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Abstract:
Nowadays, the depletion of shallow resources drives deeper mining operations. Microwave
pre-treatment has shown promise for efficient drilling in deep hard rock. While previous
studies have confirmed the feasibility of microwave-assisted crushing of hard rocks
and analyzed their structural and mechanical property changes at various scales, the
microscopic mechanisms behind the evolution of the macro-mechanical parameters of
hard rock remain unclear. This study addresses this knowledge gap. At the microscopic
scale, the mineral characteristics and the micromechanical properties of minerals (including
interfaces) at different sites before and after microwave irradiation were tested in typical
hard granites. At the macroscopic scale, the real-time monitoring of mass and surface
heating-rupturing characteristics of granite during microwave irradiation was achieved.
Meanwhile, acoustic wave and uniaxial compression tests were conducted to explore the
evolution of the macroscopic physical and mechanical parameters of granite before and
after microwave irradiation. Variability in the mineral structure and mechanical properties
accounts for differences in the uniaxial compression strength of granites. To realize the
macro-micro linkage, the micro-mechanical parameters of minerals in different granite
sections before and after microwave treatment were upscaled. The upscaling results,
obtained using the Mori-Tanaka method, closely matched those from uniaxial compression
tests, and the upscaling of mineral micro-mechanical parameters in interior samples was
found to accurately predict the weakening of macro-mechanical properties of granite. This
study provides insights into how microwave irradiation affects the mechanical properties
of granite at a microscopic level, offering a quick and efficient method for assessing
microwave weakening in deep hard rock and establishing a theoretical foundation for
microwave-assisted mechanical drilling in industrial applications.

1. Introduction
Deep hard rock drilling is burdened by several challenges

(Xie et al., 2024), including the non-linear increase in rock
strength with depth (Yang et al., 2023), leading to high costs
from tool wear and limited intrusion depth (Kahraman et
al., 2020). Microwave treatment presents a promising solution
due to certain advantages, including electronic control, rapid
heating, high safety, and cleanliness.

Hard granites frequently pose challenges for underground

construction projects ( He et al., 2020; Yang et al., 2020). Jerby
et al. (2005) developed a microwave drilling apparatus utilizing
the thermal runaway phenomenon to weaken non-metallic
materials. Hartlieb and Grafe (2017) used Neuhauser granite
blocks measuring 50 × 50 × 30 cm3 to investigate the impact
of microwave irradiation on the cutting force of a conical
pick in a linear cutting test rig. Rui et al. (2023) developed
a numerical virtual platform to simulate the rock disc-cutting
problem under microwave irradiation. It was confirmed that
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combining microwave and machinery can reduce wear on drill
tools, cut construction costs, and boost efficiency.

Subsequently, researchers began to focus on the influence
of granite’s mineral composition and microstructure on the
microwave weakening effect. Rui et al. (2024) concluded that
the thermal damage effect in muffle-heated and microwave-
heated rocks mainly depends on the fine-grained structure
and mineral composition of rocks. Lu et al. (2020) claimed
that microwave-induced rock fracture is influenced by the
presence of two distinct mineral types: those exhibiting sen-
sitivity to microwaves and those possessing high coefficients
of thermal expansion. In a separate study, Law (2014) found
that the anisotropy of the thermal expansion coefficient of
quartz and the difference in thermal expansion between it
and other minerals lead to the formation of lengthwise and
through cracks in crystals. From their research, it can be
taken forward that the heterogeneity and anisotropy of the
coefficient of thermal expansion (CTE) of minerals result in
varying degrees of expansion or contraction of particles within
during microwave treatment, leading to thermal stress. On
the other hand, the heterogeneity of dielectric parameters in
minerals causes selective heating under microwave irradiation,
yielding different heating rates among mineral particles and
the formation of a temperature gradient within the rock,
further contributing to thermal stress. When this thermal stress
exceeds the strength of the rock, thermal cracking occurs.

However, according to the authors of the above study,
the presence of microwave-sensitive minerals and high CTE
minerals should not be blamed for the decline in rock strength
and cracking damage. For example, as reported by Lu et
al. (2020), both Chifeng basalt and Anshan gabbro contain the
microwave absorber pyroxene, while the uniaxial compressive
strength discount rate of the former is much higher despite
minor differences in heating rate. Besides, Nicco et al. (2020)
found that strong microwave absorbers are not necessary for
cracking and that the microwave response cannot be accurately
predicted based on the dielectric constant, color, water, or iron
content of the constituent minerals. Furthermore, it is even less
appropriate to conjecture about the weakening impact of rocks
based on the presence of high CTE minerals, since the thermal
expansion of minerals is likely to facilitate the closure of pre-
existing microcracks and pores, which was also categorized
by Wong et al. (2020) as one of the important mechanisms of
rock heating enhancement. Overall, it is complicated and chal-
lenging to accurately predict the weakening-fracturing effect
of rocks based on electromagnetic-thermophysical parameters
of rock-forming minerals. Instead, deciphering the evolution
patterns of mechanical properties of hard-rock rock-forming
minerals under microwave action is more pertinent to this task.

Traditional macro-mechanical testing suffers from the fol-
lowing defects, as analyzed by Lei (2022): (1) the difficulty
and high cost of sampling and processing; (2) the inability
to perform other tests after cores are destroyed; (3) the high
dispersion of test results; and (4) the failure to consider
the effect of mineralogical composition on the macroscopic
mechanical properties. Hence, the authors of this study used
the nanoindentation test with higher test resolution to rapidly
assess the mechanical properties of the mineral components in

samples before and after microwave irradiation. A significant
advantage is that nanoindentation enables the evaluation of
mechanical properties in various regions of rocks, as the inte-
rior temperature of rocks tends to be higher after microwave
heating.

To effectively elucidate the micro-mechanisms underlying
variations in the macro-mechanical parameters, the imple-
mentation of a multi-scale mechanical approach is essential.
The current research on scaling up rock material properties
can be categorized into three groups: (1) directly consid-
ering the average of mechanical properties from a signifi-
cant number of nanoindentation test results as macroscopic
properties (Espinoza et al., 2022); (2) utilizing data from
numerous nanoindentation tests, the intricate mineral com-
position of rocks is simplified into several mineral clusters
via the inverse folding method. Subsequently, the micro-
scale characteristics of these mineral clusters are upscaled
to the macroscopic level through homogenization calculations
(Róański et al., 2021); (3) integrating nanoindentation with
advanced imaging methods like Backscattered Electron De-
tector/Energy Dispersive Spectrometer for the determination
of micro-mechanical characteristics of targeted minerals, and
then combining the measured mineral content for homogeniza-
tion calculations (Ma et al., 2022). For category (1) studies,
since the non-homogeneity and anisotropy of rock materials
are not fully considered, there is a large discrepancy between
the arithmetic mean of micro-modulus and the macro-modulus.
Research in categories (2) and (3) is relatively scarce. By
comparing the upscaling results with those of conventional
macro-mechanical experiments, it was found that some of the
results were in good agreement with the actual parameters (Ma
et al., 2022; Liu et al., 2023), while others differed from the
actual ones (Li et al., 2021). Lei (2022) claimed that there were
differences in the morphologies, spatial arrangements, and
bonding characteristics of mineral particles in granites with
the calculation assumptions made by the various upscaling
methods, which are considered to be the sources of upscaling
errors. Fortunately, Li et al. (2021) found that method (3)
was more accurate. This is because the deconvolution method
operates under the assumption that the mechanical properties
of mineral clusters adhere to a normal distribution, thereby
introducing additional uncertainty in the findings. It follows
that method (3) can minimize the scale-up error.

To sum up, in this paper, by combining X-Ray Diffrac-
tion (XRD), Scanning Electron Microscope-Energy Disper-
sive Spectrometer (SEM-EDS) and the nanoindentation test,
the mineral composition content of granites and the micro-
mechanical properties of the mineral crystals in different
parts of granites before and after microwave irradiation were
accurately tested. The developed deep hard rock microwave-
assisted drilling test system was used to monitor the mass
variation and heating and fracturing characteristics of granites
under microwave irradiation in real-time. The P-wave veloc-
ity test and uniaxial compression test were implemented to
analyze the macroscopic physical and mechanical properties
of granites both before and after exposure to microwave irra-
diation. Finally, the micromechanical parameters of minerals
in various regions of the granites were upscaled to facilitate
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the comparison of results obtained from the uniaxial com-
pression test. The optimal calculation method for scaling up
granite samples pre- and post-microwave irradiation, as well
as the most appropriate nanoindentation sampling location,
were determined. This research delves into the microscopic
mechanisms underlying changes in macroscopic mechanical
properties of granite following microwave irradiation, ad-
vancing the theoretical and experimental groundwork for the
industrial utilization of microwave-assisted mechanical drilling
in hard rock formations.

2. Experimental equipment and protocols

2.1 Sample preparation and component test
Typical hard granite was taken from the Guoluo Tibetan

Autonomous Prefecture, Qinghai Province, China, and des-
ignated as granite B. The specific experimental procedure is
shown in Fig. 1, prescribed by the International Society for
Rock Mechanics, six granite specimens (three for uniaxial
compression testing and three for testing after microwave
treatment followed by uniaxial compression) were fabricated
into standard cylinders measuring 100 mm in height and
50 mm in diameter. Before irradiation, the granite samples
must be dried in an oven at 110 ◦C for 24 hours. Three
nanoindentation samples of granite B were extracted from any
location within the untreated sample and from both the outer
surface and interior regions of the microwave-treated sample.
An 8 × 8 × 4 mm3 square sheet (with a thickness significantly
greater than 10 times the hmax) of granite was initially cut from
samples using a Struers cutter. Subsequently, the surface of
the samples underwent a sequential grinding process utilizing
sandpaper with grits of P320, P600, and P1200, with each grit
used for a grinding time exceeding 30 minutes. Subsequently,
the samples were sequentially polished with polishing cloths
of 6, 3, 1, and 0.05 µm diamond slurry, with anhydrous
ethanol utilized for cleaning during the polishing procedure.
Finally, the samples were placed in an oven at 50 ◦C for 24-
48 h until completely dry. The mineral content of granite B
was determined by XRD. The results revealed that granite B
contained 15% quartz (Q), 10% alkali feldspars (Afs, with
a predominant presence of K-feldspar in thin sections), 62%
plagioclase (Pl), and 13% biotite (Bit).

2.2 Experimental equipment and parameters
The microwave irradiation granite test was carried out

using the deep hard rock microwave-assisted drilling test
system independently developed by Sichuan University, with
the microwave irradiation section shown in Fig. 1. The system
operates at a frequency of 2.45 GHz, irradiating hard granites
with a 2 kW microwave for 3 minutes. Simultaneously, the
device’s integrated thermogravimetric monitoring module, in-
frared thermal imaging module, and high-definition camera
module captures real-time data on the mass changes, heating
patterns, and damage characteristics of the hard rocks.

The GCTS Rock Comprehensive Test System, sourced
from Sichuan University, was employed for the experiment.
Regarding the macro-mechanics experimental section depicted
in Fig. 1, the present study focused on conducting uniaxial

compression tests to acquire macro-mechanical parameters.
The sample was initially subjected to a preloading rate of
0.05 kN/s with a pre-pressure of 0.5 MPa. Subsequently, the
deformation control mode was utilized to prevent the excessive
collapse of the granite specimens. The axial loading rate was
established at 0.04 mm/min, and the axial and circumferential
deformations of the specimen during loading were monitored
using axial displacement transducers and circumferential dis-
placement transducers.

The different minerals’ distribution areas are recognised
based on their elemental distribution characteristics. For in-
stance, in regions devoid of Al, Q exhibited the highest Si
enrichment, while the overlap of Al-enriched and K-enriched
areas was observed in Afs. Additionally, Pl demonstrated
higher Ca and Na enrichment in Al-enriched regions, whereas
Bit exhibited elevated levels of Mg and Fe enrichment in the
same areas.

A Berkovich indenter was employed to perform nanoin-
dentation testing using the micro-material nanoindentation
test system within the micro-mechanics experimental section
depicted in Fig. 1. In combination with the optical microscope
integrated with the nanoindentation system, nanoindentation
tests were carried out on specific mineral interiors and inter-
faces by positioning the SEM-EDS scanning area. The nanoin-
dentation test was carried out in load-controlled mode with a
peak load of 80 mN, a holding time of 10 s, and a loading and
unloading rate of 2 mN/s. In consideration of the disparities
in histological heterogeneity and surface roughness among the
minerals, 2-3 sites featuring flat and smooth surfaces were
chosen for the nanoindentation experiments, with a total of
12 indentations per mineral or interface. To allow the plastic
deformation zone within the material to expand uniformly
(ISO 14577-1, 2003), the indentation spacing was set as 10 or
20 µm in this study.

2.3 Test principle and typical curve
Based on the analysis of axial stress-strain curve of speci-

mens, the macro-mechanics experimental process depicted in
Fig. 1 can be divided into five distinct stages (Brady and
Brown, 2007): crack closure stage, elastic deformation stage,
crack initiation and stable expansion stage, crack unstable
expansion stage, and post-peak deformation stage. Meanwhile,
nanoindentation is characterized by three primary stages: load-
ing, holding, and unloading. The details of these three stages
are referred to the study by Ma et al. (2020).

3. Results and discussion

3.1 Impacts of microwave irradiation on mass
and P-wave velocity

Since the granite samples were completely dried at 110
◦C prior to microwave irradiation, the evaporation of adherent
moisture was no longer considered. As shown in Fig. 2,
the mass change trend of granite B in the microwave field
decreases slowly from 0 to 90 s and accelerates from 90 to
180 s. The mass of granite B decreases by 0.47 g after heating,
which may be related to its heating pattern. Comparing the
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Fig. 1. Experimental procedure.
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Fig. 2. Changes in the quality of granite B under microwave
irradiation.

temperature change curves of granite B shown in Fig. 3, its
maximum surface temperature exceeds 200 ◦C near 90 s; at
180 s, the maximum surface temperature of granite B reaches
300 ◦C. From these data, it can be surmised that the main
reason for the accelerated mass loss from 90 to 180 s is the
overflow of bound, microporous and structural water inside
the minerals (Wong et al., 2020). Meanwhile, after 3 min of
microwave heating at 2 kW, the average P-wave velocity of
granite B decreases from 5.143 to 4.024 km/s, with a discount
rate of 21.76%. This proves that microwave heating leads to
the multiplication of internal defects in granite.

3.2 Impacts of microwave irradiation on surface
heating rupture behavior

The granite used in this study is a weak microwave
absorber. Its average heating rate is slow at only 1.32 ◦C/s. As
shown in Fig. 3, in terms of maximum temperature, the growth
rate is faster during 0-50 s, then it decreases and tends to
change at a uniform rate. The authors suggest that this heating
trend is typical for microwave-sensitive minerals, such as the
biotite and pyroxene minerals studied by Lu et al. (2017),
where the heating rate is first rapid and then slows down.
However, in granite B, this phased progression is relatively
insignificant. The main reason is that there are other insensitive
minerals in this type of granite, and heat will be transferred to
the surrounding minerals after the formation of a locally high
temperature zone. Meanwhile, the average temperature change
of granite B shows a linear trend, which has also been found
in other studies (Lu et al., 2020).

Due to the non-uniformity of the microwave field and the
non-homogeneity of granite, the surface temperature distribu-
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Fig. 3. Temperature curves and fracture characteristics of
granite B surface under microwave irradiation.
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Fig. 4. Variation in surface temperature distribution and COV
of granite B under microwave irradiation.

tion in granite B is consistently inhomogeneous. As shown
in Fig. 4, a large local high-temperature region in the upper
part of the sample surface of granite B initially forms and
simultaneously a small high-temperature region in the lower
right part. With the progress of microwave irradiation time, the
high-temperature region gradually expands in all directions,
and the uniformity of the surface temperature distribution
gradually increases. To further quantify the uniformity of the
surface temperature distribution, the coefficients of variation
(COV) and △COV were introduced. As shown in Fig. 4, the
COV value of B reaches a maximum of 0.27 at 50 s, and then
gradually decreases and stabilizes. The turning point of the
COV and the slope turning point of the maximum temperature
are both located at 50 s. Correspondingly, the value of △COV
is largest at the beginning, then decreases rapidly to a negative
value, and eventually increases slowly, tending to 0. This
indicates that the dispersion of the surface temperatures of B
increases from 0 to 50 s, and then decreases gradually before
stabilizing. As illustrated in Fig. 3, the surface morphology of
B is less variable. Only the overall color of its surface is altered
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Fig. 5. Uniaxial compression curves and damage forms in granite B before and after microwave irradiation (MU-Microwave
Untreated, MT-Microwave Treated).

upon heating. According to the authors’ observations of rock-
thin sections, most of the mineral grains in B are between 0.2
and 2 mm in size. According to Nicco et al. (2018), this small-
grained rock tends to form a small number of wide cracks
under microwave irradiation.

3.3 Impacts of microwave irradiation on
macro-mechanical properties
3.3.1 Uniaxial damage forms

Before microwave irradiation, the rock exhibits shear dam-
age, which includes uniaxial oblique shear damage shown in
B-21 and X-shaped conjugate oblique shear damage shown
in B-18. On the other hand, the untreated sample exhibits
violent damage under uniaxial compression, accompanied by
a large number of spalled fragments of different volumes.
After 3 min of microwave heating at 2 kW, the intensity of
the uniaxial compression damage of the rocks decreases, with
the exfoliation of small particles of rock fragments and fine
particles of rock dust. In addition, the structural integrity of the
microwave-treated uniaxial compression specimens is higher,
and the fracture of the rocks is mainly caused by axial cracks,
which is an obvious characteristic of tensile damage.

With respect to the damage mechanism, the damage mode
of granite B under uniaxial compression evolves from shear
to tensile damage after microwave heating. A similar phe-
nomenon was found by Su et al. (2023). The decrease in
damage intensity, the increase in samples’ structural integrity,
and the decrease in rock chip volume and number confirm
that the brittleness of granite has decreased after microwave
treatment. Notably, the microwave-treated rocks showed flank
fracture damage similar to “compression rod instability”. You

and Hua (1998) explained that when the initial shear slip
surface occurs inside the sample, the resulting axial tensile
cleavage surface may cause the rock flank material to detach
from the main body and become a compression bar, which
bends, destabilizes, and eventually breaks under pressure.
A similar curvilinear phenomenon described by You and
Hua (1998) was also found in this study, i.e., a small drop
in stress and almost constant strain near the peak intensity, as
shown in B-11 in Fig. 5. However, similar phenomena were
not found in the untreated samples.

3.3.2 Uniaxial compression curves

The period of the crack closure stage of granite was signifi-
cantly longer after microwave treatment, as seen in Fig. 5. This
indicates that the microwave action resulted in more microc-
racks in the granite, which is also proved by the decrease in
the P-wave velocity of granite B in Section 3.1. Meanwhile,
the small increase in the circumferential strain curve at the
initial stage likewise indicates that the micro-defects of the
treated samples take a longer time to be compressed and
closed. Furthermore, during the post-peak deformation stage,
the stress-strain curves of the untreated samples decreased
rapidly after reaching the peak value. However, due to the
reduced brittleness of the granites, the sudden stress drop of
the microwave-treated samples was weakened and was able to
show some post-peak, as shown in B-11 and B-14 of Fig. 5.

3.3.3 Macro-mechanical parameters

The peak strength, peak strain, elastic modulus and Pois-
son’s ratio of granite B before and after microwave irradiation
were obtained from the stress-strain curves of the uniaxial
compression tests. As shown in Figs. 6(c)-6(d), both elastic
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Fig. 6. Variation in the macro-mechanical parameters in granite B after microwave irradiation: (a) Peak strength, (b) peak
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in Appendix A).
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Fig. 7. Load-depth curves of mineral crystal interiors and interfaces in different parts of granite B before and after microwave
irradiation: (a) Mineral crystal interiors (Unt-Untreated sample, Sur-Surface sample, Int-Interior sample), (b) mineral crystal
interfaces (Q-Afs, Afs-Pl, Afs-Bit) and (c) mineral crystal interfaces (Q-Pl, Q-Bit, Pl-Bit).

modulus and Poisson’s ratio of granite B decreases after
microwave irradiation, with discount rates of 13.73% and
25.81%, respectively. As depicted in Figs. 6(a)-6(b), the peak
strain of B increases by 20.18%, which is related to the
increase of micro-defects in the constituent minerals and the
discounting of strength after microwave heating, leading to
the gradual accumulation of plastic strain and a decrease in
the brittleness of granites. Anomalously, there is little change
in the peak strength of granite B, with only a minor decline
of 0.21%. This may be because the thermal expansion of the
minerals promotes the closure of pre-existing microcracks and
pores (Wong et al., 2020).

3.4 Impacts of microwave irradiation on
micro-mechanical properties
3.4.1 Load-depth curves

One representative load-depth curve for different parts
of minerals and mineral interfaces in granite B before and
after microwave irradiation was selected for comparison and

analysis. The known hardness was defined as the maximum
load applied perpendicular to each unit of contact area (Oliver
and Pharr, 1992). From this, it can be surmised that the
indentation depth of the sample (the maximum depth of the
loading stage) is also negatively correlated with its hardness.
As shown in Figs. 7 and 8, for the minerals of B, Q has
the smallest indentation depths of 717.62 mm (note that all
parameters in the subsequent section are by default the average
of multiple measurements). This is followed by Afs and Pl,
with indentation depths generally in the range of 730-830 mm.
Among these, Afs has a smaller indentation depth and a harder
texture. Bit is the most deformed mineral, with an indentation
depth in the range of 1,200-1,400 nm, suggesting that it has
the softest texture. Meanwhile, the early indentation depth of
Bit increases at an extremely fast rate, which was considered
to be compacted along the normal solution direction by Liu
et al. (2023). For the mineral boundaries of granite B, the
indentation depths, from smallest to largest, are in the order
of: DQ−Afs < DQ−Pl < DAfs−Pl < DQ−Bit < DAfs−Bit < DPl−Bit.
Specifically, the indentation depth at the junction of two
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minerals may be between the indentation depth values of the
two minerals or greater than the indentation depth value of
the mineral with the greater indentation depth. Because the
direction of boundary extension hardly ever coincides with
the indentation direction of the indenter, there is always one
mineral whose mechanical properties have a greater impact on
the test results.

After microwave irradiation, an increase in the indentation
depth of both minerals and mineral interfaces occurred in
B, implying a decrease in the strength of both minerals and
mineral interfaces. For the minerals in the surface sample, Afs
and Pl showed the highest increase in indentation depths of
26.40% and 23.64%, respectively, which Nicco et al. (2020)
attributed to the cracking of brittle particles of feldspars
along the disintegrated surfaces due to thermal expansion.
The mineral Q, which demonstrated the worst microwave
sensitivity, had the least indentation depth increment of only
7.57%. Bit exhibited an indentation depth increment of only
16.22%, but its microwave absorption capacity is significantly
stronger than that of feldspar minerals. This means that the
microwave absorption capacity of minerals cannot act as a
standard to quantify their weakening effect. As far as the
mineral interfaces of the surface sample are concerned, the
largest increases in indentation depths were found in Afs-Pl
and Q-Bit, at 22.86% and 21.81%, respectively. If the large
increment in indentation depth for Afs-Pl can be attributed
to the large strength discounting of both feldspars, the large
increment in indentation depth for Q-Bit is an entirely distinct
mechanism. The authors attribute this to the high thermal
expansion nature of Q and Bit, for which Nicco et al. (2020)
make a similar point. In addition, the indentation depth of Pl-
Bit was almost constant, with incremental indentation depths
in the range of 6%-8% for the remaining boundaries. It is
interesting to note that the indentation depth increased more
at the minerals and mineral interfaces of sample inside granite
B. This is most likely due to the higher interior temperature
of the sample after microwave heating, resulting in a better
weakening effect of the mechanical properties of the interior
minerals and their interfaces. The indentation depth increment
of Bit reached 22.42%, while the increment of the rest
of minerals was less compared to the surface sample. The

indentation depth increment of Q-Afs, Q-Pl and Pl-Bit reached
30%-40%. Meanwhile, the indentation depth increment of Afs-
Pl, Q-Bit, and Afs-Bit, however, was very limited at only 1%-
2% compared to their indentation depths in the surface sample.
The authors suggest that if the limited improvement in Afs-
Pl is attributed to the poorer thermal expansion properties of
feldspars, then the limited improvement in indentation depths
for Q-Bit and Afs-Bit needs to be considered in the anisotropic
nature of the thermal expansions for Q and Bit. On the other
hand, since Bit has complete resolution, cracks may propagate
in the Bit band by connecting the resolution surfaces instead
of propagating along the boundary of Bit (Nicco et al., 2020).

Creep displacement is the most direct parameter to de-
scribe the creep behavior of different minerals and mineral
interfaces (Ma et al., 2022). As illustrated in Figs. 7 and 8,
the creep displacements of granite B minerals are arranged,
from largest to smallest, as follows: LQ < LAfs < LPl < LBit,
which is consistent with the ordering of their indentation
depths. In addition, the creep displacements at the mineral
interfaces of B exhibit the same patterns, which implies that
the creep displacements of minerals and mineral interfaces
are also negatively correlated with hardness. As indicated in
Figs. 7 and 8, another item that has a similar pattern of
change with the indentation depth is the residual depth at
minerals and mineral interfaces, which findings are similar
to those in Lei et al. (2021) and Liu et al. (2022). These
data show that hard minerals have better elastic recovery and
soft minerals have better plastic deformation. Similarly, the
plastic deformation capacity of granite minerals and mineral
interfaces after microwave treatment again shifted according
to their hardness.

In addition, for Q, Afs, Pl and their corresponding min-
eral interfaces, the load-depth curves were smoother and the
loading process was steeper. On the other hand, as shown
in Fig. 7, the indentation depth of Bit and its corresponding
mineral interfaces increases sharply in the early part of the
loading stage and the curve slope increases slowly in the
late part, which also leads to its higher indentation depth.
Another reason for the higher indentation depths is the large
number of “pop-in” events in the curves of the Bit and its
corresponding mineral interfaces. This high frequency of “pop-
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Fig. 9. Variation in the hardness, Young’s modulus and fracture toughness of minerals and mineral interfaces in different parts
of granite B before and after microwave irradiation (the detailed calculation procedures for hardness, Young’s modulus and
fracture toughness are presented in Appendices 2 and 3): (a) Hardness, (b)Young’s modulus and (c) fracture toughness.

in” events may be related to the instability of the layered
microstructure of Bit (Liu et al., 2022), which Zhang et
al. (2013) attributed to the generation of kink bands and
layering in Bit. Besides, the “pop-in” events in Bit and its
corresponding mineral interfaces are much larger in terms of
displacement. This is due to the weaker interactions, larger
interlayer spacing and the presence of water molecules in Bit
before microwave heating (Mukherjee and Misra, 2023). At
the same time, since the indentation depth is much larger
than the layer spacing of Bit, more “pop-in” events occur
due to the crack generation and extension caused by the
indenter penetration into the disintegrated surface during the
pressing stage. After microwave treatment, the loading curve
was gradually smoothed, which is likely attributed to the
evaporation of water molecules in Bit and its rapid shrinkage
along the direction perpendicular to the laminae.

3.4.2 Hardness and Young’s modulus

The hardness of minerals of granite B before microwave ir-
radiation is illustrated in Fig. 9(a). According to the test results
of other scholars, the hardness ranges of Q, Afs, Pl, and Bit are
9.3-14.5 GPa (Zhu et al., 2007; Liu et al., 2023; Mukherjee and
Misra, 2023), 7.5-11.4 GPa (Sousa et al., 2014; Maruvanchery
and Kim, 2020; Liu et al., 2023), 3.2-9.0 GPa (Maruvanchery
and Kim, 2020; Meng, 2022; Liu et al., 2023) and 1.5-3.3
GPa (Zhang et al., 2013; Liu et al., 2023), respectively. This
justifies the test results of different minerals in this paper. The
hardnesses of corresponding mineral interfaces in granite B
are exhibited in Fig. 9(a). The only measurements of hardness
at granite mineral interfaces were made by Liu et al. (2023),
who determined the hardnesses of Q-Kfs (Kfs is K-feldspar),
Q-Pl, Kfs-Pl, Q-Bit, and Kfs-Bit as 12.1, 8.2, 2.5, 2.8, and
3.6 GPa, respectively. Their results are significantly different
from the test values established in this study, thus showing



Gao, M., et al. Advances in Geo-Energy Research, 2025, 15(1): 27-43 35

that the variability of the mechanical properties of the same
mineral boundaries in different rocks is stronger than that of
the minerals within. Of note, when the minerals on one side are
the same, the mechanical properties of the mineral interfaces
do not necessarily depend on those of the minerals on the
other side, e.g., Q-Bit and Kfs-Bit in the granite tested in Liu
et al. (2023).

After microwave irradiation, for the minerals in the surface
sample of granite B, the hardness of Afs and Pl decreased
the most after microwave irradiation, reaching about 35%, as
shown in Fig. 9(a). This was followed by Bit, and the hardness
of Q was reduced by only 16.37%. Certainly, the hardness of
minerals in the interior sample of B was reduced more, and
that of Afs, Pl and Bit was reduced by about 40%, whereas the
hardness of Q was reduced by only 19.20%. This once again
demonstrates that there is no absolute correlation between the
weakening effect of microwaves on granite-forming minerals
and the microwave sensitivity of rock-forming minerals. On
the other hand, for the mineral interfaces in the surface sample
of granite B, the hardness decreased by more than 30% for
Afs-Pl and Q-Bit. The hardnesses of Q-Afs, Q-Pl, and Afs-
Bit decreased by about 10%, and that of Pl-Bit remained
almost unchanged. The decrease in the hardness of the mineral
interfaces of the interior sample compared to the surface
sample varied, with Q-Afs, Q-Pl and Pl-Bit showing a larger
decrease of more than 25%, and Afs-Pl, Q-Bit and Afs-Bit
showing a decline of only about 5%.

The ranking of the Young’s modulus of granite B before
microwave irradiation, shown in Fig. 9(b), is consistent with
their hardness and indentation depth. According to the test
results of other scholars, the Young’s modulus ranges of Q,
Afs, Pl, and Bit are 55-124 GPa (Broz et al., 2006; Zhu
et al., 2007), 62.0-100.6 GPa (Zhu et al., 2007; Sousa et
al., 2014; Liu et al., 2023), 44.0-88.1 GPa (Swan, 1978; Zhu et
al., 2007; Maruvanchery and Kim, 2020), and 37.1-68.3 GPa
(Swan, 1978; Tang et al., 2022), respectively. Apparently, our
test data fell within these ranges, further confirming its validity.
On the other hand, the Young’s modulus of the corresponding
mineral interfaces in granite B is displayed in Fig. 9(b). For
comparison, the Young’s modulus of Q-Kfs, Q-Pl, Kfs-Pl, Q-
Bit, and Kfs-Bit tested by Liu et al. (2023) were 91.6, 71.4,
57.4, 56.0, and 56.4 GPa, respectively, showing a deviation
from our test data from the mineral interfaces of granite
B. The authors argued that the surround and base effects
at the mineral interfaces, coupled with the non-homogeneity
of defect density and fine-scale structure, resulted in much
greater variability in the test data at the mineral interfaces
than within the minerals; similar conclusions were drawn by
Liu et al. (2023). Another noteworthy phenomenon is that the
standard deviation of the mineral interfaces of B was much
larger, further illustrating the greater variability of the mineral
interface test data. Meanwhile, the standard deviation of the
minerals and mineral interfaces data did not show a strict
increasing or decreasing pattern due to microwaves.

After microwave irradiation, for the minerals in the surface
sample of granite B, the Young’s modulus folding rate of Q
was only 9.43%, followed by Bit and Pl with 18.48% and
19.41%, respectively, and Afs showing the best weakening

effect of 27.21%. In addition, the weakening effect was
better for the interior sample compared to the surface sample.
However, the weakening effect of quartz and feldspar minerals
only increased by 1%-2% and that of Bit by 7.89%. The
mineral interfaces of the surface sample demonstrated the best
weakening effect of 31.48% for Afs-Pl. The Young’s modulus
of Q-Afs, Q-Pl, Q-Bit, and Afs-Bit was only discounted by
about 10%, and the Young’s modulus of Pl-Bit changed very
little. There was a difference between the Young’s modulus
and the hardness of individual interfaces, e.g., the weakening
of the hardness of Q-Bit was better, but the weakening of
its Young’s modulus was average. The weakening effect of
mineral interfaces in the interior sample was enhanced to
different degrees, which is consistent with the change patterns
of hardness, and the weakening effect of Q-Afs, Q-Pl and
Pl-Bit was significantly enhanced to 20%-30%, while the
weakening effect of Afs-Pl, Q-Bit and Afs-Bit was only
enhanced by 1%-3%.

3.4.3 Fracture toughness

The test results for fracture toughness in this study also
show many similar patterns with those for Young’s modulus,
which are shown in Fig. 9(c). According to the test results
of other scholars (Meng, 2022; Liu et al., 2023), the fracture
toughness ranges of Q, Afs, Pl, and Bit are 4.30-5.41, 4.06-
4.99, 2.70-3.30, and 2.12-3.25 GPa, respectively. Obviously,
our test data differ considerably from these results, whereas
the current test data for mineral fracture toughness are ex-
tremely limited, justifying the value of this study. The fracture
toughness of corresponding mineral interfaces in granite B is
also demonstrated in Fig. 9(c), while the fracture toughness
of Q-Kfs, Q-Pl, Kfs-Pl, Q-Bit, and Kfs-Bit tested by Liu et
al. (2023) were 4.96, 4.00, 2.55, 2.59, and 2.85 GPa, respec-
tively. Apparently, the latter test results are all lower than
those for granite B. In other words, there is some discrepancy
between this and the test data for the mineral interfaces of
granite B. This can be attributed to two factors: on the one
hand, differences in sampling areas and diagenetic history;
on the other hand, differences in mineral crystal systems and
effect of mineral anisotropy.

After microwave irradiation, for the minerals of granite
B, the weakening effect of fracture toughness was the best
for Afs and Pl in the surface sample, reaching 18.01% and
19.04%, respectively. The discount rate was lower for Q and
Bit at only 13.54% and 8.86%, respectively. Meanwhile, in
the interior sample, the discount rate increased by only about
2% for Q, Afs and Pl, but increased by 16.34% for Bit. This
may be a pattern specific to Bit, as a similar pattern can be
seen in parameters such as hardness, Young’s modulus and
indentation depth. For the mineral interfaces of granite B, in
the surface sample, the fracture toughness of Afs-Pl and Q-
Bit, which were weakened to a greater extent, decreased by
15.68% and 13.27%, respectively. The discount rates of Q-
Afs, Q-Pl, and Afs-Bit were in the range of 5%-10%, with
the worst weakening effect in the case of Pl-Bit, while in the
interior sample, the weakening effect of minerals was better.
Compared to the surface sample, the weakening effect of Q-
Afs, Q-Pl, and Pl-Bit was enhanced by 20%-25%, while the
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Fig. 10. Correlation between the micromechanical parameters of granite B: (a) Indentation depth and hardness, (b) creep
displacement and hardness, (c) residual depth and hardness, (d) Young’s modulus and hardness, (e) fracture toughness and
hardness and (f) fracture toughness and Young’s modulus.

enhancement of discount rate for Afs-Pl, Q-Bit, and Afs-Bit
was only 2%-5%. This is similar to the evolution pattern of
its hardness, Young’s modulus and indentation depth.

4. Discussion

4.1 Correlation analysis of micro-mechanical
parameters

The determination of various micro-mechanical proper-
ties of the samples will be more convenient if the rela-
tionship between two micro-mechanical parameters can be
expressed. Therefore, the authors analyzed the relationship
between hardness, Young’s modulus and fracture toughness
using least squares linear regression, as well as the relationship
between hardness and Young’s modulus, indentation depth,
creep displacement, and residual depth. Thirty data points were
taken from each sample. As shown in Fig. 10(a), the linear
correlation between indentation depth and hardness before
and after microwave action is favorable, with a coefficient of
determination, R2, of 0.86. This is because hardness is directly
correlated with the contact area, i.e., the depth of contact, when
the maximum load is constant. Meanwhile, the contact depth
is positively correlated with the maximum indentation depth,
i.e., with the loading depth. The reason for this is that the
creep displacement is in the order of nanometres while the
indentation depth is close to the order of micrometers, so the
effect of the difference in the creep deformation increment on
the relationship between indentation depth and hardness can be
neglected (Espinoza et al., 2022). As a result, the indentation

depth and hardness show a strong negative linear correlation.
In addition, the correlation between hardness and creep

displacement before and after microwave irradiation is posi-
tive, with a coefficient of determination of 0.75 as shown in
Fig. 10(b). Espinoza et al. (2022) also tested the relationship
between creep displacement versus hardness and Young’s
modulus at different temperatures and found that creep dis-
placement showed a linear relationship with hardness. This
further suggests that hardness can be a candidate for prelimi-
nary assessment of the creep deformation of rocks or minerals
under a microwave effect. The correlations of hardness versus
creep displacement and hardness versus residual depth are
poorer than those of hardness versus indentation depth. Among
them, the coefficient of determination of hardness versus
residual depth is merely 0.62, as shown in Figs. 10(b)-10(c).
The authors believe that it is mainly affected by the Bit laminar
structure. Specifically, the pop-in events caused by the indenter
penetrating the laminae during load-holding would bias the
creep displacement, while the unrecoverable nature of the
destroyed laminae during unloading would bias the residual
depth.

On the other hand, an excellent correlation between hard-
ness and Young’s modulus is evident with a coefficient of
determination of 0.95, as shown in Fig. 10(d). Ante et
al. (2018) also found a positive correlation between hardness
and Young’s modulus of rocks. As seen in Fig. 10(e), before
and after microwave irradiation, fracture toughness positively
correlates with hardness, and the coefficient of determination
is also as high as 0.95. Other scholars have reached similar
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Fig. 11. Variation in the indentation morphology of minerals
in different parts of granite B before and after microwave
irradiation: (a) B-Unt, (b) B-Sur and (c) B-Int.

conclusions (Ma et al., 2022; Chen et al., 2023). As illustrated
in Fig. 10(f), the correlation between fracture toughness and
Young’s modulus is also excellent, with the coefficient of
determination reaching 0.94. Unlike Chen et al. (2023) who
concluded that it is better to use Young’s modulus to predict
fracture toughness, this article argues that both hardness and
Young’s modulus are superior predictors of microscopic frac-
ture toughness of rocks or minerals.

4.2 Connection between indentation morphology
and micro-mechanical parameters

Typical indentation matrix morphology maps were chosen
to assess the variability of mineral indentation morphology
features in different parts of granite B before and after mi-
crowave action. Regarding the residual indentation area, it is
consistent with the pattern presented by the residual depth in
Section 3.4.1. As shown in Fig. 11, the residual indentation
area of Q is the smallest, and the residual indentation areas
of Afs and Pl are slightly larger, which implies that the
three minerals have better mechanical properties and elastic
recovery ability; the residual indentation area of Bit is the
largest because Bit specifically has the poorest mechanical
properties and the best plastic deformation ability. Similar
conclusions have been drawn by Lei et al. (2021). After
microwave irradiation, the change in the residual indentation
area of Q is not significant, and there exists a small increase in
the residual indentation area of Afs and Pl, which is related to
the decrease in their elastic recovery ability. The indentation
area of Bit is significantly increased, especially in the interior
sample. In addition to the increase in plastic deformation
capacity, this is also linked to the severe cracking and “chip
dropping” phenomenon of Bit.

Therefore, importance should also be attached to the crack
initiation and indentation integrity. Three typical cracking
patterns can be observed in indentations, as summarized by
Liu et al. (2022), namely lateral cracking, radial cracking
and shear cracking. The authors believe that these can be
linked to the mechanical properties and micro-structural fea-
tures of the minerals. Before microwave irradiation, in the
indentations of Q, Afs and Pl, only radial cracks existed
in individual indentation points, so their indentation curves
were quite smooth and perfect; whereas there were obvious
combinations of radial cracks, shear cracks and isolated lateral
cracks near the indentation points of Bit, which made the
indentation morphology of Bit ill-defined and incomplete.
Meanwhile, the presence of radial cracks and shear cracks
rendered the load-depth curve of Bit to have obvious “pop-in”
events and anomalous changes in slope, and these behaviors
are related to the micro-structure of the contact region (Liu
et al., 2022). After microwave irradiation, the radial cracks
near the Q indentation remained insignificant, whereas radial
crack lengths near the indentations of Afs and Pl increased
considerably, especially in the interior sample. The authors
attribute this phenomenon to the high fracture toughness of Q,
Afs and Pl, but a marked decrease in the fracture toughness
of Afs and Pl occurred after microwave irradiation. This was
accompanied by the development of individual lateral cracks,
which are mainly influenced by the presence of natural defects
near the contact region (Liu et al., 2022). On the other hand,
due to the decrease in fracture toughness, the crack length
in Bit increased dramatically and was larger for the interior
sample. It is worth noting that the extension direction of radial
and shear cracks in Bit is heavily influenced by its laminate
structure, as shown in Fig. 11, where cracks extend along the
laminate direction at the top corners and side edges of the
Bit’s triangular indentation.

Furthermore, the indentation integrity is also affected by
the phenomenon of chip-dropping near the indentation. The
generation of chips, on the one hand, is because brittle
minerals (Q, Afs and Pl) are prone to the formation of radial
and lateral cracks in the deformation zone during indentation
tests. When the lateral cracks join with the radial cracks, this
leads to the phenomenon of chips in brittle minerals (Liu et
al., 2022). Due to the high fracture toughness of these three
minerals before microwave irradiation, the radial cracks were
not obvious; this chip generation occurred mainly in Afs and Pl
of the surface and interior sample after microwave irradiation.
On the other hand, due to the weaker interlayer interaction
and special laminate structure, the generation and extension
of cracks caused by the indenter penetration into the Bit
disintegrated surface also contribute to chip formation. This
is the major reason why flaky chip spalling also occurred in
Bit with low brittleness. At the same time, flaky chip spalling
was more likely to occur in the Bit of the interior sample,
which suggests that the reduction in mechanical properties
contributes to the generation of this type of chips.

For the mineral interfaces, the indentations of Q-Afs and Q-
Pl were relatively complete and had similar variation patterns
of indentation morphology with Q, Afs and Pl after microwave
irradiation, as seen in Fig. 11. On the contrary, the indentations
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Table 1. Comparison of multiple upscaling results with uniaxial compression test results for granite B (the detailed
derivation processes for the four upscaling models are shown in Appendix A).

Uniaxial compression test Self-consistent method Voigt-reuss-hill method Mori-tanaka method Generalized means method

UT MT Unt Sur Int Unt Sur Int Unt Sur Int Unt Sur Int

71.62 61.78 84.20 68.43 66.58 83.45 67.90 65.99 82.63 67.04 64.95 59.81 48.76 44.04

of Afs-Bit and Pl-Bit easily induced radial cracks along the
interface direction, which was attributed by Liu et al. (2022) to
stress concentration and uncoordinated deformation between
hard and soft minerals. After microwave irradiation, the length
of radial cracks on Afs-Bit and Pl-Bit increased, accompanied
by the phenomenon of falling pieces from the Bit boundary.

4.3 Comparison of macro-mechanical test and
upscaling results

For microwave-untreated granite B, the prediction errors of
macro-modulus by the four upscaling methods were 17.56%,
16.52%, 15.37%, and 16.49%, respectively, compared with
the results of uniaxial compression tests. As shown in Table
1, it can be seen that Mori-tanaka method (M-T) is the
best method for predicting the macro-modulus of untreated
granite. This is because it takes into account the interactions
between pores and inclusions in the material. However, the
homogenization results by the Mori-Tanaka method also have
some bias. The reason is that the method is based on the
assumption of isotropy and cannot reflect the anisotropic
characteristics (Chen et al., 2023). Interestingly, among the
other three methods, the error rates of the interior sample
were generally 2%-3% lower than those of the surface sample,
suggesting that the upscaling results of the interior sample are
closer to those of the uniaxial compression tests. Meanwhile,
the M-T method is still the best predictor of macro-modulus.

Another noteworthy phenomenon is that the values pre-
dicted by the Generalized means method were smaller than
the experimental values, which is in line with the trend of
deviation in the predictions of a wide range of granites, as
counted by Ayatollahi et al. (2020). However, the predictions
of the Self-consistent method, the Voigt-reuss-hill method and
the M-T method are all heavily biased. The authors suggest
three main reasons for this (Lei et al., 2021; Zhao et al., 2024):
(1) large-size samples from uniaxial compression experiments
contain more defects, such as microcracks and micropores,
which are more prone to expansion and penetration upon
loading; (2) the shape, distribution and bonding effects of the
actual mineral grains in the granite differ from the assumptions
made by these homogenization methods; and (3) the indenter is
subjected to the squeezing effect of the surrounding minerals
when pressed into it, and thus the indentation test-obtained
micro-modulus is equivalent to the macro-modulus measured
in the macro-mechanical tests under the condition of surround-
ing pressure.

5. Conclusions
This study mainly examined both the evolution and correla-

tion of macro- and micro-mechanical parameters in a typical
granite before and after microwave irradiation. The specific
findings are outlined below:

The average surface heating rate of granite under 2 kW
microwave irradiation was only 1.32 ◦C/s and no macroscopic
damage was observed. The evaporation of various forms of
water accelerated the granite mass decrease rate after the
maximum surface temperature exceeded 200 ◦C. Meanwhile,
B exhibited different weakening degrees of the various macro-
mechanical parameters tested in uniaxial compression experi-
ments. On a microscopic scale, independent of the minerals’
microwave sensitivity, the mechanical parameters of Afs and
Pl in the surface sample showed a higher folding rate. The
parameter folding rates of Afs-Pl and Q-Bit were higher for
the surface sample mineral interfaces, and the correlation be-
tween the interface mechanical properties and the mechanical
properties of their neighboring minerals was weaker. It is
reasonable to conclude that the micromechanical parameters
of minerals and mineral interfaces of interior samples were
further weakened to various degrees.

Indentation depth, creep displacement and residual depth
are negatively correlated with hardness, but the laminar struc-
ture of Bit notably affected the latter two. Meanwhile, both
hardness and Young’s modulus are considered as excellent
predictors of micro-fracture toughness. Residual indentation
morphology is mainly characterized by the residual depth,
fracture toughness, brittleness and microstructure of the min-
erals. For upscaling, the M-T method produces the best pre-
diction effect on the macro-mechanical parameters of granite
before and after microwave irradiation, especially using a pre-
treated interior sample.
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Appendix A. Calculation of macro-mechanical parameters
In addition to easily measurable parameters such as peak strength and peak strain, other macro-mechanical parameters

can be derived from the stress-strain curve characteristics to investigate the impact of microwave treatment on the mechanical
properties of granite. The mid-body strain is calculated as follows (Brady and Brown, 2007):

ε
ν
= ε1 +2ε3 (A1)

where ε
ν

represents the volumetric strain; ε1 represents the axial strain; ε3 represents the circumferential strain. In addition,
the elastic modulus and Poisson’s ratio of rocks can be calculated as follows (Brady and Brown, 2007):

E =
σb −σa

εb − εa

, υ =
εd p

εl p

(A2)

where σa , σb represent the starting and ending stress values of the straight line segment in the stress-strain curve, respectively,
MPa; εa , εb represent the starting and ending strain values of the straight line segment in the stress-strain curve, respectively;
εd p , εd p represent the average values of the strain in the corresponding straight line segment portion on the stress-annular strain
curve and stress-axial strain curve, respectively.
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Appendix B. Calculation of micro-mechanical parameters
The Oliver-Pharr method is a commonly utilized international analytical technique for determining micro-mechanical

parameters such as hardness and Young’s modulus at the maximum indentation depth.
The contact stiffness is specified as the slope of the tangent line at the maximum load on the unloading curve, and it can

be expressed as:

S =
dP
dh

|h=hm (A3)

The reduced modulus is calculated as:

Er =

√
π

2β

S√
Ac

(A4)

The contact area Ac is related to the contact depth hc, which can be expressed as:

Ac = f (hc) (A5)
For the Berkovich indenter, the contact depth can be expressed as:

hc = hm − ε
Pm

S
(A6)

Hardness is calculated as:

H =
Pm

Ac
(A7)

According to the Hertz contact theory (Hertz, 1881), the Young’s modulus of a material can be calculated as follows:

E =
(
1−ν

2)( 1
Er

− 1−ν2
i

Ei

)−1

(A8)

where β represents the indenter correction factor and ε is a constant related to the shape of the indenter. For the Berkovich
indenter, β = 1.034 and ε = 0.75. Among the parameters, hc denotes the contact depth; Ac denotes the contact area that can be
expressed as Ac = 24.56h

2

c (Oliver and Pharr, 1992); Er is the reduced modulus, which represents the interaction effect between
the indenter and the material; Ei and vi denote the Young’s modulus and Poisson’s ratio of the indenter, respectively. For the
diamond indenter used in this study, Ei = 1141 GPa and vi = 0.07. v is the Poisson’s ratio of the indented material. This can
be reasonably assumed based on the relevant literature (Mavko et al., 2020). The explanation is that a sensitivity analysis of
the Poisson’s ratio with 40% uncertainty shows that the uncertainty in Young’s modulus is only 5% (Hay, 2009).

Appendix C. Micro-fracture toughness calculation
The authors chose the energy analysis method (Cheng et al., 2002) to calculate fracture toughness, which obtains this

parameter simply on the basis of the single load-displacement curve of the nanoindentation. During nanoindentation, the total
energy (U) is composed of two elements: elastic energy (Ue) and plastic energy (Up). The plastic energy (Up) in turn consists of
two elements: induced fracture energy (U f rac) and pure plastic energy (Upp). The specific energy balance equation is expressed
as follows (Cheng et al., 2002; Ma et al., 2020):

U =Ue +Up =Ue +Upp +U f rac (A9)
where U and Ue can be gained by integrating the loading and unloading curves over the load-displacement curve.

According to the linear elastic fracture mechanics, the fracture toughness KIC can be calculated for plane strain conditions
(described below):

KIC =
√

GcEr (1−ν2) (A10)
This equation applies to thick boards, such as rocks and minerals, where the constraining effect of deformation in the

thickness direction results in no strain in the z direction, i.e., εz = 0. This state, where strain exists in only two directions, is
called the plane strain case. Here, Er represents the reduced modulus and Gc represents the strain energy release rate. Gc can
be calculated by:

Gc =
∂U f rac

∂Ac
=

U f rac

Ac
(A11)

where Ac represents the projection contact area and U f rac can be calculated from Equation (10), expressed as:

U f rac =Up −Upp =U −Ue −Upp (A12)
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Although U and Ue are known, Upp cannot be directly determined from curves but it is typically obtained through a
combination of experimental and finite element simulation results. According to Cheng et al. (2002), Upp can be expressed as:

Upp =

1−

1−3
(

h f
hmax

)2
+2

(
h f

hmax

)3

1−
(

h f
hmax

)2


U (A13)

The fracture toughness can be obtained by substituting it into Eqs. (A12), (A11), and (A10)sequentially. In this process, it
is not necessary to measure the length of the crack.

Appendix D. Upscaling calculation
(1) Self-Consistent method
On the basis of the equilibrium of strain energy stored or dissipated by the material over a certain volume range, the Self-

Consistent method (S-C method) replaces anisotropic composites with an idealized homogeneous continuum. The mechanical
behavior of the two media is the same when the scale range is much larger than the local characteristic dimensions of the
anisotropic material. The effective modulus of the composite material can be expressed as follows:

C =C0 +
N−1

∑
r=1

cr (Cr −C0)
[
I +Pr

(
Cr −C

)]−1 (A14)

where C0 and Cr represent the modulus of the mineral with the largest content and the modulus of the rth phase mineral,
respectively; cr represents the volume fraction of phase r; I represents a tensor related to the inclusions’ shape; Pr represents
the P tensor when the phase r is placed in an unknown composite material used as a matrix. Pr is related to the shape of the
inclusions and the modulus of the unknown composite C. The above is the implicit equation for the effective modulus of the
composite.

By using a simplified algorithm for the isotropic tensor, implicit equations for the effective shear modulus and bulk modulus
of granite were obtained (Lei et al., 2021):

Ghom = ∑
r=0

cr
5Gr ·Ghom

(
3Khom +4Ghom

)
Ghom (9Khom +8Ghom)+6Gr (Khom +2Ghom)

Khom = ∑
r=0

cr
Kr

(
3Khom +4Ghom

)
3Kr +4Ghom

(A15)

where Ghom and Khom denote the effective shear modulus and bulk modulus of the homogenized granite, respectively; Gr and
Kr are the shear modulus and bulk modulus of phase r, respectively. The calculation equation is as follows:

Gr =
E

2(1+ν)
, Kr =

E
3(1−2ν)

(A16)

(2) Voigt-Reuss-Hill method
The Voigt-Reuss-Hill method (V-R-H method) takes into account the link between the elastic behavior of aggregates and

single crystals. Therein, the Voigt boundaries (upper boundaries) and Reuss boundaries (lower boundaries) are the average elastic
properties of multiphase and polycrystalline aggregates, respectively (Hill, 1952). The average values provide a convenient way
of estimating the rock properties of aggregates, without considering the orientation and interlocking of the particles.

The upper bound of the equivalent modulus for the n components is derived from the Voigt model (Voigt, 1928):

Mv =
n

∑
i=1

ϕiMi (A17)

where ϕi and Mi represent the volume content and Young’s modulus of the ith component, respectively. The Voigt model
assumes that the components are isotropic and linearly elastic.

The lower bound of the equivalent modulus for the n components is derived from the Reuss model (Reuss, 1929):

1
MR

=
n

∑
i=1

ϕi

Mi
(A18)

The Hill model (Hill, 1952) uses the average of the upper and lower boundaries to calculate the equivalent modulus:

M =
1
2
(Mv +MR) (A19)

(3) Mori-Tanaka method
The Mori-Tanaka method (M-T method), proposed by Mori and Tanaka in 1973 (Mori and Tanaka, 1973), takes into

account the interactions between inclusions and assumes that each inclusion is embedded in an infinitely large matrix. The
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Fig. A1. Homogenization process of the M-T method.

homogenization process of the method is shown in Fig. A1. The effective modulus of the composite material can be expressed
as follows:

C =C0 +
N−1

∑
r=1

cr

[
(Cr −C0)

−1 + c0Pr

]−1
(A20)

The bulk and shear modulus of granite are expressed as follows:

Ghom =

∑
r=0

crGr
G0(9K0+8G0)+6Gr(K0+2G0)

∑
r=0

cr
G0(9K0+8G0)+6Gr(K0+2G0)

Khom =

∑
r=0

crKr
3Kr+4G0

∑
r=0

cr
3Kr+4G0

(A21)

where K0 and G0 denote the bulk and shear modulus of Bit, respectively. Considering the obvious pore structure of Bit, the
bulk modulus and shear modulus of Bit are expressed as follows:

G0 =
(1−ϕ)Gs

1+6ϕ
Ks+2Gs
9Ks+8Gs

K0 =
4(1−ϕ)KsGs

4Gs +3ϕKs

(A22)

where Ks and Gs represent the bulk modulus and shear modulus of Bit, respectively, independent of the pore structure; ϕ is
the porosity of Bit. Considering the special laminar structure of Bit, this study set the percentage of pore volume in Bit to the
total volume to 30%.
(4) Generalized Means method

The Generalized Means method (G-M method) is a semi-empirical model for predicting the mechanical properties of
multiphase materials and polycrystalline rocks (Ji et al., 2004). The mechanical properties of multiphase materials in the G-M
method are related to the volume fraction and composition of the material, which can be determined by the following equation
(Ayatollahi et al., 2020; Ji et al., 2004):

Md (J) =

[
n

∑
i=1

(
fiMJ

i
)]1/J

(A23)

n

∑
i=1

fi = 1 (A24)

where the subscripts i and d stand for the ith phase and the multiphase material consisting of n phases, respectively; fi denotes
the volume fraction of each phase; M is a certain mechanical property; and J is the mesostructure coefficient, whose value
depends on the mesostructure.

Note that the value of J for each multiphase material must be measured separately by multiple tests. For polycrystalline
rocks (e.g., granite), Ayatollahi et al. (2020) found that the predicted Young’s modulus matches very well with the results
of uniaxial compression tests when J is infinitesimal. On the other hand, the predicted Young’s modulus values are almost
constant when J is beyond the range of (-50,50). Therefore, the authors chose J = -50 as the J value for the predicted modulus.

For the equivalent mechanical parameters of the four types of mineral media obtained by using the S-C and M-T methods,
on the basis of the theory of elastic mechanics, the Young’s modulus of the rock at the centimeter scale can be calculated
using Eq. (A25):

Ehom =
9Khom ·Ghom

3Khom +Ghom (A25)
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