the differences among the rock samples them-
selves, 6., 6., 0,4, and o, of each specimen were compared.
As shown in Fig. 8, the rock crack closure stress o, increases
linearly with the increase of microwave irradiation time. The
proportion of the compaction stage in the whole stress—strain

curve increases, that is, the more severe the internal damage
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Fig.8 Ratio of characteristic point stress to peak stress. a Heating
path 1, b Heating path 2

of the specimen, the more developed the cracks. In addition,
under low-power irradiation, the values of o, 0., 6,4 and
peak strength o, of the rock are respectively 0.226,4 0.690,,
and 0.95¢,; under high-power irradiation, and 0.35¢,., O.SSaCf,
and 0.91¢,under low-power irradiation (1 kW). This implies
that the influence of microwave irradiation power on the
mechanical properties of the specimen is larger than the irra-
diation time. At the same time, this relationship can be adopted

to predict the crack initiation stress and damage stress.
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Fig.9 Energy calculation diagram: loading to ¢~

Energy evolution under uniaxial
compression

Energy calculation

The laws of thermodynamics show that the deformation and
destruction of materials is the intrinsic essence of the inter-
nal energy conversion process, and the destruction of rocks
can be better analysed from the perspective of energy. Failure
(in rock) is a progressive damage and rupture process. The
energy is mainly present as elastic energy, plastic energy, ther-
mal energy, radiation energy, kinetic energy, etc. (Xie et al.
2005). Limited by the existing monitoring technology, it is
difficult to realise real-time monitoring of various forms of
energy. Considering the proportion of various energy in the
process of rock failure, we focus here on the total mechanical
input energy, elastic deformation energy, and dissipation of
energy (via plasticity and friction).

Assuming the deformation and failure of the rock under
compression is a closed system, all mechanical work done by
the external force is transformed and absorbed: the first law of
thermodynamics gives:

U° =ve + U 1))

where U is the work done by the loading test machine on
the rock sample, U¢ denotes the elastic energy and strain
energy accumulated in the rock specimen, U is the energy
dissipated by the deformation of the rock, which is mainly
used for fracture initiation, expansion, and mineral particle
deformation.

Figure 9 shows the stress—strain curve of an element in a
rock mass: E° is the modulus of elasticity in the elastic stage,
E' is the unloading modulus of elasticity, U, represents the
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internal releasable deformation energy, and U, ,-d represents the
energy dissipated under deformation.

The total input work, elastic deformation energy, and dis-
sipation of energy under uniaxial compression are given by:

n

1
U° = /Gldel = Z §<Ui+1 +0;) (€01 + &) @)

i=1

2

=_L
B 2E, )

U* i

where o; is the stress, and ¢, is the strain. It is worth mention-
ing that the elastic modulus is taken as the elastic modulus
E, when calculating the energy in the present research.

Microwave effects on energy evolution

According to formulae (1) to (3), the energy evolution curve
during the deformation process of the rock sample under
different microwave irradiations is as shown in Figs. 10 and
11: under different microwave heating paths, the energy evo-
lution during uniaxial compression deformation is similar.
Before the peak, it shows energy accumulation and dissipa-
tion: post-peak, it shows energy release.

The main characteristics of energy evolution in each stage
of rock compression deformation are: the crack closure and
compaction stage (I): part of the work done by the testing
machine on the rock sample is converted into elastic defor-
mation energy and stored inside the rock sample. This part
of elastic energy accounts for more than 53.6% of the total
energy. The other part is dissipated, and contributes to clo-
sure of the original micro-cracks and the deformation of
mineral particles.

Linear elastic deformation stage (II): the elastic energy
change curve is close to the mechanical total input energy
curve, and the dissipated energy curve is approximately par-
allel to the strain. At this stage, when the irradiation power
is 1 kW, the elastic deformation energy accounts for 94.8%
to 96.6% of the total energy. When the irradiation power is
3 kW, the elastic deformation energy accounts for 80.6% to
92.6% thereof.

Stable crack-development stage (III) and unsteady crack-
development stage (IV): with the development and expan-
sion of internal cracks in the rock sample, the amount of
energy dissipated tends to increase and the rate of change
thereof increases. At an irradiation power of 1 kW and 3 kW
at this stage, the elastic energy accounted for 86% to 94.8%
and 89.2% to 70.9% of the total mechanical input energy,
respectively.
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Fig. 10 Stress—strain—energy relationship: specimen irradiated at
1 kW. a 1 kW 1 min test piece, b 1 kW 3 min test piece, ¢ 1 kW
5 min test piece
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Post-peak phase (V): the elastic energy stored inside the
rock sample is released instantly, the elastic energy increases
rapidly, and that dissipated increases sharply. At this stage,
most of the work done by the testing machine is dissipated.
The internal fissures of the rock penetrated rapidly, and sig-
nificant macroscopic cracks appeared.

The energy storage limit, residual elastic density, and
maximum energy dissipation in each specimen were
extracted to further quantify the influence of microwave
irradiation on rock samples (Fig. 12).

At 1 kW and 3 kW, the energy storage limits are 0.35,
0.37, 0.24, 0.25, 0.24, and 0.17 with the increasing irra-
diation times, respectively. The evolution of residual elastic
energy is akin to the deformation of stored elastic energy,
and both decrease with the increase of irradiation power
and time, while the maximum energy dissipation shows
the opposite trend. Therefore, in engineering practice, by
increasing the microwave irradiation power and irradiation
time, the energy storage limit and residual elastic energy of
granite can be reduced. This will transfer the accumulated
elastic energy to greater depth within the rock mass, reduc-
ing the threat of potential dynamic disasters.

Microwave effects on the energy dissipation ratio

Rock deformation and failure as an asymptotic damage
process can usually be reflected by energy dissipation. To
reduce the influence of the discreteness of the rock sample,
the ratio of the dissipated energy of the specimen to the
total input energy is defined as the energy dissipation ratio
(Fig. 13). It can be seen from this that the evolution of the
capacity dissipation ratio of each specimen is similar, and
it generally shows a trend of “rapid rise-rapid decline-slow
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decline-steep rise” as the strain increases, however, there are
certain differences in the influence of microwave irradiation.
Comparing rock samples, with the increase of microwave
irradiation power and time in the pre-peak stage, the propor-
tion of energy dissipated is found to increase. In the post-
peak phase, the energy dissipation ratio rises at a different
rate; for example, the 5 kW 3 min and 5 kW 5 min speci-
mens rise in multiple steps after the peak stress is reached.

Microwave effects on the energy dissipation
conversion rate

After the rock reaches its peak strength, the internal fissures
develop and penetrate rapidly. The energy release rate after
the peak is closely related to the conversion of the dissipated

energy at the peak stress. Dividing the increment of dis-
sipated energy at the peak point by the corresponding time
increment gives the conversion rate of dissipated energy at
the peak point. According to data statistics, the relationship
between the conversion rate of the energy dissipated in the
specimen and the irradiation time is shown in Fig. 14.

It can be seen from the figure that under the same
microwave irradiation time, the conversion rate of high-
power energy dissipation energy is lower than that at low-
power: as the irradiation time increases, the energy dis-
sipation conversion rate under the action of high power
decreases 3.15 times more than that at low power. This
reflects the fact that with the increase of microwave irradi-
ation power and time, the lower the conversion rate of dis-
sipated energy at the peak stress on the granite specimens,
the slower the rate of energy release after the peak. That is,
microwave irradiation reduces the brittleness of the rock,
and renders it more ductile, therefore, in the excavation of
hard rock, the weakening of the rock mass by microwave
irradiation can reduce the risk of dynamic disasters.

Conclusion

With the increase of microwave irradiation power and
time, the longer the compaction stage and the mechani-
cal development stage of the stress—strain curve, the
slower the post-peak stress drop. The behaviour of granite
changes from brittle to ductile at failure.

Under different microwave irradiation paths, the greater
the initial damage to the sample, the more developed the
internal fissures during the failure process, the stronger the
acoustic emission count rate near the peak stress point, the
lower the threshold of the intensity feature point, and the
earlier the onset thereof.

After microwave irradiation, the energy storage limit
and residual elastic energy density of granite are nega-
tively correlated with irradiation power and time, and the
maximum dissipated energy density is positively corre-
lated therewith: under the same irradiation power, the peak
energy dissipation conversion rate at 3 kW is 3.15 times
that at 1 kW at a given time.
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