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Abstract: Microwave irradiation on rocks before excavation is an effective method to reduce equip-
ment wear and energy consumption during mechanical cutting. Rock mass excavation is usually
carried out in a water-rich environment and exposed to dynamic loads, thus understanding the
coupled effects of water content and loading rate on the mechanical behavior of rocks under mi-
crowave radiation is essential. In this study, sandstone samples with five levels of water content
(from oven-dried to water-saturated) were exposed to microwave irradiation at a power of 700 W
for 10 min. Brazilian disc tests were conducted on sandstone samples after microwave radiation
under both quasi-static and dynamic loading conditions. Test results revealed that, with the increase
of the initial water content, the microwave heating capacity of the rock is significantly improved.
The surface temperature of the saturated samples is approximately 1.38 times higher than that of
the dry ones. Moreover, weight, P-wave velocity, quasi-static and dynamic tensile strength of the
rock decrease, while porosity and damage factor exhibit a similar growth law. Before microwave
irradiation, the average value of the P-wave velocity and the quasi-static tensile strength of sandstone
were about 2521.3 m·s−1 and 4.65 MPa. However, after microwave treatment, when the initial water
content was 2%, 3%, 4% and 5.4%, the P-wave velocity decreased by 6.1%, 9.8%, 16.4% and 30.2%,
while that quasi-static tensile strength reduced by 9.2%, 16.7%, 30.6% and 48.9%, respectively. For
water-saturated samples under microwave irradiation, the porosity increases from 13.02% to 18.12%
(showing an increase of 39.2%), and the damage value rises to 0.51. In addition, the dynamic tensile
strength shows a significant loading rate dependence, and as the initial water content increases, also
the dynamic increase factor (DIF) increases. At a given loading rate, the energy dissipation decreases
with the increase of the initial water content, which indicates that the presence of water cause more
significant damage to the rock when subjected to microwave radiation. Scanning electron microscopy
(SEM) results indicate that the internal damage of the rock after microwave radiation is dominated
by intergranular cracks, and crack density increases with increasing initial water content of the
samples. The underlying damage mechanisms of microwave radiation on water-bearing sandstone
were interpreted with the theory of pore water pressure and structural thermal stresses.

Keywords: water-bearing sandstone; microwave irradiation; porosity; dynamic tensile strength;
energy dissipation; fracture mechanisms

MSC: 74L10

1. Introduction

The main problems faced by underground metal mines are efficient crushing of hard
rock and long-term stability of the surrounding rock mass. The traditional drilling and
blasting methods are gradually unable to meet the requirements of green and continuous
mining in deep hard rock mines due to its intermittent and risky mining operations,
low energy utilization rate, damage to the surrounding rock mass, and environmental
pollution [1,2]. To address the problems mentioned above, methods are proposed such
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as mechanical cutting [3,4], high-pressure water jet cutting [5], laser beam damaging [6],
and high-temperature plasma rock breaking [7]. Mechanical cutting has the advantages
of continuous operation, high construction quality, small excavation induced damage,
increased safety, and economical operation. It has been strongly developed in the second
half of the past century. In particular, the successful development of the shearer was
the basis for the fully mechanized underground coal mining method, which has greatly
improved the mining efficiency and operational safety. However, in metal mines, the
wear of cutter head is severe due to the ore’s high strength and abrasive nature, making it
extremely difficult to crush the rock mechanically [8–11]. While researchers are committed
to developing high-performance mining equipment to meet this challenge, they are also
constantly looking for new rock-breaking technologies and auxiliary crushing methods.

Microwave-assisted rock breaking technology is a comprehensive thermal rock break-
ing technology. Compared with traditional heating technologies, microwaves heat up the
rock internally, and the rock itself becomes a heating element causing thermal damage.
It has the advantages of integral heating, fast heating rate, easy control of equipment,
and avoids secondary pollution to the environment [12,13]. In recent years, constructors
have shown increasing interest in microwave-assisted rock breaking technology. Substan-
tial efforts have been made towards exploring the microwave heating effects on various
rock types with respect to physical and mechanical behaviors, containing uniaxial com-
pressive strength [13–17], tensile strength [13,14,18], point load strength [19], ultrasonic
properties [20,21], fracture toughness [22,23], Cerchar abrasivity index [14], linear cutting
forces [24], as well as tri-axial properties [16,25]. More detailed information on mentioned
research is summarized in Table 1. It is universally accepted that microwave can effectively
weaken rocks. The loss extent of the mechanical properties is primarily dependent on
microwave intensity and exposure times, the dielectric properties of rocks, and the thermal
expansion rate of the composing minerals [13,20]. Moreover, under the same irradiation
energy, the combination of high heating power and low heating time is more effective to
destroy rocks [15,20].

Above mentioned studies on the mechanical behavior of rocks are limited to quasi-
static conditions. However, during the excavation process, due to the superposition of
different methods such as cutting, punching, rolling, grinding, etc., rock masses are usu-
ally damaged and broken dynamically [26,27]. Under high strain rates, the mechanical
behavior of rocks is significantly different from static loading [28,29]. The reactions of hard
rocks to microwave radiation have also been studied at high loading rates. For example,
Li et al. [30,31] conducted experimental research to study the dynamic properties of granite
after microwave treatment, including uniaxial compressive strength, tensile strength, and
fracture toughness. Results indicated that both original and irradiated granite samples
exhibited a loading rate dependence, and microwave irradiation can facilitate the fragmen-
tation of granite samples at a high loading rate. However, the only dry state of the sample
was considered in these tests. For most engineering practice, due to the seepage effect of
and aquifers in the mined-out area, rock mass excavation is usually carried out in a water-
rich environment [32,33]. Generally, the laboratory tests use deionized water to investigate
the effect of water content on the microwave heating of the rock. Studies have confirmed
that the differential thermal expansion of mineral particles and the volumetric thermal
expansion of water under microwave irradiation can cause crack evolution in rocks [34–36].
So far, limited studies have been conducted on microwave-induced reduction of mechanical
attributes of rock materials considering different water content, and the high strain rate
experiments on water-bearing rocks after microwave radiation is still not reported.

This paper aims to investigate the combined effects of water content and loading rate
on the mechanical behavior of rocks under microwave radiation. By using the response
surface methodology (RSM) and ANOVA for experimental design and data analysis [37]. A
series of low-power microwave radiation tests on sandstone samples with different water
content are performed. Some essential physical properties of sandstone samples, including
surface temperature, porosity, and P-wave velocity, were determined. Furthermore, quasi-
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static and dynamic tensile tests of the sandstone samples after microwave radiation were
carried out using a servo-controlled testing machine and the Hopkinson pressure bar
technique. Tensile strength and energy dissipation characteristics of the samples with
different water content and loading rate were obtained and compared. The damage
mechanisms of water-bearing sandstone under microwave radiation are discussed based
on the theory of pore-water pressure and thermal stresses. Moreover, the sandstone used in
this study has poor microwave absorbing capacities compared to some igneous rocks such
as basalt, gabbro and diabase but has high hardness and abrasivity [13,21,38]. Therefore, the
research results not only help us to deeply understand the combined effects of water content
and loading rate on the mechanical behavior of rocks under microwave radiation but
also provide theoretical evidence for engineering applications of the microwave-assisted
mechanical rock-breaking technology, especially to provide possible solutions for the
auxiliary breaking of rocks with poor microwave absorption capability.
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Table 1. Summary of experimental studies on microwave treatment of rock materials.

Authors Rock Type Microwave Applicator Microwave Power (kW) Exposure Time (s) Parameters Studied Important Findings

Zheng et al. (2017) [20] Gabbro Single mode cavity 0.5–2 kW 30–120 s T, Vp,
Crack density

(1) Thermal gradients are huge when compared to
conventional heating;
(2) The overall Vp and the Vp in the middle of samples
are reduced by up to 55% and 80%.

Hartlieb et al. (2018) [21]

Basalt, Diabase,
Gabbro, Granite,
Metasandstone,
Cooper ore

Multimode cavity 3.2 kW 10–300 s T, Vp

(1) The reaction to microwave irradiation strongly
depends on the mineralogy or the water content of
the rock;
(2) Well-absorbing rocks melt and crack extensively as
result of microwave irradiation.

Satish et al. (2006) [19] Basalt Multimode cavity 0.15 kW 60–360 s T, Is

(1) Is decreases with the increase of irradiation time;
(2) Visible macro cracking and splitting were observed
on samples.

Shepel et al. (2018) [24] Granite Open ended waveguide 24 kW 30 s, 45 s Cutting forces
34 s of microwave irradiation can significantly reduce
cutting forces for granite, but the microwave
penetration depth is limited.

Nekoovaght (2009) [14]
Granophyre, Granite,
Gabbro, Gneiss,
Basalt, Limestone

Multimode cavity 0.8 kW, 1.25 kW, 3 kW 15–240 s T, UCS, BTS, CAI

(1) CAI and UCS decreased about 30% in almost all
samples; BTS decreased up to 80% for the
basalt samples;
(2) Microwave-assisted rock excavation can improve
the penetration rate and tool life of TBMs.

Ge and Sun (2021) [15] Gabbro Multimode cavity 0.9–6 kW 30–1500 s T, UCS, AE

(1) When the heating power is greater than 3.3 kW, the
damage to rock is more obvious;
(2) High power and low heating time is more
conducive to rock failure.

Hassani et al. (2016) [13] Mafic norite, Granite,
Basalt

Multimode cavity
and open ended horn
antenna

1.2 kW,
3 kW, 5 kW 10–120 s

T, UCS, BTS,
Microwave
penetration depth

(1) Smaller disc-shaped samples were heated more
rapidly than larger cylindrical samples;
(2) Wetting could increase the ability for the microwaves
to induce cracks during 60 s exposure periods.

Kahraman et al.
(2020) [18]

Granite, Syenite,
Gabbro Multimode cavity 1 kW, 2 kW,

6 kW 60–420 s T, UCS, BTS

(1) UCS and BTS decrease with increasing power and
exposure times;
(2) Macro-cracks and local meltings could be observed
on some samples after the treatment at 6 kW power.

Lu et al. (2022) [25] Sandstone Multimode cavity 1 kW 60–600 s TCS, Brittle index
TCS and brittleness of the irradiated sandstone was
significantly lower than that of the
unirradiated sandstone.

Lu et al. (2020) [16] Basalt Multimode cavity 1 kW, 3 kW, 5 kW 10–300 s T, UCS, TCS
TCS decreased linearly with exposure time, and the
higher the confining pressure, the smaller the reduction
in the strength of basalt.
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Table 1. Cont.

Authors Rock Type Microwave Applicator Microwave Power (kW) Exposure Time (s) Parameters Studied Important Findings

Li et al. (2021) [22] Granite Multimode cavity 2 kW, 4 kW, 6 kW 30–150 s T, KIC, AE KIC decreased exponentially as the heating time, and is
more sensitive to the higher microwave power.

Nejati et al. (2012) [23] Basalt Multimode cavity 1–5 kW 5–30 s T, KIC
KIC decreases linearly with the increase of microwave
energy while the crack density increases.

Wang et al. (2021) [39] Granite Multimode cavity 6 kW 90–270 s Dynamic UCS, Vp, CT
values, FSD

(1) CT value, Vp and dynamic UCS decreased with the
increase of irradiation duration;
(2) Microwave irradiation can facilitate the
fragmentation of granite samples at low loading rates.

Yin et al. (2022) [40] Basalt Multimode cavity 1–4 kW 10–40 s T, Vp,
Dynamic BTS

There is a linear correlation between the dynamic
tensile strength of the rock and the microwave
energy input.

Chen et al. (2021) [41] Shale Multimode cavity 1 kW 0–50 s NMR porosity,
Permeability

Microwave heating can cause extensive fracturing and
permeability enhancement in shale samples with
moderate amounts of pore water.

Li et al. (2017) [42] Coal Multimode cavity 2 kW, 4 kW,
6 kW, 8 kW, 10 kW 30 s NMR porosity,

Permeability, Vp

(1) The fracture volume and coal permeability increase
while the Vp decreases with increasing water contents;
(2) When the water content is above 6%, the porosity
increases by around 98–211%.

Zhao et al. (2020) [36] Sandstone Multimode cavity 0.5 kW 60–480 s T, PSD

(1) The heating curves of saturated sandstones can be
divided into 3 stages;
(2) Water-bearing sandstones are more likely to burst
with low rock strength, low permeability, high
saturation degree and high microwave power.

Peinsitt et al. (2010) [34] Basalt, Granite,
Sandstone Multimode cavity 3 kW 10–300 s T, UCS, Vp

(1) Vp decreases with the increase of radiation time
whereas UCS fluctuated;
(2) Water-saturated sandstones burst on reaching
temperatures slightly above 100 ◦C.

Note: T-Temperature; UCS-Uniaxial compression strength; BTS-Brazilian tensile strength; TCS-Triaxial compression strength; CAI-Cerchar abrasivity index; Is-Point load strength index;
Vp-P-wave velocity; KIC-Fracture toughness; FSD-Fragment size distribution; PSD-Pore size distribution.



Mathematics 2023, 11, 203 6 of 33

2. Material and Experimental Methods
2.1. Material Description

The sandstone used for this study was taken from an underground metal mine in
Changsha City, Hunan Province, China. The entire sandstone block is brown-red, and there
are no apparent cracks on the sample’s surface. In order to determine the mineral composi-
tion and structure of the rock, thin sections of sandstone were stained with Alizarin Red
solution, and they were observed under plane-polarized light with an optical microscope,
as shown in Figure 1a. The sandstone has a silty fine sand structure. The primary type
of cementation is porous cementation, and basal cementation is partially seen. The main
mineral components are quartz, feldspar, calcite, and muscovite, as well as a small amount
of hematite and chlorite. The size of minerals ranges from 0.03–0.5 mm, but a few larger
particles can reach up to 0.6 mm. By X-ray diffraction analysis technology the specific mass
fraction of each mineral component was determined, as shown in Figure 1b.
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Figure 1. Mineral composition: (a) optical microscope image of sandstone and (b) content of minerals.
(Qtz-quartz; Kfs-Potash feldspar; Pl-plagioclase; Cal-calcite; Ms-muscovite).

2.2. Sample Preparation

In this study, Brazilian tests was chosen to determine the quasi-static and dynamic
tensile strength. The sample preparation process follows the recommendations of the
International Society of Rock Mechanics (ISRM) [43]. A diamond drill bit with an inner
diameter of 50 mm was used to obtain core samples from the sandstone block. All core
axes are consistent to avoid influence due to the rock anisotropy on its physical and
mechanical properties. A rock cutter was used to slice the cylindrical cores into Brazilian
disc samples with an average thickness of 25 mm. After that, a double-sided grindstone
machine was adopted to carefully polish each sample’s end surface and circumference to
ensure that the non-parallelism between the two ends of the sample is less than 0.025 mm,
non-perpendicularity between the circumference and the end surface is less than 0.25◦. All
processed samples were dried in a vacuum drying oven at 105 ◦C for 48 h. Then, samples
with significant deviations in respect to weight, wave velocity and porosity are eliminated.
Before microwave radiation tests, we also conducted a series of preliminary tests on dried
samples to determine the primary physical and mechanical parameters of the sandstone, as
listed in Table 2.

Table 2. Physical and mechanical properties of the sandstone (mean values and standard deviation).

ρ(kg·m−3) P(%) Aw(%) Cp(m·s−1) σc(MPa) σst(MPa) Es(GPa)

Mean values 2336.2 13.3 5.43 2521.3 68.9 4.65 6.47
Standard deviation ±2.17 ±0.25 ±0.14 ±37.5 ±1.87 ±0.11 ±0.19

Note: ρ: Density; P: Porosity; Aw: Water absorption; Cp: P-wave velocity; σc: Uniaxial compression strength;
σst: Static tensile strength; Es: Elastic modulus.
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In order to study the influence of initial water content on the damage of sandstone
samples under microwave radiations, the vacuum-dried sandstone samples were com-
pletely immersed in deionized water with a temperature equal to 25 ◦C and a pH value
of 7 for 48 h, as shown in Figure 2a. The main reason for using deionized water is to
avoid the rotation and friction of other ions under microwave radiation, producing thermal
effects and affecting the test results. During the soaking process, the samples were taken
out and weight was determined at intervals of one hour until the sample weight remains
unchanged. The water content of the samples at different soaking times can be calculated
by the variation of sandstone weight:

w =
mw −md

md
(1)

where, w is the moisture content of the sample, %; md and mw are the dry and wet weight
of the sample after soaking for a certain period, g. Figure 2b shows the variations of the
moisture content of the sandstone samples with soaking time. The moisture content of the
sandstone increases rapidly during the initial stage, and the growth rate of water content
slows down with increasing soaking time. After the sample is immersed in water for about
28 h, no significant change in water content is observed. At this time, the sandstone is
fully saturated.
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Figure 2. (a) schematic diagram of water immersion treatment method, (b) variation of water content
vs. soaking time.

In this study, the OriginPro software was used to perform multivariate statistical
regression analysis on the physical and mechanical variables of sandstone. This software
was selected due to its strength that a user could get an optimum fitting equation with
a high fault-tolerant rate and high searching rate by its “Model Comparing” function.
After regression analysis, the “goodness of fit” can be used to evaluate the validity of the
fit. Generally, R-squared (R2), also known as the coefficient of determination, could be
used to assess the correlation between the fitted curve and the test data; the value of R2

ranges from 0 to 1, and a higher value indicates a better fit. By regression analysis using
OriginPro software, the variation of water content and soaking time are related by the
following equation:

w = ws(1− e−at) = 5.43(1− e−0.19t); R2 = 0.990 (2)

where, ws is the saturated water content of the sample, %; t is the soaking time of the
sample, h; and a is the fitting parameter.

According to Figure 2b and Formula (2), a sample with a specific moisture content
can be easily prepared. In this study, all samples are divided into five groups, and each
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group consists of six samples for static and dynamic splitting tests. The water content of
the sandstone samples was fixed to 0%, 2%, 3%, 4%, and 5.4%, and the corresponding
immersion times were about 0 h, 2.5 h, 4.25 h, 7 h, and 27.5 h. After preparing the sandstone
samples with different water content, samples were sealed by a thin plastic film to protect
them from moisture exchange in the atmosphere. However, when samples are placed in a
microwave field, the plastic film must be removed.

2.3. Test Set-Up and Data Acquisition
2.3.1. Microwave Heating Equipment

The purpose of this research is to characterize the influence of water content on the
tensile properties of sandstone subjected to microwave radiations; therefore, the integrity
of the sandstone samples must be ensured before the mechanical tests. Previous studies
have shown that high-power microwave radiation may cause rock bursting and destruc-
tion [35,36]. Therefore, in this study, water-bearing sandstone samples were subjected to
microwave heating using a 700 W domestic microwave oven at a frequency of 2.45 GHz,
which corresponds to an approximate wavelength of 120 mm, as shown in Figure 3a. The
domestic microwave oven used in this study is a typical multi-cavity microwave oven, and
the bottom of the microwave oven is equipped with a glass turntable to ensure uniform
heating of the sample. All samples are irradiated in the microwave oven for 10 min. The
surface temperature of the samples were measured with a full-color infrared thermal im-
ager every 30 s (see Figure 3b), and the weight change of the sample was also recorded. For
doing the measurements the samples were taken out of the oven for just a few seconds
so that surface temperature variations of the samples are negligible. A detailed flowchart
illustrating the microwave treatment and experimental procedure can be seen in Figure 4.
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2.3.2. Quasi-Static Brazilian Tests

Quasi-static Brazilian disc tests were conducted on a MTS hydraulic servo testing
machine. The sandstone disc was compressed diametrically under displacement-controlled
loading by a flat load platen without any cushion strips or loading jaws on the sample,
consistent with the dynamic splitting tests. The loading rate was 10−4 mm/s, and the
MTS testing system recorded vertical load and displacement. According to the principle
of the Brazilian test, a compressive load can generate a tensile stress perpendicular to the
diameter of the disc in the sample [44]. When the failure occurs at the point of maximum
tensile stress (i.e., at the center of the disk), the tensile strength can be calculated as:

σst =
2Fmax

πDB
(3)
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where, σst is the static tensile strength of the sample, MPa; Fmax is the maximum load, N; D
and B are the diameter and thickness of the sample, mm; respectively.
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2.3.3. Split Hopkinson Pressure Bar System

The dynamic Brazilian split tests were carried out on a modified split Hopkinson
pressure bar (SHPB) system, which can realize the loading of rock-like materials under
medium and high strain rate conditions [45]. The experimental device consists of a launch
tube, striker, incident bar, transmission bar, energy absorption bar, and data acquisition
system, as shown in Figure 5a,b. During the test, the sandstone disc was sandwiched
between the incident bar and the transmission bar diametrically. The striker in the launch
tube was driven by high-pressure nitrogen to hit the incident bar and generate a one-
dimensional compressive stress pulse in the incident bar, that is, the incident wave. The
incident wave propagates through the sample, a reflected tensile wave and a transmitted
compression wave are generated. Strain gauges are attached to the middle of the incident
bar and the transmission bar to record the stress waves. A high-speed camera was adopted
to capture the dynamic fracture process of the sample with a shooting frame rate of
125,000 fps. The camera is triggered by the incident wave to ensure that the strain signal is
synchronized with the image acquisition.

Unlike the traditional SHPB equipment, the modified SHPB adopts a cone-shaped
striker in the launch tube to eliminate the dispersion effect of the stress wave and the P-C
oscillation [46]. Figure 5c presents a typical loading stress wave recorded by the strain
gauges on the elastic bars. The signals in Figure 5c are very smooth, and the incident wave
has an approximate half-sine wave shape. Additionally, the front edge of the incident
wave rises slowly, effectively avoiding the premature rupture of the sample in the loading
section.

The SHPB system should be calibrated without mounting the sample, and the testing
accuracy of the equipment is 0.01 MPa. The stress balance at both ends of the sample
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is the fundamental premise for the effectiveness of the SHPB test. According to the one-
dimensional stress wave propagation theory of the SHPB test, the forces at the two ends of
the sample are [47]:

F1(t) = Ee Ae[ε I(t) + εR(t)] (4)

F2(t) = Ee AeεT(t) (5)

where, Ee and Ae are the elastic modulus and cross-sectional area of the elastic bar, Gpa and
m2; ε I , εR and εT are the incident, reflection, and transmission strains, respectively. Figure 6a
presents a typical dynamic force balance curve of an SHPB test of a sandstone sample. It
can be found that during the process of dynamic loading, the curves of superimposed stress
and the transmission stress at both ends of the sample basically coincide, which indicates
that the loading force at both ends of the sample is almost the same (i.e., F1 = F2). Therefore,
the inertial effect during the dynamic loading process can be ignored, and the quasi-static
theory can be used to analyze the force conditions of the sandstone samples [47,48]. The
formula for calculating the dynamic tensile strength of disc samples can be expressed as:

σdt(t) =
2F(t)
πDB

=
Ee Ae

πDB
[ε I(t) + εR(t) + εT(t)] (6)
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Figure 6. Verification of the dynamic force balance at both ends of the sample (a) and the determina-
tion of the loading rate (b).

During the dynamic loading process, the impact velocity of the striker can be controlled
by adjusting the gas pressure in the air gun so as to achieve different loading rates. Referring
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to the studies of Zhang et al. [49], we defined the slope of the linear segment of the tensile
stress curve before reaching the peak as actual loading rate, as shown in Figure 6b. It can
be seen from Figure 6b that the dynamic tensile strength of a typical sample is 12.6 MPa,
and the loading rate is about 224.8 GPa/s.

3. Results and Analysis
3.1. Physical Damage Induced by Microwave Irradiation
3.1.1. Temperature Variations and Weight Loss

Microwave heating mainly uses the principle of dielectric loss to convert microwave
energy into heat energy. The generated heat is related to the rock-forming minerals and
their dielectric properties. Figure 7 shows the dielectric constants of pure water and
sandstone’s main rock-forming minerals for 2.45 GHz microwave frequency and room
temperature [50,51]. Except for hematite, the dielectric constants of all other rock-forming
minerals are less than 10. Even though the dielectric constant of hematite is 18.3, its content
only accounts for 5.63% of the total mass (see Figure 1b), which results in a relatively
low microwave sensitivity of the sandstone. In addition, the dielectric constant of water
is significantly greater than that of the sandstone minerals (factor of 4 to 20). Therefore,
when the water content increases, dielectric properties will inevitably increase, and the
microwave heat conversion capability of the rock will also change accordingly, which
ultimately leads to a temperature variation in the rock.
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Figure 7. Dielectric constants of pure water and sandstone’s main rock-forming minerals [50,51].

Figure 8 shows the surface temperature of sandstone samples with different water
content under microwave radiation. In order to better reflect the temperature variations,
the scale value of the temperature distribution cloud map is unified, and the highest
temperature on the surface of the sample is marked. With increasing of initial water content
and extension of duration of microwave radiation, the surface temperature of the samples
increases, which indicates that the presence of water increases the dielectric properties
of the sandstone and the microwave heating capacity. In addition, due to the effects of
convective heat transfer and moisture evaporation, most of the sample surfaces present
a temperature gradient with higher temperatures at the center and lower at the edge of
the sample. However, it is worth noting that when the initial water content is 2% and
3%, and the duration of microwave radiation is 60 s and 180 s, the highest temperature
occurs at the edge of the sample, and a colder zone is formed at the center. The main reason
for this phenomenon is that the pore water concentrate in the outer layer of the sample
in case of low water content. As a strongly polar molecule, water can take the lead in
absorbing microwaves and converting them into heat energy, causing the edge temperature
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of the sample to be higher than the center temperature. As the duration of microwave
radiation increases, the moisture at the edge of the sample evaporates and takes heat away.
In summary: under the combined effects of water evaporation, heat transfer in the rock,
and the convective heat exchange between the sample surface and the surrounding air,
the sample surface presents the typical temperature distribution characteristics of high
temperature at the center and low temperature at the edges.
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The thermal imaging analysis software IVMS-4800 was used to analyze the variation
of surface temperature quantitatively. Eleven temperature measurement points are selected
at equal intervals (about 5 mm) along the diameter at the end face of the disc samples, and
the arithmetic mean surface temperature of the samples with different water content and
duration of microwave radiation is calculated, as shown in Figure 9a. When samples are
exposed to a microwave field, the moisture inside the sandstone continuously migrates to
the sample’s surface and evaporates. The loss of moisture leads to a decrease of the dielectric
constants, and the change in dielectric properties will, in turn, affect the microwave heating
effect. The relationship between sandstone weight and duration of microwave radiation
is shown in Figure 9b. With increasing duration of microwave radiation, the surface
temperature of the sample continues to rise, while the corresponding sample weight
decreases. The two sets of curves (see Figure 9) can be separated into three stages by using
120 s and 360 s as demarcation points.

In the first stage (0–120 s), for dry sandstone samples, the surface temperature rises
slowly due to the low microwave sensitivity. After 120 s of microwave radiation, the average
temperature of the dried sample is still below 100 ◦C, corresponding to a microwave
heating rate of less than 0.83 ◦C/s. With the increase of the initial water content, the
temperature rising rate gradually increases. When the water content reaches 5.4%, the
average temperature of the sandstone after 120 s of microwave radiation reaches 138 ◦C,
and the corresponding heating rate is about 1.15 ◦C/s. With the continuous increase of
sample temperature, the water evaporation rate also increases, which results for samples
with higher water content in a faster mass loss rate.

In the second stage (120–360 s), the surface temperature of the sample generally rises
above 100 ◦C. High temperature accelerates the evaporation and heat dissipation rate of
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pore water, and the microwave heat conversion capacity of sandstone is gradually reduced
due to the water loss. At the same time, the increasing surface temperature strengthens
the convective heat transfer rate with the surrounding air, which ultimately leads to a
decrease in the temperature rise rate at this stage. On the other hand, due to the large
amount of water vapor released from the rock surface, the weight of sandstone is rapidly
decreasing. For dry sandstone samples, because there is no negative heat source from
water evaporation, the temperature behavior is the same as in the first stage. However,
the weight shows a slight decrease, which may be caused by the loss of some bound water
inside the rock.
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Figure 9. Surface temperature (a) and weight (b) of sandstone vs. microwave irradiation time.

In the third stage (360–600 s), the sandstone is thoroughly dried under continuous
microwave irradiation. The evaporation of water inside the sample stagnates, resulting in a
constant weight of the sample. At this stage, the main microwave absorbing medium is the
rock matrix, not the water inside the sample. Therefore, the thermal conversion efficiency
of microwave energy is reduced, and the temperature rising rate of the sample becomes
very slow.

Figure 10 shows the microwave heating curves of sandstone under dry and water-
saturated conditions, comparing the results from sandstone with results from Zhao et al. [36]
and Peinsitt et al. [34]. It is indicated that experimental results are very consistent with those
of Zhao et al. and Peinsitt et al. Although there are differences in microwave power, the
heating rate of water-saturated sandstone is significantly higher than that of dry samples.
In addition, with the increase in microwave power, the effect of water on the microwave
heating rate of sandstone is more significant.
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3.1.2. Porosity and Pore Size Distribution

The nuclear magnetic resonance (NMR) method is adopted to study the pore structure
characteristics of sandstone samples before and after microwave radiation. This method is
based on the magnetic properties of the atomic nucleus and its interaction with the external
magnetic field. The pore distribution of the rock is indirectly obtained by detecting the
movement of the hydrogen nucleus inside the water-saturated rock [52,53]. When water-
saturated sandstone is placed in a constant magnetic field, applying a radio frequency (RF)
electric field will cause hydrogen nuclei to resonate and absorb pulse energy. When the
RF field is removed, the absorbed RF energy will be released by the hydrogen nuclei. The
process of the H nucleus changing from a high-energy state to a low-energy state is called
relaxation, and T1 and T2 are the longitudinal and transverse relaxation times, respectively.
Since the test results of T1 and T2 are basically the same, and T1 requires more time to
measure, the T2 curve is usually used to characterize the pore distribution characteristics of
the rock. Studies have proved that the pore size distribution of the rock is related to the
shape and position of the T2 spectrum. The larger the pore size of the rock, the longer the
corresponding relaxation time, and the closer the T2 distribution curve to the right side
of the coordinate axis. Amplitude and peak area of the T2 curve represent the number of
pores in the rock, while the continuity of the curve reflects the connectivity of the pores [54].

Figure 11 shows typical T2 distribution curves of sandstone with different water con-
tent before and after microwave radiation. The T2 spectrum of the original sandstone
sample without microwave irradiation contains three independent amplitudes (P1 is the
highest, P2 is the intermediate, and P3 is the lowest), indicating that the sandstone has a
wide pore size distribution (more small and medium size pores and fewer large pores).
After the dry sandstone experienced microwave radiation, the position of the three peak
amplitudes did not change. In contrast, the amplitude of P1 increased slightly, P2 decreased,
and the peak value of P3 hardly changed (see Figure 11a). The main reason for this phe-
nomenon may be that the temperature of the sample rises under microwave irradiation, and
the thermal expansion of mineral particles causes compaction of medium size pores. As the
initial water content of the sample increases, after microwave radiation the amplitudes of
the T2 spectrum continuously shifts towards a larger lateral relaxation time (corresponding
to larger pores). The amplitude of P1 decreases while the amplitudes of P2 and P3 in-
crease, indicating that microwave radiation causes the micropores to expand, rupture, and
finally merge into larger pores. At the same time, the valleys of the T2 spectrum gradually
rise, which indicates that the connectivity between pores has been enhanced, as shown in
Figure 11b,c.

When the initial water content of the sample continually increases to 4%, the P1
amplitude continues to decrease, and the P2 amplitude increases significantly, the originally
separated local maxima P2 and P3 gradually merge, which means that the increase in initial
water content is conducive for the connectivity of pores. In addition, when the initial water
content of the sample exceeds 4%, the P2 amplitude of the T2 spectrum exceeds the P1
amplitude, indicating that the pore structure has changed, and the average pore size of the
sample has increased compared with that before microwave radiation.

According to the pore accumulation curve obtained by the T2 spectrum, a relationship
between the porosity of the microwave irradiated sandstone and its initial water content
is obtained, as shown in Figure 12. With increasing initial water content, the porosity of
the microwave irradiated sandstone increases exponentially, and according to the different
growth rates of the curve, the variation can be divided into two different stages.

In the first stage, the initial water content of sandstone is below 3%. As the initial water
content of the sample increases, the porosity of the sandstone after microwave irradiation
increases slowly, which may be due to the fact that the samples are soaked in the water for
a short time, so that moisture is mainly distributed in the larger pores or natural fissures on
the surface of the sample. During microwave radiation, the pore water has strong fluidity,
and the generated vapor can easily escape. Therefore, the expansion pressure generated by
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the steam in the pores is very limited. On the other hand, the low water content corresponds
to a low microwave heating capacity, which results in very limited damage.
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In the second stage, when the initial water content exceeds 3% and increases to 4%
and 5.4%, sufficient immersion time allows water to penetrate the interior of the sample,
the dielectric constant of the sandstone rises rapidly, and the microwave heating capacity is
also enhanced. Since the rock matrix restricts the evaporation of pore water, a large amount
of vapor produces a higher steam pressure in the pores. In addition, as the temperature
increases, due to the different thermal expansion coefficients of the different minerals
the deformation of the rock increases, resulting in an increase in the microscopic thermal
stresses inside the sandstone. Under the combined effect of steam pressure and thermal
stress, the initiation and propagation of cracks are intensified, resulting in a significant
increase in sandstone porosity after microwave radiation. Therefore, we can conclude that
about 3% water content is the critical value (lower limit) that causes the sandstone porosity
to increase significantly under microwave radiation. This is consistent with the empirical
model of microwave heating proposed by Metaxas and Meredith [55]. By using OriginPro
software, the best-fitting formula for porosity and initial water content of sandstone can be
expressed as:

P = 12.80 + 0.48e0.45w; R2 = 0.974 (7)

where, P is the porosity of the sandstone after microwave radiation, and w is the initial
water content of the sample, %.

Rostasy et al. [56] believe that the damage process of rock is a process in which the
volume of large pores increases while the volume of small pores decreases. Therefore,
studying the variation of sandstone pore diameter under microwave radiation is of great
significance for establishing a relationship between water content and sandstone damage
evolution. If rock pores are considered simplified as columnar or spherical, then the
transverse relaxation time T2 has the following relationship with the pore radius [57]:

1
T2
≈ ρ2

(
Fs

r

)
pore

(8)

where, Fs is the geometrical shape factor, and r is the pore radius, mm. According to
Equation (8) the T2 spectrum relaxation time is proportional to the pore radius, and the
T2 distribution can be transformed into a pore size distribution. According to the division
method for pore size proposed by Li et al. [58], this paper divides the sandstone pores
into the following four types: micro-pores (<0.1 µm), mini-pores (0.1–1 µm), meso-pores
(1–10 µm), and macro-pores (>10 µm).

Figure 13 shows the pore size distribution of sandstone after microwave radiation for
different initial water content. There are many micro-pores and mini-pores in the virgin
sandstone samples, which account for more than 90% of the total pore volume. At the same
time, the number of meso-pores and macro-pores is small, accounting for less than 10%
by volume, which indicates that the sandstone used in this paper is relatively tight. When
the dry sandstone sample is subjected to microwave radiation, the number of mini-pores
and meso-pores increases, while the number of macro-pores and micro-pores decreases,
which is related to the compaction of the pores in the rock caused by the thermal expansion
of mineral particles [59]. In addition, as the initial water content of the sample increases,
the volume ratio of micro-pores after microwave radiation continues to decrease. At the
same time, the volume of the other three types of pores increases; that is, the pore size
distribution of sandstone shows a trend that the number of large pores increases while
the number of small pores decreases, which also indicates that the damage caused by
microwave to sandstone increases with the increase of initial water content.

3.1.3. Ultrasonic Features and Damage Factor

In this paper, the HS-YS4A rock acoustic wave parameter tester is adopted to measure
the P-wave velocity of the sandstone samples before and after the microwave treatment
to quantify the damage caused by the microwave radiation to the rock. During the test,
the ultrasonic transducer is aligned with the center of the two ends of the disc sample,
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and petroleum jelly is used as a coupling agent to maintain a good coupling between the
transducer and the tested sandstone surface. The average value of the P-wave velocity
of the dry sandstone samples before microwave treatment was about 2521.3 m/s. After
10 min of microwave radiation, the P-wave velocity was reduced by 3.6%. The decrease of
the P-wave velocity indicates that the internal structure has changed, which may be related
to the loss of a small amount of bound water inside the rock and the increase of porosity.
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Figure 13. Pore size distribution of sandstone after microwave radiation vs. initial water content.

Figure 14 presents the variations in the P-wave velocity of sandstone under the con-
ditions of different initial water content after microwave radiation. Under the same mi-
crowave radiation conditions, when the initial water content of sandstone is 2%, 3%, 4%,
and 5.4%, the average P-wave velocity drops by 6.1%, 9.8%, 16.4%, and 30.2%, respectively.
The reduction of P-wave velocity is positively correlated with the initial water content of
sandstone. The main reason for this phenomenon is that the increase in water content en-
hances sandstone’s microwave heat conversion efficiency. With the increase of temperature,
the pore water evaporates rapidly, and the generated steam pressure leads to an increasing
number and size of cracks inside the rock, which finally reduces the propagation speed of
ultrasonic waves.
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Mathematics 2023, 11, 203 18 of 33

It is generally believed that rock strength, Young’s modulus, and ultrasonic wave ve-
locity have a positive correlation, which many test results have confirmed [60]. Microwave
radiation changes the internal structure or rocks, and subsequently the strength and defor-
mation characteristics. Because ultrasonic testing is convenient and non-destructive, the
relationship between the P-wave velocity and the rock damage characteristics has been
extensively studied. The relative variation of P-wave velocity before and after microwave
radiation can be used to define a damage factor [61]:

Dm = 1−
(

Vp

V0

)2
(9)

where, Dm is the damage factor of the sandstone after microwave radiation, V0 and Vp
represent the P-wave velocity before and after microwave radiation, m/s. In Formula (9),
it is stipulated that the damage of sandstone without microwave radiation is 0, and the
damage value is 1 when there is a transverse fracture or complete failure in the rock.

The relationship between the damage factor and the initial water content after mi-
crowave radiation of the sandstone is shown in Figure 15. With the increase of initial water
content, the damage factor of the microwave irradiated sandstone shows a similar growth
trend as the porosity (shown in Figure 12). Additionally, taking the initial water content of
3% as the dividing point, the damage evolution can also be divided into two stages: in the
first stage (water content is below 3%), the damage value increases from 0.07 to 0.19, and
the growth rate is relatively slow. In the second stage (initial water content of sandstone is
above 3%), the damage value increases rapidly up to 0.51. The two-stage evolution process
of the sandstone damage factor indicates that for microwave-insensitive sandstone, as long
as the initial water content of the sample exceeds a specific value, microwave radiation
can cause significant damage to the rock. This result can provide an effective solution for
the application of microwave fracturing technology in microwave-insensitive rocks. By
regression analysis using OriginPro software, damage factor and initial water content are
related by the following equation:

Dm = 0.015 + 0.048e0.433w; R2 = 0.988 (10)
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3.1.4. Microstructural Observations

The development of pore structure and micro-fractures of sandstone samples before
and after microwave radiation were studied using a scanning electron microscope (SEM), as
shown in Figure 16. The virgin sandstone samples without microwave radiation show: the
rock structure is dense, the mineral surfaces are smooth, and the cementation between min-
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eral particles is intact. Some initial pores are observed on the SEM image, but few apparent
cracks were found, as shown in Figure 16a. For dry sandstone samples after microwave
radiation, the structural roughness and number of pores in sandstone increased, the cemen-
tation between mineral particles became loose, and even some narrow intergranular cracks
were detected (see Figure 16b).
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Figure 16. SEM observations of microwave irradiated sandstone with different initial water content.
(a) Pre-M-H, (b) w = 0%, (c) w = 2%, (d) w = 3%, (e) w = 4%, (f) w = 5.4%.

As the initial water content of the sample increases, after microwave radiation the
connection between the mineral particles of the sandstone is broken, and the number of
cracks in the sample increases. At the same time, many loose particles and flaky debris can
be found on the sample’s SEM image (see Figure 16c,d), which may be due to the rapid
evaporation of pore water, causing some pores to disintegrate under gas erosion. When
the moisture content reaches 4%, the cementation strength between sandstone particles
continues to decrease after microwave radiation, and there are obvious cracks between
mineral particles (see Figure 16e). The initiation and propagation of these fractures result in
a significant decline in the physical and mechanical properties of the sandstone. When the
sandstone is fully saturated (water content is approximately equal to 5.4%), the dielectric
loss of the sandstone increases, and the heat energy conversion efficiency is significantly
improved. Under the combined effect of thermal stress and steam pressure, internal pores
and fissures develop, and ongoing structural collapse occurs (Figure 16f).

3.2. Strength Behavior of Microwave Damaged Sandstone
3.2.1. Quasi-Static Tensile Strength

Figure 17 presents the load–displacement curves of Brazilian tests with sandstone
samples with different initial water content after microwave irradiation. It is evident
that the deformation processes of all sandstone samples is characterized by three similar
phases: (1) micro-crack and pore compaction phase; (2) nearly linear elastic deformation
phase; (3) post-failure phase, where the sample loses its bearing capacity immediately after
reaching the peak load. The residual stress drops to zero rapidly, which is a typical feature
of brittle material failure [62]. Figure 17 shows that with the increase of initial water content,
the micro-crack compaction phase of the load–displacement curve extends, the slope of the
elastic deformation phase decreases, and the displacement corresponding to the peak load
increases. The above phenomena indicate that under microwave radiation, the increase of
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initial water content will promote the initiation and propagation of micro-cracks in the rock
and weaken the strength and elastic deformation ability.

Mathematics 2023, 11, 203 20 of 35 
 

 

 
Figure 16. SEM observations of microwave irradiated sandstone with different initial water content. 
(a) Pre-M-H, (b) w = 0%, (c) w = 2%, (d) w = 3%, (e) w = 4%, (f) w = 5.4%. 

3.2. Strength Behavior of Microwave Damaged Sandstone 
3.2.1. Quasi-Static Tensile Strength 

Figure 17 presents the load–displacement curves of Brazilian tests with sandstone 
samples with different initial water content after microwave irradiation. It is evident that 
the deformation processes of all sandstone samples is characterized by three similar 
phases: (1) micro-crack and pore compaction phase; (2) nearly linear elastic deformation 
phase; (3) post-failure phase, where the sample loses its bearing capacity immediately af-
ter reaching the peak load. The residual stress drops to zero rapidly, which is a typical 
feature of brittle material failure [62]. Figure 17 shows that with the increase of initial wa-
ter content, the micro-crack compaction phase of the load–displacement curve extends, 
the slope of the elastic deformation phase decreases, and the displacement corresponding 
to the peak load increases. The above phenomena indicate that under microwave radia-
tion, the increase of initial water content will promote the initiation and propagation of 
micro-cracks in the rock and weaken the strength and elastic deformation ability. 

 
Figure 17. Static Brazilian tests: load–displacement curves of sandstone with different initial water 
content after microwave irradiation. 

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

2

4

6

8

10

Lo
ad

 (k
N

)

Displacement (mm)

 Pre-M-H
 w = 0%
 w = 2%
 w = 3%
 w = 4%
 w = 5.4%

Figure 17. Static Brazilian tests: load–displacement curves of sandstone with different initial water
content after microwave irradiation.

According to Equation (3), the quasi-static tensile strength of sandstone was calculated,
as shown in Figure 18. For dry sandstone samples, the average value of quasi-static tensile
strength before and after microwave treatment is 4.65 and 4.44 MPa, respectively, and the
decrease is less than 5%, indicating that the strength weakening effect of microwave radiation
on dry sandstone is very limited, which is related to the low microwave sensitivity of dry
sandstone. However, it is worth noting that with the increase of the initial water content, the
tensile strength of the sandstone significantly decreases after microwave radiation. When
the initial water content was 2%, 3%, 4%, and 5.4%, the tensile strength of sandstone after
microwave radiation decreased by 9.2%, 16.7%, 30.6%, and 48.9%, respectively.
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Figure 18. Static Brazilian tests: tensile strength of sandstone with different initial water content after
microwave radiation.

Figure 19 shows the relationship between tensile strength and porosity of the mi-
crowave irradiated sandstone. The results indicate that as the porosity of sandstone
increases, the tensile strength decreases linearly (linear correlation coefficient 0.97). Accord-
ing to our analysis in Section 3.1.2, the increase in sandstone porosity mainly results from
the combined effect of thermal damage and steam pressure. Therefore, it is reasonable to
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believe that as a strongly polar molecule, water acts as a microwave absorbent and rock
fracturing fluid during the microwave radiation of rocks with low dielectric properties.
The pore water inside the rock converts microwave energy into heat energy and transfers
it to the rock matrix, causing significant thermal damage to the rock. At the same time,
the evaporation of water will generate expansion pressure on the original cracks/pores,
promote the generation and expansion of cracks and increase the porosity of the sample,
and finally results in the continuous reduction of the tensile strength of the rock.
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Figure 19. Static tensile strength of microwave irradiated sandstone vs. porosity.

3.2.2. Dynamic Tensile Behavior

Figure 20a shows the typical tensile strength-time curve of microwave irradiated
sandstone under impact loading. Different from the static Brazilian tests, after the elastic
deformation phase, there is a short plastification phase (large plastic deformation under a
high loading rate). In addition, after reaching the peak value, the residual stress level does
not disappear suddenly but decreases slowly. The main reason for this phenomenon is that
the elastic bar continuously compresses the sample in the post-failure stage.

The initiation and propagation of surface cracks on BD samples were monitored and
recorded by a high-speed camera. The camera is connected to the super dynamic strain
gauge and triggered by the incident wave to ensure that the recording process is consistent
with the stress growth process of the sample. Figure 20a documents that the disc sample
maintains its initial integrity during the micro-crack compaction and elastic deformation
phase, and there are no apparent cracks visible to the naked eye on the sample surface.
When the tensile stress curve reaches the peak point, one tensile crack is generated from the
center of the sample and extends to both sides of the sample along the loading direction.
With the increase of loading time, secondary tensile cracks were generated near the central
crack, and some radial shear cracks at the contact of the disc and the elastic bar began to
appear. When the sample is in the post-failure phase, secondary tensile cracks merge with
the central crack. At the same time, the wedge-shaped shear cracks are generated at both
ends of the sample and expand gradually towards the center of the sample. Finally, they
merged with the main crack to form a shear fracture zone parallel to the loading direction.

Figure 20b shows quasi-static and dynamic tensile strength of the samples with dif-
ferent initial water content after microwave irradiation. The dynamic tensile strength is
significantly greater than the quasi-static tensile strength, and the tensile strength con-
tinues to increase with the increase of the loading rate, showing an apparent loading
rate dependence. Under similar loading rate conditions, the dynamic tensile strength
of microwave-damaged sandstone decreases with increasing initial water content. The
dry sandstone has the highest tensile strength, while the saturated sample has the lowest
tensile strength.
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Figure 20. Dynamic Brazilian test results: (a) typical stress-time curve of sandstone sample under
impact loading; (b) dynamic tensile strength of the samples under different loading rates; (c) relation
between dynamic increase factor and loading rate; (d) magnification of view (c).

As mentioned above, the quasi-static and dynamic tensile strength of sandstone
under microwave radiation are mainly influenced by the water content and loading rate.
Therefore, it is necessary to propose an empirical formula to comprehensively predict the
tensile strength of sandstone under the coupled effect of water content and loading rates.
The empirical model equation is introduced as follow in this study:

σdt = σst(1 + awb)(1 + c
.
σ

d
dt) (11)

σst = σ∗st(1− αDm) (12)

where σst and σdt are, respectively the quasi-static and dynamic tensile strength, MPa; σ∗st is
the quasi-static tensile strength without microwave treatment, MPa; w is the initial water
content of the sample, %;

.
σdt is the loading rates of dynamic BD tests, GPa/s; a, b, c and d

are fitting parameters.
It is noteworthy that the thermally induced damage to sandstone caused by microwave

radiation can be divided into two parts. The first is the damage caused by thermally induced
microcracks and pore expansion. The parameter Dm is defined to describe the first part of
damage and can be calculated by using the P-wave velocity. In addition, it is well known
that there are many cracks in the sandstone, and thermal deformation can improve the
contact state of particles near the cracks. After cooling down, it will not disappear quickly
due to plastic deformation and friction. Although the P-wave velocity is significantly
reduced due to microwave radiation, the strength of the rock mainly depends on the
bearing characteristics of the weakest fracture surface. The improved contact state between
mineral particles due to thermal deformation cannot be detected by the P-wave velocity.
Hence, this study uses the damage correction parameter α to describe the second damage,
and the value of α would be generally less than 1, which can be determined by fitting the
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quasi-static tensile strength data. The fitting curves of the dynamic tensile strength are
given in Figure 20b and indicate that the empirical formula provides a good prediction for
the data points, where α = 0.95, a = 8.7063 × 10−6, b = 5.9761, c = 0.054 and d = 0.6433. The
R-square of Equations (11) and (12) in this study are, respectively 0.984 and 0.994.

To quantify the effect of loading rate on the tensile strength of sandstone, the ratio of
dynamic tensile strength to quasi-static tensile strength is defined as the dynamic increase
factor (DIF), as shown in Figure 20c,d. The value of DIF increases significantly with the
increase of loading rate, and the dynamic tensile strength of sandstone with different water
content can be increased by more than 6 times after microwave radiation. The inherent
defects in rock materials (including pores, grain boundary cracks, etc.) exhibit different
characteristics under different loading rates. Under static load of a certain level crack
coalescence happens and macroscopic fractures can be formed, whereas at the same load
level due to the short impact of the load crack coalescence is limited in case of dynamic
loading conditions, as already discussed by Rubin and Ahren [63], Zhao and Li [64].

An interesting phenomenon can be found in Figure 20d: when the initial water content
of the sandstone is within 3%, the DIF curves basically coincide, but when the initial water
content exceeds 3%, the DIF curves deviate, which indicates that sandstone with high water
content can exhibit higher sensitivity to loading rate after being subjected to microwave
radiation. The main reason for this phenomenon is that the crack density of sandstone
with high initial water content increases significantly after microwave radiation. Similar
conclusions were also drawn in the study by Wu et al. [65] on rock’s dynamic loading
rate dependence under pre-stressed loading conditions. They believe that the increase of
activated cracks makes the rock a more viscous material. At the same loading rate, rocks
with greater viscosity show higher loading rate sensitivity.

3.2.3. Energy Dissipation

Energy dissipation is the driving force of material destruction, reflecting the continuous
evolution of internal cracks/defects in the material and the continuous weakening and loss
of overall strength. Rock crushing is usually a process of converting mechanical energy into
rock crushing energy [66,67]. Under the action of impact loading, energy is transferred in
the form of stress waves. According to the elastic wave theory, the energy carried by each
waveform in the SHPB system can be calculated according to the following formula [28]:

WI = Ee AeCe

∫ τ

0
ε I(t)

2dt (13)

WR = Ee AeCe

∫ τ

0
εR(t)

2dt (14)

WT = Ee AeCe

∫ τ

0
εT(t)

2dt (15)

where, WI , WR, and WT represent the energy carried by the incident wave, reflected wave
and transmitted wave, J; Ce is the longitudinal wave velocity of the elastic bar (5400 m/s),
and τ is the moment when the sample is completely destroyed. According to the law of
conservation of energy, if the energy lost by the friction between the elastic bar and the
sample is neglected, the energy absorbed by the sample can be expressed as [28]:

WS = WI −WR −WT (16)

Figure 21a shows typical energy-time curves of sandstone obtained from dynamic
Brazilian tests. It can be found that with the extension of the loading time, each energy
curve shows a similar “S-shaped” growth, and all energies firstly increase to a specific
value and then remain stable. The relationship between the magnitude of each energy type
is: incident energy > reflection energy > absorption energy > transmission energy. In the
dynamic Brazilian tests, the incident wave propagates along the elastic bar towards the
sample. Because the contact area between the disc sample and the elastic bar is small, a



Mathematics 2023, 11, 203 24 of 33

large portion of the energy is reflected, the sample absorbs part of the energy, and only
a small amount of energy can be transferred to the transmission bar through the sample,
which results in the smallest transmission energy of all energies. The absorbed energy of
the sample mainly includes the energy absorbed by crack propagation and failure of the
sample as well as the kinetic energy of the fragments flying away. The existing studies have
shown that the energy used for crack propagation and failure of the sample accounts for
more than 95% of the total absorbed energy. Therefore, in our research, the kinetic energy
of the flying fragments is ignored, and the sample absorption energy is used to replace the
crushing energy consumption.
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During the test, loading with different strain rate was achieved by adjusting the im-
pact air pressure and the striker’s position in the launch tube. However, small changes in 
the size of the rock sample and the loading air pressure affects the strain rate of the sample. 
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Figure 21. Energy analysis of sandstone after microwave irradiation: (a) typical energy-time curve
of sample under dynamic loading; (b) energy dissipation vs. loading rate; (c) energy dissipation vs.
water content.

Figure 21b shows the energy dissipation curves of the sandstone samples from the
dynamic splitting tensile tests. It can be found that the energy dissipation of sandstone
with different water content increases obviously with the increase of loading rate. This
phenomenon may be related to the fact that the initial cracks in the rock cannot propagate
and aggregate along the direction with the lowest energy consumption under fast loading.
A linear fitting can express the relation between dissipated energy and loading rate:

WS(Pre−M−H) = 9.12 + 0.0158
.
σdt; R2 = 0.919

WS(w=0%) = 8.42 + 0.0163
.
σdt; R2 = 0.926

WS(w=2%) = 7.49 + 0.0148
.
σdt; R2 = 0.935

WS(w=3%) = 5.99 + 0.0153
.
σdt; R2 = 0.894

WS(w=4%) = 5.78 + 0.0106
.
σdt; R2 = 0.959

WS(w=5.4%) = 5.90 + 0.0065
.
σdt; R2 = 0.921

(17)
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During the test, loading with different strain rate was achieved by adjusting the impact
air pressure and the striker’s position in the launch tube. However, small changes in the
size of the rock sample and the loading air pressure affects the strain rate of the sample.
We use the fitting formula obtained by Equation (17) to calculate the relationship between
the energy dissipation of the sandstone and the initial water content under the specified
loading rate, as shown in Figure 21c. Under a given loading rate, the energy dissipation
gradually decreases with the increase of the initial water content of the rock. The main
reason is that the presence of moisture improves the heat transfer capacity of sandstone
under microwave radiation. The effect of high temperature weakens the bonds between
crystal particles and increases the crack density. Under dynamic loading conditions, cracks
and pores appear by absorbing mechanical energy. However, after microwave radiation
the required energy for rock fragmentation is reduced. In addition, when the initial water
content of sandstone exceeds 3% (the corresponding water saturation is about 55.6%), the
decline rate of the energy dissipation curve increases significantly, which is related to the
increase in vapor pressure generated by the evaporation of pore water inside the rock. The
above analysis shows that the existence of water under the effect of microwave radiation
can aggravate the microwave damage of the rock, and the water saturation of the rock has
a critical value of 55.6%. When the water saturation exceeds 55.6%, the pre-splitting failure
of rock caused by microwave radiation is intensified, significantly reducing the energy
consumption of mechanical rock crushing.

4. Discussion
4.1. Microwave Heating and Cracking Mechanisms

Microwave heating is a process that uses the dielectric properties of materials to con-
vert microwave energy into heat energy. According to the difference in dielectric properties,
materials can be divided into three different media: microwave conductors, microwave
insulators and microwave absorbers, as shown in Figure 22a. Three different media exhibit
different thermal responses under microwave radiation. Microwave conductors can be
directly penetrated by microwaves, with no microwave energy loss and no thermal effect
on the material, such as glass, ceramics and other non-metallic materials. Microwave insu-
lators totally reflect microwaves, and such materials can be exposed to microwaves for long
periods without being heated, such as most metallic materials. Microwave energy can be
partially or fully absorbed by microwave absorbers and will be converted into heat; some
metallic minerals have a strong microwave absorption capacity, such as hematite, etc. [68].
The sandstone material selected in this paper has relatively low dielectric properties and
can be considered as a weak microwave absorber. During the microwave radiation, most
of the microwave energy will pass through the sandstone sample, and only a small part
of the microwave energy will be absorbed and converted into heat energy. Therefore, as
the microwave radiation time increases, the heating rate of the dry sandstone samples is
relatively low.
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Although microwaves can easily penetrate the sandstone matrix, polar molecules such
as water can absorb microwaves and thus be heated. It can be observed from Figure 22b that
the water molecule structure is composed of two hydrogen atoms and one oxygen atom.
Since the bond angle of the two H-O bonds of the water molecule is 104.5◦, their folded
structure leads to the separation of the positive and negative poles, resulting in a dipole [69].
In the natural state, the direction of dipoles is in random order (Figure 22c). However, when
placed in a microwave field, the orientation of the dipoles will change as the microwaves
alternate, and the adjacent molecules rub and collide with each other, resulting in a violent
heating phenomenon. The heat absorbed by the water propagates to the surrounding rock
matrix through conduction and convection, increasing the temperature of the water-bearing
sandstone, as shown in Figure 9a.

However, as the temperature rises, the water undergoes a phase change towards
water vapor. The vapor exerts pressure on the inner wall of the pores and cracks and
promotes the formation and development of internal fractures. The microscopic morpho-
logical characteristics of sandstone samples can reveal this (see Figure 16). The dielectric
properties of rock mass increase due to the presence of moisture, leading to an increase
in the microwave thermal conversion capacity and intensify the internal damage of the
rock. Therefore, it can be considered that the pore water acts as both: microwave absorber
and fracturing fluid during microwave irradiation of sandstone. Figure 23 presents a
simplified scheme to illustrate the microwave heating process and damage mechanisms of
water-bearing sandstone.
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To explain the damage and failure process of rock from a mesoscopic perspective,
we assume that there are two basic types of cracks in the rock simultaneously, namely,
wing cracks and circular pores, as shown in Figure 24a. For saturated sandstone samples,
the wing cracks and pores are filled with free water. Under microwave radiation, water
undergoes a phase change and forms water steam. A binary gas mixture composed of
water vapor and air is formed inside the cracks and pores. Since the pore size limits the
volume expansion of the water molecules, expansion pressure will be generated inside the
rock and applied to the inner walls of cracks and pores. For a wing-shaped crack, both
sides are subjected to compressive stress, and the maximum tensile stress appears at both
ends of the crack. Therefore, when the vapor pressure exceeds the ultimate tensile strength
of the pore structure, secondary cracks will begin to form at the tip of the wing crack.
The vapor pressure generated by the volume expansion of water molecules is considered
uniform for circular pores. Moreover, as the vapor pressure rises, new cracks will be
generated symmetrically from any two ends of the circular hole. Due to the lack of suitable
pressure sensing equipment and measurement methods, we cannot directly measure the
pressure in the pores and cracks. However, the approximate solution for the relationship
between saturated vapor pressure and temperature of the rock is given by the following
formula [70]:

Psat = 0.61121 exp
((

18.678− T
234.5

)(
T

257.14 + T

))
(18)
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sandstone samples (initial moisture contents of 0%, 2%, 3%, 4%, and 5.4%) versus duration 
of microwave irradiation are presented in Figure 25. The results show that with the in-
crease of microwave radiation time, the internal vapor pressure of sandstone samples with 
different water content presents a similar pattern: first increase and then decrease, which 
is related to the increase of pore water temperature and the continuous decrease of water 
content. In addition, the maximum vapor pressure inside the rock increases with increas-
ing water content, and the microwave radiation time required to reach the peak value of 
vapor pressure also gradually increases. This phenomenon indicates that high water con-
tent generates high vapor pressure, and the vapor pressure acts over a longer time span. 
The maximum value of steam pressure generated by all samples exceeds the standard 
atmospheric pressure, which provides the possibility for crack expansion inside the rock. 
Moreover, the maximum vapor pressure of the saturated sample is always lower than the 
quasi-static tensile strength of the sandstone, which also ensured that the water-bearing 
sandstone will not produce macro cracks and disintegration by applying 700 W micro-
wave radiation. 

Figure 24. Two types of crack mode (a) and the variation of saturation vapor pressure with increasing
temperature (b).

Substituting our test data into Formula (18), the relationship between the saturated
vapor pressure and temperature can be obtained, as shown in Figure 24b. The saturated
vapor pressure increases exponentially with increasing temperature. When the temperature
exceeds the water boiling point (100 ◦C), the growth rate of the saturated vapor pressure
accelerates, which is related to a significant volume expansion of water molecules after
reaching the boiling point.

However, in our research, the sandstone samples have different initial water content.
As the duration of microwave radiation increases, the water gradually evaporates and
escapes, resulting in a continuous decrease in the water content of the samples. Therefore,
the vapor pressure inside the rock is a function of moisture content and temperature.
According to the research of Gulati et al. [71], under different temperature and water
content conditions, the vapor pressure inside the rock cracks/pores can be determined as:

Pv = Psat exp[−0.0267wt
−1.656 + 0.0107e−1.287wt wt

−1.513 ln(Psat)] (19)

wt =
mt −me

me
(20)

where, Psat is the saturated vapor pressure at a certain temperature, MPa; mt and wt are,
respectively the weight (g) and water content (%) of the sandstone at a certain time of
microwave radiation, respectively; me represents the weight of sandstone that has been
completely dried by the microwave oven, g/. The variations of vapor pressure for five
sandstone samples (initial moisture contents of 0%, 2%, 3%, 4%, and 5.4%) versus duration
of microwave irradiation are presented in Figure 25. The results show that with the
increase of microwave radiation time, the internal vapor pressure of sandstone samples
with different water content presents a similar pattern: first increase and then decrease,
which is related to the increase of pore water temperature and the continuous decrease of
water content. In addition, the maximum vapor pressure inside the rock increases with
increasing water content, and the microwave radiation time required to reach the peak
value of vapor pressure also gradually increases. This phenomenon indicates that high
water content generates high vapor pressure, and the vapor pressure acts over a longer
time span. The maximum value of steam pressure generated by all samples exceeds the
standard atmospheric pressure, which provides the possibility for crack expansion inside
the rock. Moreover, the maximum vapor pressure of the saturated sample is always lower
than the quasi-static tensile strength of the sandstone, which also ensured that the water-
bearing sandstone will not produce macro cracks and disintegration by applying 700 W
microwave radiation.
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Figure 25. Variation of vapor pressures inside sandstone vs. microwave irradiation time.

Previous studies have shown that the growth of cracks inside the rocks is highly
dependent on the development of thermal stresses [72]. Under microwave radiation
conditions, due to differences in the dielectric constants, thermal expansion coefficients, and
strength of different mineral particles, the mineral particles will generate uneven expansion
and deformation. The thermal strain mismatch leads to shear stress generated at the mineral
interface. Many intergranular cracks will be generated when the stress exceeds the bonding
strength of the particles (see Figure 16). In addition, overheating is likely to occur inside the
sample due to the uneven distribution of pore water and the high microwave sensitivity of
a few minerals. Under extreme temperatures, the phase transformation and decomposition
of different rock-forming minerals are also important reasons for the deterioration of the
sandstone. For example, quartz has a phase transition from α quartz to β quartz at 573 ◦C,
connected with a drastic volume change [22,73]. The main component of calcite is calcium
carbonate, which will undergo a decomposition reaction at about 500 ◦C, and its products
are CaO and CO2. The expansion pressure generated by CO2 will also accelerate the
damage and crack propagation of the rocks [74,75].

4.2. Industrial Application and Challenges

As discussed above, moisture has a positive effect on microwave induced fracturing of
sandstone. The initial water content increases the ability of the rock to absorb microwaves.
The combined effect of thermal stress and steam pressure helps the microwaves to induce
intergranular cracks in the rock. Due to the overheating effects in the rock, some minerals
may undergo a phase transformation reaction, which will also lead to the breakage of the
rock structure. Therefore, for the industrial application of microwave technology, we can
get the following enlightenment: (1) when excavating microwave-insensitive rock mass,
water can be injected into the rock mass to increase the dielectric properties, providing an
effective solution for the application of microwave fracturing technology in microwave-
insensitive rocks. (2) microwave radiation can increase the density of rock mass fractures
when excavating deep brittle rock masses with high in situ stress and high storage of
elastic energy. The stored elastic energy of the rock mass near the working face can be
released, thereby effectively avoiding a rock burst disaster during mechanical excavating.
(3) microwave radiation is helpful to fracture rock layers and improve the porosity and pore
connectivity of water-bearing rock masses. During the exploitation of deep underground
geothermal resources, microwave radiation has the potential to enhance the permeability
of the rock mass and to improve fluid circulation.

Although laboratory tests have indicated that microwave-assisted rock breaking tech-
nology has obvious advantages, there are also a series of challenges for practical engineering
applications: (1) More microwave energy absorbed by the rock mass is beneficial for in-
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creasing the fracture density, but penetration of the microwave will decrease. Therefore,
determining the best microwave radiation parameters for each rock mass is worth studying.
(2) Microwave radiation can cause severe damage to the human body. Therefore, the
equipment has to fulfill certain safety requirements. (3) Microwaves have attenuation and
reflection losses when radiating the rock surface, so that microwave energy is not fully
applied to the excavated rock mass, reducing the energy utilization rate. Therefore, the
economics of microwave-assisted rock-breaking technology needs to be further evaluated.

4.3. Recommendations for Further Work

Up to now, considerable efforts have been made to investigate changes in the physical
and mechanical properties of rocks subjected to microwave irradiation. However, the
factors that may affect the microwave weakening degree of rocks have not been fully
investigated, and relatively little research has been done on introducing microwave heating
into engineering applications. Based on the existing studies, some recommendations for
future work are outlined.

(1) Most previous studies on the reactions of rocks to microwave radiation have been
carried out using multi-mode microwave ovens. Compared with single-mode microwave
cavities, multi-mode microwave ovens have the advantages of uniform heating, high energy
utilization and no risk of microwave leakage, but the power density is relatively low and
only suitable for laboratory tests. Therefore, after fully understanding the damage behavior
of microwaves on small-sized rock samples, a high-power single-mode microwave cavity
is required to carry out face radiation tests on large-sized rock masses.

(2) In engineering practice, mechanical cutting and microwave irradiation sometimes need
to be carried out simultaneously to further enable continuous excavation for underground
works and tunneling operations. Therefore, it is still essential to test the dynamic mechani-
cal properties of rocks under microwave heating conditions. Furthermore, how to prevent
microwave leakage during impact loading is a problem that needs to be addressed first.

(3) Cutting and drilling tests of microwave-irradiated rocks considering in situ stresses
should be carried out, thus facilitating the industrial application of microwave-assisted
rock breaking. In addition, if microwave irradiation is carried out simultaneously with
mechanical excavation, the effect of high temperatures on the durability of the drill bit or
cutter head needs to be further investigated.

(4) Microwave radiation is a multi-field coupled heating process influenced by elec-
tromagnetic, temperature, stress and mass transfer fields. It is necessary to perform a
finite element or discrete element method analysis of the mechanical behavior of rocks
under microwave radiation to determine the relationship between microwave-induced
temperature distribution, thermal stress and fracture density.

5. Conclusions

This study documented low-power microwave radiation tests on sandstone samples
with different water content. Some essential physical properties of sandstone samples,
including surface temperature, porosity, and P-wave velocity, were determined. The influ-
ence of water content on the dynamic tensile strength, rate dependence, energy dissipation,
and failure mechanisms of sandstone subjected to microwave irradiation was investigated.
The following major conclusions can be drawn:

(1) The presence of pore water can significantly improve the heating effect of microwave-
insensitive rocks. With the increasing water content, the pore size distribution of sandstone
shows a trend that the number of large pores increases while the number of small pores
decreases. Especially if the initial water content of the sample exceeds 3%, the physical
parameters change significantly with the increase of water content.

(2) For different initial water content, the dynamic tensile strength of microwave-
irradiated sandstone increases with increasing loading rate. The higher the initial water
content of the sample, the stronger the dependence on the loading rate, which is related to
the increasing crack density and the increase in the sample’s viscosity.
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(3) Under the same loading rate, the energy consumption by fragmentation of the
sample decreases with the increase of the moisture content, which indicates that the
existence of pore water is beneficial to increase the damage caused by microwave radiation.

(4) The SEM images show that the internal fractures of the sandstone samples after
microwave radiation are mainly intergranular cracks, and as the initial water content of the
sample increases, the crack density increases. The combined effect of thermal stress and
steam pressure supports the microwave to induce intergranular cracks in the rock sample.
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Nomenclature

BD Brazilian disc
DIF Dynamic increase factor
ISRM International Society for Rock Mechanics
MTS Material test system
NMR Nuclear magnetic resonance
RF Radio frequency
SEM Scanning electron microscope
SHPB Split Hopkinson pressure bar
a Fitting parameters
Ae Cross-sectional area of elastic bars (mm2)
Aw Water absorption (%)
B Thickness of the specimen (mm)
Cp Primary P-wave velocity (m/s)
D Diameter of the specimen (mm)
Dm Damage value of specimen
Ee Elastic modulus of elastic bars (GPa)
Es Elastic modulus in quasi-static tests (GPa)
F1 Force between the specimen and incident bar (kN)
F2 Force between the specimen and transmission bar (kN)
Fs The geometric shape factor of pores in specimen
md Dry weight of the specimen (g)
mw Wet weight of the specimen (g)
mt Weight of the specimen at a certain time (g)
me Weight of the microwave completely dried specimen (g)
P Porosity (%)
Psat The saturated vapor pressure of pure water (MPa)
Pv The vapor pressure inside the specimen (MPa)
r The pore radius (mm)
R2 Coefficient of correlation
t Water soaking time of the specimen (h)
V0 P-wave velocity of specimen before microwave irradiation (m/s)
Vp P-wave velocity of specimen after microwave irradiation (m/s)
WI Incident energy (J)
WR Reflection energy (J)
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WS Absorption energy (J)
WT Transmission energy (J)
w Water content of the specimen (%)
ws Saturated water content of the specimen (%)
ρ Density (kg/m3)
σc Uniaxial compressive strength in quasi-static tests (MPa)
σdt Dynamic indirect tensile strength of the specimen (MPa)
σst Indirect tensile strength in quasi-static tests (MPa)
σ∗st Quasi-static tensile strength without microwave treatment (MPa)
ε I Signal on the incident bar
εR Signal on the reflected bar
εT Signal on the transmitted bar
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