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Abstract
Background Understanding the dynamic tensile response of microwave damaged rock is of great significance to promote the
development of microwave-assisted hard rock breakage technology. However, most of the current research on this issue is limited
to static loading conditions, which is inconsistent with the dynamic stress circumstances encountered in real rock-breaking
operations.
Objective The objective of this work is to investigate the effects of microwave irradiation on the dynamic tensile strength, full-
field displacement distribution and average fracture energy of a granitic rock.
Methods The split Hopkinson pressure bar (SHPB) system combined with digital image correlation (DIC) technique is adopted
to conduct the experiments. The overload phenomenon, which refers to the strength over-estimation phenomenon in the Brazilian
test, is validated using the conventional strain gauge method. Based on the DIC analysis, a new approach for calculating the
average fracture energy is proposed.
Results Experimental results show that both the apparent and true tensile strengths increase with the loading rate while decreasing
with the increase of the irradiation duration; and the true tensile strength after overload correction is lower than the apparent
strength. Besides, the overload ratio and fracture energy also show the loading rate and irradiation duration dependency.
Conclusions Our findings prove clearly that microwave irradiation significantly weakens the dynamic tensile properties of
granitic rock.
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Average fracture energy

Introduction

Microwave-assisted hard rock breakage has been considered
as a promising technique to reduce the cutter wear and energy
consumption when tunnelling in hard rock formations [1–4].
To better illustrate the weakening effect of microwave irradi-
ation, numerous experimental studies have been conducted
using different rocks such as ilmenite [5], granodiorite [6],

basalt [7], gabbro [8], granite and sandstone [9, 10].
Generally, the microwave-induced damage within the rocks
results in rock strength reduction and thus facilitates hard rock
breakage. Since rocks are considerably weaker in tension than
in compression, an accurate understanding of the tensile re-
sponse of microwave damaged rock is more crucial. However,
the existing investigations on this issue are mainly focused on
the tensile properties variation due to microwave irradiation
under static stress conditions [2–4, 7], which are inconsistent
with the dynamic stress circumstances encountered in real
rock-breaking operations [11]. Under dynamic loading condi-
tions, the tensile properties of rocks are quite different from
those under static loading [12–14], therefore, it is desirable to
investigate the dynamic tensile response of microwave dam-
aged rock. In this work, the dynamic Brazilian disc (BD) tests
were conducted using a split Hopkinson pressure bar (SHPB)
system in conjunction with the digital image correlation (DIC)
technique [15]. The overload effect [16], a phenomenon
where the tensile strength is always over-estimated due to
the strength being calculated through the peak point of the
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strain curve instead of the value corresponding to the fracture
onset, was considered to correct the strength data. Also, the
influence of microwave irradiation on the over-estimation ra-
tio was discussed. Based on the velocity characteristics of the
splitting fragments deduced from the displacement data, four
individual loading stages were discovered, and the fragment
movement information was clearly identified. Finally, the
fracture energy was calculated and the effects of loading rate
and microwave irradiation on average fracture energy were
revealed.

Experimental Scheme

Specimen Preparation and Testing System

Fangshan granite (FG), a medium-grained rock, is mainly
composed of 59.4% feldspar (by volume) with quartz, annite
and greenalite making up most of the rest. Amongst them, the
annite and greenalite contain Ferrum which has been proven
as strong microwave absorbers [10]. The disc-like specimens
were prepared following the International Society for Rock
Mechanics and Rock Engineering (ISRM) suggested method
[17]. The dimensions of the specimens were 50 mm in diam-
eter and 25 mm in thickness. The prepared specimens were
preconditioned by a CM-06S multimode cavity microwave
system with a frequency of 2.45 GHz and a power of 6 kW.
To avoid the moisture absorbing the microwave energy and
further inducing cracking, the specimens were dried in an
electrical furnace at 105 °C for 24 h before the microwave
treatment. Note that the main crack was observed by unaided
eyes and a local melted zone appeared after irradiation for
300 s. Therefore, the irradiation durations were separately
set to 0 s, 90 s, 180 s and 270 s.

The dynamic BD tests were performed using a 25.4-mm-
diameter SHPB system (Fig. 1) combined with the DIC tech-
nique [18–21]. The calculation program employed in this
study was Ncorr, which is an open-source code in the
MATLAB software [20]. The dimensions of the testing sys-
tem, details of dynamic force equilibrium achievement and the
definition of the loading rate can be found in our previous
works [22–24]. A high-speed camera (Photron Fastcam
SA1.1) was used to capture the images of the deformed rock
surface throughout the test. To minimize the thermal effect on
the accuracy of DIC displacement/strain measurement, a LED
lamp was placed nearby the camera to provide sufficient lu-
minance on the rock surface. During the dynamic test, the
camera was automatically triggered by detecting the pre-set
threshold of the incident wave, thereby synchronizing the
high-speed camera and the oscilloscope. The resolution of
high-speed images in our experiment is 192 × 160 pixels for
a frame rate of 120,000 fps, and the corresponding inter-frame
time is roughly 7.67 μs. To achieve the optimal speckle

pattern, high-contrast black speckles, with an average size
ranging from 4 to 5 pixels, were made on the surface of the
specimens [25, 26]. The parameters used in the DIC analysis
are detailed in Table 1.

Correction for Dynamic BD Tensile Strength

As an indirect method for determining tensile strength, many
scholars have pointed out the BD test may overestimate the
tensile strength of rocks [27–30]. A probable explanation for
this overestimation is the overload phenomenon, in which the
cracked specimen can take further load before the final col-
lapse [16]. In a dynamic loading test with a higher loading
rate, this overload phenomenon is presumably more serious. It
is well known that the Griffith failure criterion is valid at
fracture onset, therefore, the correction for the indirect tensile
strength is thus critical to dynamic BD tests. Using the method
identifying the overload phenomenon proposed by Xia et al.
[22], a strain gauge was glued on the surface at the location
5 mm away from the center of each specimen (Fig. 1) to
determine the fracture onset. As shown in Fig. 2, the turning
point B in the recorded strain signal is caused by the elastic
release wave emitted upon crack initiating [31, 32]. By
subtracting the propagation time from the moment of the turn-
ing point B, the exact time of the primary crack initiation can
be obtained, and thus the tensile stress (point C) at that time
can be accurately determined. As a result, the BD apparent
tensile strength can be corrected to obtain the true tensile
strength (the tensile stress at point C shown in Fig. 2). It is
noted that the overload ratio is not constant, thus in this work
the overload effect was critically assessed for every dynamic
Brazilian tensile test.

Results and Discussion

Effects of Microwave Irradiation and Loading Rate on
Apparent and Corrected Dynamic Tensile Strength

The consensus for a valid Brazilian tensile test is that the disc
should split along the compressive diametric line and the ini-
tiation point of the crack should be close to the geometric
center [28, 33, 34]. Figure 3(a) illustrates an example of the
dynamic test to explain the failure process and tensile strain
distribution characteristics during the overall loading process.
Twelve points at the specific moments are delimited in the
stress-time history curve, and the corresponding snapshots of
vertical strain distributions in DIC analysis are displayed in
Fig. 3(b). One can see that there is no obvious area of strain
concentration occurring at the impacted ends of the specimen
before the peak value. As the load increases, the magnitude of
strain in the central area is much greater than those at the edges
(snapshots c ~ e), indicating that the primary crack initiates at
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the disc center along the horizontal diameter. After snapshot e,
the primary crack gradually propagates towards the
supporting points of the bars (snapshots f ~ k), and two
strain-concentrated zones are formed enclosing the edges
(snapshot l).

Figure 3(c) presents the dynamic strength versus the load-
ing rate with and without overload correction at different irra-
diation durations. The tensile strength without overload cor-
rection (i.e., the apparent tensile strength) exhibits an approx-
imately linear increasing trend with the increase of the loading
rate, whereas it decreases with the increase of the microwave
irradiation duration. The relationship between the apparent
tensile strength and the irradiation duration is consistent with
that in Hassani’s work [2]. Specifically, for a givenmicrowave
power level, the longer duration of the microwave irradiation,
the more microcracks and voids induced, the more reduction
of the tensile strength. For similar loading rates, the highest
tensile strength (46.28 MPa) occurs at the loading rate of
918 GPa/s without microwave irradiation. While the lowest
strength (33.55MPa) happens at the loading rate of 924 GPa/s
with the irradiation duration of 270 s, approximately a 27.5%
strength reduction ratio.

Considering the overload correction, we find that the
corrected strength is much lower than the corresponding
strength calculated by the peak value in the stress-time curve
(Fig. 3(c)). In order to quantify the effect of microwave dam-
age and loading rate on the overload, the tensile strength

overload ratio (defined as the ratio of the overload to the ap-
parent tensile strength) is introduced in this work. As illustrat-
ed in Fig. 3(d), the overload ratio of the tensile strength sig-
nificantly varies with the increase of the loading rate and irra-
diation time, i.e., the overload leads to approximately a 15.9%
over-estimation of the tensile strength of the raw rock with the
loading rate of 1489 GPa/s. Whereas an almost 26.7% over-
estimation is observed in the specimen with the irradiation
duration of 270 s and a loading rate of 1421 GPa/s. The
strength overload ratio shows an obvious increasing trend as
the loading rate increases, and the microwave irradiation can
enhance the overload percentage of the tensile strength. In
addition, for the specimens with longer microwave irradiation
durations (i.e., irradiation durations 180 s and 270 s), the in-
creased rate of the strength overload ratio as a function of
loading rate is more evident than that under relatively shorter
irradiation durations (i.e., irradiation durations 0 s and 90 s).

Effects of Microwave Irradiation and Loading Rate on
Average Fracture Energy

The average fracture energy Gc during cracking can be calcu-
lated the expression Gc = (△W-Kf)/Ac, where △W is the total
energy consumed during dynamic loading which can be di-
rectly calculated by the strain history on the bars [35], Ac is the
cross-sectional area of the disc, and Kf denotes the residue
kinetic energy quantified by 1/2mv2. Thus, the key issue for

Fig. 1 Schematics of the split Hopkinson pressure bar (SHPB) system with the DIC technique

Table 1 Parameters used in the
DIC configuration ROI

radius
/mm

Subset
radius
/pixel

Subset
spacing
/pixel

Norm of the
difference
vector

Maximum
number of
iterations

High
Strain
Analysis

Unit/
Pixel
/mm

Strain
radius
/pixel

23 10 1 1e-7 50 / 0.3005 4

ROI refers to the region of interest in DIC analysis
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solving the dynamic fracture energy is to determine the resi-
due kinetic energy term Kf. Inspired by the work from Chen
et al. [36], the digital strain gauge method was introduced to
describe the displacement variation of the disc and infer the
movement information of the fragments. Figure 4 shows the
splitting velocity measurement of the two halves fragments for
a typical test with a loading rate of 727 GPa/s and microwave
irradiation duration of 180 s. As shown in Fig. 4(a), a virtual
strain gauge A0B0 with a length of ld = 14 mm is attached
through the center of the disc along the diameter perpendicular
to the loading direction. The displacement histories of the two
symmetrical endpoints, A0 and B0, perpendicular to the load-
ing direction (Dxx) are found to be very similar. The absolute
value of the displacement component Dyy of B0 is used for
comparison. We differentiate the displacement value with
time and the velocity histories of these two points can thus
be acquired as depicted in Fig. 4(b). With a little discrepancy,
one can still find that both the horizontal (Vxx) and the vertical
(Vyy) velocities are almost identical during the overall dynamic
loading and unloading process, indicating that the movements
of the two halves of the disc are essentially symmetrical.
Furthermore, the horizontal and vertical velocities exhibit
completely different behaviors. Specifically, the change of
Vxx remains synchronous with the dynamic tensile stress in
the disc center (red line), whereas Vyy changes little at the early
stage of loading but increases drastically after the time point
corresponding to the turning point onset of the stress-time
curve.

Considering the overload effect and the velocity variation
of the fragments, four individual stages I-IV can be used to
describe the failure process in Fig. 4(b). In stage I (segment
OA) the disc deforms elastically, and the primary tensile crack

initiates in the center of the disc at point A. In stage II (seg-
ment AC) the crack propagates outward to the edges of the
disc and the vertical velocity of the particles rapidly increases
with time. At the beginning of stage III (segment CD) the
velocity Vyy reaches its maximum value (the terminal velocity
Vt) and then significant fluctuations occur in this stage which
are mainly attributed to the bending and shearing effects in-
duced by subsequent loading. Secondary cracks are finally
formed in this stage, which is reasonable because the terminal
velocity of the fragments is relatively low (several meters per
second) and cannot immediately escape the action range of the
bars. Finally, in stage IV the velocity Vyy tends to be smoother
and gradually decreases as time increases, indicating that the
two halves of the disc completely flew out. Velocity Vxx has
almost declined to zero since stage III, and thus the horizontal
velocity component of the fragments can be neglected.

Moreover, two sets of symmetrical points A1/A1’ and A2/
A2’ at the same height as A0 were arranged as shown in Fig.
4(c), where the distance between neighboring points is set to
5 mm. One can see that the vertical velocities Vyy for these
points appear to be almost identical, and thus the movements
of two halves of the disc can be simply considered as transla-
tion. Furthermore, Fig.4(d) shows the displacement and verti-
cal velocity variations of the digital strain gauge endpoints
with different lengths. It is evident that the gauge length has
a minimal effect on the vertical displacement and terminal
velocity (the terminal velocity V0 here is nearly twice that of
Vyy in Fig. 4(b) and c because it refers to the relative value
between the two endpoints). In fact, the increase of displace-
ment induced by the elastic deformation is rather small com-
pared with that caused by the opening of the crack.
Consequently, the residue kinetic energy can be deduced
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based on the velocity determined in Fig. 4, and the average
fracture energy can then be calculated. It is also important to
point out that the energy dissipation terms should be limited to
stages I and II.

Figure 5 demonstrates the calculated average fracture ener-
gy versus the loading rate of FG rock for different irradiation
durations. The fracture energy increases with the increase of
the loading rate while decreasing with the increase of the
irradiation duration. With the increase of the irradiation dura-
tion, more microcracks are generated along grain boundaries
or cleavage planes of quartz and feldspar [9], together with the
fact that the heating effect also deteriorates the binding capac-
ity between the grains [12], thus making it much easier and
faster for the tensile crack initiating and propagating through-
out the specimen. The results are consistent with those in our
previous work [23], in which the notched semi-circular bend-
ing (NSCB) method and laser gap gauge measurement were
adopted to calculate the fracture energy.

Interestingly, we find that the effect of the microwave irra-
diation duration on average fracture energy is more evident at
higher loading rates (> 800 GPa/s) than that at lower loading
rates (< 800 GPa/s). The slope of the fracture energy with
respect to the loading rate decreases with the increase of the
irradiation duration. This phenomenon is similar to the results
of dynamic fracture toughness of thermal-treated Laurentian
granite concluded by Yin et al. [37]. This might be explained
by the micro-failure mechanism in the dynamic test. It is note-
worthy that the microwave irradiation can significantly en-
hance the density of the microcracks in the specimen, but
the rock failure depends both on the microcrack density and
the loading rate: when the loading rate is low, the crack has
sufficient time to fully expand along the most optimal route
[24, 38, 39], thus similar values of average fracture energy
before the loading rate of 800 GPa/s are observed in Fig. 5.
Whereas for the dynamic tests at higher loading rates, the
loading durations are shorter, restraining the time for crack
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propagation and coalescence [40], thus more microcracks are
involved in the failure process. As a result, the effect of mi-
crowave irradiation on the average fracture energy of FG is
more evident at higher loading rates.

Conclusions

In summary, the dynamic tensile response of microwave dam-
aged FG granite was studied using a SHPB system combined
with the DIC technique. First, both the BD apparent and true
tensile strengths exhibit an approximate linear increasing
trend with the increase of the loading rate, whereas these
strengths decrease with the increase of the microwave irradi-
ation duration. The true tensile strength after overload correc-
tion is much lower than the apparent strength. Second, the
movements of two halves of the disc were determined using
the DIC analysis and the average fracture energy was calcu-
lated. The fracture energy increases with the loading rate while
decreasing with the increase of the irradiation duration.
Furthermore, the effects of the microwave irradiation duration
on average fracture energy is more evident at higher loading
rates than that at lower loading rates. The results in this study
demonstrate that microwave irradiation can significantly
weaken the tensile properties of the rock over a relatively short
duration (several minutes), making it possible to design more
efficient full-face tunnelling or other rock breaking equipment
incorporating a microwave system.
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