
Vol.: (0123456789)
1 3

Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:38  
https://doi.org/10.1007/s40948-024-00749-x

ORIGINAL ARTICLE

Rockburst prevention by microwave destressing: 
a numerical investigation

Chun Yang · Keping Zhou · Quan Zhang · 
Manchao He · Feng Gao · Xin Xiong · Zheng Pan · 
Ameen Topa

Received: 22 July 2022 / Accepted: 10 January 2024 
© The Author(s) 2024

Abstract  Rockbursts are a complex phenomenon 
characterized by a violent ejection of rock fragments 
from the free face of deep underground mines. Due to 
the sudden, disruptive, and complex nature of these 
events, accurate predictions of rockbursts are difficult. 
Therefore, geotechnical intervention is imperative to 
prevent the occurrence of a rockburst. The scenarios 
of microwave destressing is introduced here as an 
application method to potentially prevent their occur-
rence. To understand the influences of microwave 
destressing, such as microwave exposure duration, 
spatial layout, and geometric parameters of the micro-
wave preconditioned zone (MPZ), on the occurrence 
of a rockburst, numerical simulation was conducted 
based on an impact-induced rockburst model. The 
feasibility of microwave destressing technology was 
validated numerically. This paper also provides guid-
ance for the utilization of microwave destressing in 
practice. Discontinuous MPZ is suitable for a known 
blasting source with a fixed position, and continuous 

MPZ can be applied for a working condition with 
multiple blasting sources with variable positions. A 
closer distance of MPZ from the free face results in 
a better microwave destressing effect. However, the 
closer distance of MPZ from the free face also intro-
duces more negative influences on the static stability 
of surrounding rock.

Highlights 

•	 Microwave destressing scenario is introduced.
•	 The feasibility of microwave destressing in deep 

circular openings is numerically validated.
•	 The principle of rockburst prevention via micro-

wave preconditioning is summarized.
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•	 The spatial layout and geometrical parameters of 
MPZ significantly affect the microwave destress-
ing effect.

Keywords  Rockburst prevention · Microwave 
destressing · Strain energy density (SED) · Dynamic 
failure · Dynamic disturbance

1  Introduction

In deep rock engineering excavation, the violent fail-
ure of a rock mass, termed rockburst, significantly 
threatens personnel and machine safety. Thus, con-
taining rockbursts has become the most challenging 
task for engineers (Khan et al. 2021; Pan et al. 2022; 
Sainoki et al. 2017; Wang et al. 2022). Many scholars 
have conducted in-situ and laboratory tests to inves-
tigate rockburst phenomena, which revealed that fac-
tors including underground geometry and geology 
play vital roles in the occurrence of rockbursts (Guo 
et  al. 2021; He et  al. 2018; Manouchehrian and Cai 
2018; Mazaira and Konicek 2015). According to the 
triggering mechanisms, rockbursts can be classified 
into two major types: strainbursts and impact-induced 
rockbursts (He et  al. 2012). Strainbursts at the edge 
of openings are caused by high in-situ stress regimes 
that exceed the rock strength (Cai 2019; Vazaios et al. 
2019). Impact-induced rockbursts mainly generate 
when the surrounding rocks in a relatively low-stress 
state are impacted by external dynamic disturbances, 
such as blasting, caving, and mechanical vibration 
(Li and Li 2018; Li et al. 2020a). Therefore, both the 
high stress zone shifting far from the free face and 
constructing a protective barrier between the working 
face and the dynamic disturbance could effectively 
contain rockbursts.

Geotechnical measures such as destress blasting, 
destress drilling, shotcrete and mesh (Mazaira and 
Konicek 2015), pre-excavation grouting (Zhang et al. 
2014), seismic monitoring (Tang et al. 2023b), TBM 
excavation (Gong et al. 2012), and water infusion have 
been widely used to deal with the damaging effects 
of rockbursts (Konicek et  al. 2011; Xu et  al. 2022). 
Among these methods, a proactive measure termed 
destress blasting has been applied for nearly a cen-
tury. A fractured zone is formed by blasting behind 
the tunnel face. Consequently, the stiffness reduction 

of the rock mass in the fractured zone induces the sec-
ond stress redistribution. Face destressing is achieved 
under the influence of the maximum stress behind the 
tunnel face decreasing and its position shifting away 
from the initial position (Vennes et  al. 2021). How-
ever, it is worth noting that destress blasting intro-
duces a dynamic disturbance to the high in-situ stress 
zone around the tunnel. An unreasonable destress 
blasting scheme can even cause the opposite desired 
effect. The essence of destress blasting is to reduce 
the rock strength and create a network of fissures in 
the target area by blasting (Drover et al. 2018). There-
fore, the utilization of other rock breakage technology 
may also induce a destressed zone. Furthermore, the 
lower the stress disturbance induced by rock break-
age, the more suitable it is for destressing.

Over the past two decades, microwave-assisted 
rock breakage has attracted much attention, which 
is regarded as a promising technology in extending 
the service life of cutter and space mining (Li et  al. 
2020b; Wang et al. 2021; Yang et al. 2022b, 2022c). 
Microwave heating mechanism to weaken rock has 
been shown in both experimental and numerical tests 
(Jones et  al. 2005; Ju et  al. 2021; Lu et  al. 2019b). 
The majority of rocks are typically a mixture of sev-
eral different minerals, and each mineral shows dif-
ferent dielectric properties, volumetric expansion, and 
thermal conductivity (Zheng et al. 2020). Microwave 
heating can generate significant heat in rocks con-
taining microwave-absorbing minerals such as bio-
tite, hornblende, hypersthene, enstatite, etc. (Lu et al. 
2017; Zhao et  al. 2020). This process introduces a 
temperature gradient into the rock, leading to the gen-
eration of stress that may exceed the rock’s strength. 
Therefore, micro-cracks are generated within the 
rocks, and if the rock is treated with a significant 
enough microwave power level or for a long enough 
exposure time, visible macro-cracks can form (Mei-
sels et  al. 2015). Furthermore, adjacent grains with 
differing dielectric properties enhance crack forma-
tion. Accordingly, the rock strength decreases after 
microwave treatment (Kahraman et al. 2020).

Scholars have been aware of the possibility of 
pressure-relief around a deep rock opening caused by 
microwave preconditioning technology (Feng et  al. 
2017; Tang et  al. 2023a; Zhang et  al. 2022). Refer-
ring to the destress blasting scenario, the microwave 
destressing concept, as Fig. 1 depicts, can be classi-
fied into face, roof, floor and side wall destressing. 
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Microwave energy is applied to the target zone via 
the borehole. Lu et  al. (2019a) developed a coaxial-
type microwave applicator for borehole fracturing, 
which effectively induces macro-cracks in cubic hard 
rock specimens in lab tests. Moreover, field tests with 
this apparatus exhibit a favorable fracturing effect 
(3–7 cm obvious fractures were observed by the digi-
tal borehole televiewer) on boreholes in the Baihetan 
Hydropower Station. Feng et  al. (2021) conducted 
microwave irradiation tests on hard rocks under 
true triaxial stress with an open-ended microwave-
induced fracturing system. This novel experimental 
setup can approximately simulate the utilization of 
microwaves in a high-stress environment. The experi-
mental results of borehole fracturing tests indicate 
that true triaxial stress facilitates the distribution of 
thermal cracks induced by microwave treatment. Hu 
et al. (2021) carefully evaluated the burst tendency of 
microwave-treated hard coal using indicators such as 
the dynamic failure time, impact energy index, elas-
tic index, uniaxial compressive strength (UCS), and 

P-wave velocity, which illustrated that microwave pre-
conditioning could effectively reduce or eliminate the 
burst tendency of coal. Generally, the existing stud-
ies involved with rockburst prevention using micro-
wave precondition technology mainly focus on the 
rockburst proneness of a microwave treated hard rock 
itself. The influence of the microwave preconditioned 
zone (MPZ) on stress distribution in its surrounding 
rock and how it can achieve rockburst prevention in 
an existing rock engineering are rarely reported.

The primary focus of this paper is to determine the 
effect of MPZ layout on rock failure subjected to a 
dynamic disturbance around a deep circular opening 
using numerical analysis. The rock strain energy den-
sity (SED) and dynamic failure intensity of the failure 
zone in different simulation cases are carefully evalu-
ated based on an impact-induced rockburst model. It 
also aims to provide reasonable suggestions for the 
utilization of microwave destressing technology in 
practice.

Fig. 1   Schematic diagram of rockburst containment in deep rock engineering using microwave destressing
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2 � Numerical model parameters

2.1 � Establishment of model

As Fig.  2 shows, a square, quasi-three-dimensional 
numerical model with a length of 100 m was created 
using the finite element method (FEM) (Yang et  al. 
2021). Roof destressing in a deep circular opening 
with a radius L1 of 2 m was employed in the numeri-
cal simulation. Generally, rockbursts are influenced 
by gravity, and typically those that occur on the top 
can cause higher threats than those located towards 
the base of the opening. Thus, given the computing 
efficiency and the convenience of mesh generation, 
a semi-annular MPZ was arranged on the top of the 
opening, and another semi-circular section (zone D) 
with intact rock material was symmetrically distrib-
uted under zone A (Zhou and Xiao 2018, 2019). The 
radial distance between the sidewall of the opening 
and MPZ (L2), and the radial length of MPZ (L3) 

was varied for different simulation cases to deter-
mine their influences on rockbursts with microwave 
treatment.

2.2 � Initial geo‑stress and dynamic load

Impact-induced rockbursts are governed by the syn-
ergistic effect between geo-stress and the dynamic 
load. Studies have revealed that the geo-stress inten-
sity and orientation, dynamic load duration and 
amplitude, and the duration ratio of dynamic load-
ing and dynamic unloading significantly affect the 
rockburst characteristics (Li et al. 2018; Tang et al. 
2019). The purpose of this study is to investigate 
the effects of different layouts of MPZ on rockburst 
prevention. Therefore, the vertical stress �v and hor-
izontal stress �H were kept constant in all the simu-
lation cases, which were determined by the follow-
ing (Sheorey 1994),

Fig. 2   Schematic of the numerical model setup showing the boundary conditions, model components and their physical representa-
tions
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where H , K and Eh denote the depth (1000 m), ini-
tial stress ratio, and horizontal deformation modulus, 
respectively.

For an existing rock engineering project, blasting 
vibration is one of the primary sources of dynamic 
disturbance. The dynamic disturbance was applied at 
the top of the model by a simplified triangular load 
(Fig. 3), which can be expressed as the following (Hu 
et al. 2018):

where Pmax is the peak value of the dynamic distur-
bance and te is the total duration of the triangular 
load. The rising stage duration varies from 0 to tr and 
the peak value of the dynamic disturbance decreases 
from Pmax at tr to 0 at te . To trigger rockbursts under 
the previous geo-stress condition, Pmax , tr and te 
were determined to 120  MPa, 2  ms, and 10  ms, 
respectively.

(1)�v = �H

(2)�H = K�v

(3)K= 0.25+7Eh(0.001 +
1

H
)

(4)Pd(t) =

⎧
⎪⎪⎨⎪⎪⎩

0, t < 0
t

tr
Pmax, 0 ≤ t < tr

te−t

te−tr
Pmax, tt ≤ t < te

0, t ≥ te

The finite element software LS-DYNA was 
employed to establish the numerical model. The sim-
ulation of impact-induced rockbursts employs a two-
step process, namely implicit-explicit conversion. The 
initial step involves obtaining the initial geo-stress 
distribution within the rock using an implicit solution. 
Once the initial geo-stress is established, the simu-
lation transitions to an explicit phase to introduce 
dynamic loading. In this transition, the displacement 
information obtained in the implicit phase is elimi-
nated, retaining only the stress information. The trian-
gular blasting load, as illustrated in Fig. 3, is applied 
to the top boundary of the model presented in Fig. 2 
during the explicit solution.

2.3 � Constitutive model and rock mechanical 
parameter verification

The Mohr–Coulomb model is most commonly 
applied in the context of geomaterials. It postulates 
a linear relationship between the shear strength on 
a plane and the normal stress acting on it. This can 
be represented by plotting Mohr’s circles for stress 
states at the point of failure in terms of the maximum 
and minimum principal stresses (Fig.  4). The linear 
Mohr–Coulomb model can be written as:

 where τ is the shear stress, σ is the normal stress, c is 
the cohesion of the material, and ϕ is internal friction 
angle.

Lu et al. (2020, 2019b) conducted UCS and Brazil-
ian tension strength (BTS) and conventional triaxial 
compressive strength (CTCS) tests of microwave-
treated basalts at 5  kW microwave power level for 

(5)� = c + � tan�

Fig. 3   Schematic diagram of the simplified blasting load 
applied to the top boundary during explicit solution

Fig. 4   Mohr–Coulomb Failure Envelope
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various treatment times of 10 s, 20 s, and 30 s, respec-
tively. Each exposure time trial was conducted three 
times for repetition. The linear regression analysis 
was summarized by relationships between the basalt 
strength, elastic modulus, Poisson’s ratio, and micro-
wave treatment times. The data from these analyses 
were used in this study.

As a natural material, rock contains natural flaws, 
such as joints, pores, and cracks. Although the effort 
has been made to reduce sampling error during exper-
imental specimen preparation, microwave-induced 
damage (e.g., formation of irregular cracks in speci-
mens) enhances differences within a sample, which 
would likely enhance the variations in the experi-
mental results. However, in numerical modeling, 
it is assumed that rock is a homogeneous medium. 
For rock mechanical parameters, a compromise is to 
use the UCS, BTS, elastic modulus, Poisson’s ratio 
obtained from lab tests, and the cohesion and internal 
friction angle is calibrated based on Mohr–Coulomb 
theory. As thus, the errors from the CTCS test can be 
eliminated.

In the triaxial stress state, the Mohr–Coulomb failure 
surface can be expressed as:

 where σ1 and σ3 denote the major and minor princi-
pal stresses, respectively.

In a pure compression stress state, σ1 = UCS and 
σ3 = 0, thus we have:

In a pure tension stress state, σ1 = 0 and – σ3 = direct 
tension strength (DTS), thus we have:

(6)
�1 − �3

2
=

�1 − �3

2
sin � + c cos �

(7)UCS =
2c cos �

1 − sin �

Therefore, for a linear Mohr–Coulomb failure crite-
rion, the UCS and DTS can be predicted by Eqs. (7) 
and (8) when the cohesion and internal friction angle 
are known. Because BTS represents the approximate 
tensile strength of rocks, DTS is calibrated by the fol-
lowing equation:

where the value of the factor f is recommended to 
be approximately 0.8 for igneous rocks (Perras and 
Diederichs 2014).

Additional specific details regarding the calibration 
of mechanical parameters for microwave-treated basalt 
can be found in (Yang et  al. 2022a). The calibrated 
mechanical parameters for basalt at a 5  kW micro-
wave power level are listed in Table 1. To examine the 
accuracy of the calibrated mechanical parameters of a 
microwave treated basalt, UCS and DTS simulations 
were conducted to obtain the stress–strain relationships. 
Because of the advantages of high computing efficiency 
and the fact that it could eliminate unwanted structural 
effects, single element tests are widely used in mechan-
ical parameter examination and verification of a devel-
oped constituted model. As shown in Fig.  5, a cubic 
element with eight nodes was employed to predict 
the compressive and tensile behaviors of microwave-
treated basalt strengths using the Mohr–Coulomb mate-
rial model. A constant motion was applied to the top 
four nodes following the intended loading pattern. Nec-
essary constraints for specific nodes were considered to 
maintain the single element model’s pure compression 
or tension stress state. In group A, four simulation cases 
(A0, A1, A2, and A3) were conducted with respect to 
different microwave exposure times, where cases A0, 
A1, A2, and A3 corresponding to the exposure time 
were 0, 10 s, 20 s, and 30 s, respectively.

(8)DTS =
2c cos �

1 + sin �

(9)DTS = f BTS

Table 1   Basalt physical and mechanical parameters at 5 kW microwave power level

Case No Exposure 
time (s)

Elastic modu-
lus (GPa)

Poisson’s ratio Internal friction 
angle (°)

Cohesion (MPa) UCS (MPa) DTS (MPa)

A0 0 97.07 0.28 66.37 29.51 282.18 12.34
A1 10 86.54 0.26 67.21 25.78 255.90 10.39
A2 20 80.65 0.24 68.42 22.01 231.00 8.39
A3 30 74.76 0.22 70.02 18.15 206.10 6.39
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The numerical results indicate that the UCS and 
DTS agree well with laboratory results (Fig. 6). Experi-
mental UCS and BTS were simultaneously captured 
according to the same set of calibrated cohesion and 
internal friction angle data. In addition, the maximum 
axial strain in the UCS modeling was very similar to 
the experimental values (around 0.30%) (Lu et  al. 
2020). These results demonstrate the applicability of 
the calibrated mechanical parameters for the simula-
tions involving microwave-treated basalt. More details 
of the numerical verification of microwave treated 
basalt strength with disc and cylinder sample can be 
found in (Yang et al. 2022a).

3 � Analysis of microwave destressing

3.1 � Geo‑stress and strain energy redistribution

Referring to Saint–Venant’s principle and the destress 
blasting application case (Luo et  al. 2021), L2 and 
L3 were determined to be 3 m and 1 m in group A, 
respectively. As Fig. 7 shows, a monitoring line along 
the vertical central axis was used to track the stress 

distribution and energy variation caused by excava-
tion and microwave preconditioning. Strain energy 
storage level in a rock mass significantly influences 
the induction of rockbursts (Zhang et al. 2021b). To 
eliminate the influence of size, strain energy density 
(SED) is often used to investigate the energy evolu-
tion surrounding the deep opening subjected to exte-
rior dynamic impacting, which can be expressed as,

where W represents SED, E represents Young’s mod-
ulus, and v represents Poisson’s ratio. �1 , �2 , and �3 
are the maximum, intermediate, and minor principal 
stresses, respectively.

As Fig.  8a shows, the initial major and mini-
mum principal stresses were −  21.17  MPa and 
−  46.60  MPa before excavation. In this section, the 
increase or decrease of principal stresses are in terms 
of their absolute values. After the excavation and 
microwave preconditioning, the redistributed stress 
around the opening was also in a compressive state. 
Compared with the stress state before excavation, the 

(10)
W =

1

2E

(
�2

1
+ �2

2
+ �2

3
− 2�(�1�2 + �1�3 + �2�3)

)

Fig. 5   Boundary conditions for the single element simulated model (modified after Guo et al. 2018)
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stress redistribution significantly induced a decrease 
in the major principal stress (absolute value reduced 
to 19.63  MPa) and an increase in the minor princi-
pal stress (absolute value increased to 107.78  MPa) 
in the vicinity of the opening. The redistributed stress 
gradually approached an undisturbed stress state with 
an increase in the distance from the roof. Due to the 
different initial magnitude, the major principal stress 
reached a constant magnitude when the distance 

from the roof was approximately 10  m, and minor 
principal stress was approximately 16  m. Therefore, 
rock mass farther than 16 m from the roof was rec-
ognized as the undisturbed zone. According to the 
partially enlarged view in Fig. 8, the microwave pre-
conditioning induced different stress redistributions 
at areas separated by the boundary of zone A and 
zone B. Compared to the A0 case, within 4 m to the 
roof, microwave treatment induced a decrease in the 
stress level. On the contrary, the microwave treatment 
induced an increase in the geo-stress level when the 
distance from the roof was greater than 4  m. In the 
MPZ, the stress magnitude declined with an increase 
in microwave exposure time. Overall, it appears that 
a longer microwave exposure time allows for a higher 
magnitude of stress redistribution.

As Fig. 8b shows, consistent with the rules govern-
ing the redistribution stress, the SED shows similar 
variation with a change in the distance from the roof. 
In MPZ and the surrounding rock zone B, microwave 
treatment induced a reduction in the SED. Overall, 
SED decreased with increasing distance from the 
roof. For specific rock properties, a lower SED has 
a lower rockburst risk when subjected to dynamic 
disturbance. Thus, it can be deduced by the static 
mechanical response of the rock mass that microwave 
destressing for rockburst prevention is feasible.

Fig. 6   Stress–strain curves of the UCS and DTS simulations using a single element test

Fig. 7   Distribution of monitoring points and line for SED and 
stresses around the opening (cross sectional view)
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Fig. 8   Redistributions of principle stresses and SED in implicit solution. a Principal stresses; b SED

Fig. 9   SED evolution characteristics in explicit solution
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3.2 � Effect of microwave exposure time

3.2.1 � SED evolution

Six monitoring points (E1, E2, E3, E4, E5, and E6, 
as shown in Fig.  7) were selected to monitor the 
SED evolution with distance from the roof. As Fig. 9 
shows, the time-history of SED was constant before 
the arrival of the stress wave at the monitoring points, 
which demonstrated that the two-step simulation 
approach accurately transferred the static stress to the 
dynamic solution phase. In these four cases in group 
A, all the dynamic responses of the monitoring points 
were quite similar. Their responses can be divided 
into three phases in terms of SED evolution trend: 
(1) stationary phase before disturbance; (2) fluctu-

ating phase during dynamic disturbance; (3) very 
slight fluctuation after disturbance, which mainly 
was caused by the reflected stress waves with low 
intensities. The duration of each phase varied with 
the location of the monitoring points. Because static 
stress does not exceed the rock strength, the dynamic 
response of elements started with an increase in the 
SED due to the elements absorbing the stress wave 
energy. After the dynamic disturbance, the change 
in SED depended upon the location. For example, in 
simulation A0, SED of E1, E3, and E6 stored more 

strain energy, and the change in SED at these points 
were 124.16  kJ/m3, 18.97  kJ/m3, and 4.75  kJ/m3, 
respectively. The SED of E2, E4 and E5 decreased 
due to a release in strain energy, and the change in 
SED at these points was − 11.33 kJ/m3, − 13.00 kJ/
m3 and −  1.19  kJ/m3, respectively. Generally, strain 
energy stored in the rock after a dynamic disturbance 
may create a high proneness to rockbursts when sub-
jected to further dynamic disturbances; rock-released 
strain energy may induce rock failure.

To eliminate the influence of the initial SED, the 
relative change percentage in SED was used to evalu-
ate the change of SED for different cases, which is 
expressed as,

As Fig.  10 shows, the strain energy of E4 was 
dissipated entirely in each of the four simulation 
cases, which indicated that rock in the vicinity of 
E4 (2.25 m from the roof) failed. The location of the 
maximum increment of SED was always E3 (1.58 m 
from the roof) for the four cases. The duration of the 
microwave exposure time affected the change in SED 
differently for the four cases. The strain energy was 
released at point E5 in case A0 but stored in A1, A2, 
and A3. The change in SED also demonstrated that 
the rock failure distribution around the opening is 
generally discontinuous (Qian and Zhou 2011).

(11)Relative SED percentage change =
Final SED − Initial SED

Initial SED
× 100%

Fig. 10   Relative SED percentage change in group A

Fig. 11   Evolution of fracturing zone in the deep rock opening 
subjected to dynamic disturbance
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3.2.2 � Fracturing zone evolution

In the dynamic response simulation, the variation 
of the failed rock element numbers was tracked to 
observe the evolution of the fracturing zone induced 
by a stress wave. Cloud diagrams in Fig. 11 present 
the fracturing zone evolution of simulation case A0. 
For the untreated rock mass, a dramatic rockburst 
occurred in zone B. The incident stress wave arrived 
at the roof at 6.90 ms, and the element erosion initi-
ated at 8.08  ms, indicating that the reflected tensile 
stress wave mainly drove the rockburst. Although 
rock properties govern the stress wave velocity, the 
rock element erosion of four simulation cases almost 
always initiated ~ 8 ms due to the finite size of MPZ. 
It was also observed that simulation case A0 had the 
most prolonged rock fracturing duration, with rock 
fracturing ending at 17.45 ms. In cases A1, A2, and 

A3, rock fracturing ended at 12.08 ms, 11.92 ms, and 
12.69 ms, respectively.

Figure  12 shows the final failure patterns around 
the circular opening under different durations of 
microwave exposure treatment, where the contour 
lines denote the value of the major principal stress in 
MPa. The fracturing zone’s shape was approximate to 
an inverted trapezoidal, and the rock fracturing zones 
in cases A1, A2, and A3 and were smaller than that 
in untreated case A0. Furthermore, the bottom bound-
ary of the fracturing zone in cases A1, A2, and A3 
deviated from the roof. Thus, the rock mass in the 
vicinity of the top free face could prevent the rock 
debris in the fracturing zone from falling into work-
space directly. In addition, the rock fracturing caused 
a redistribution of the stress field around the fractur-
ing zone, where tensile stress was observed in each 
simulation case. Furthermore, the maximum tensile 

Fig. 12   Final fracturing 
zone around the circu-
lar opening subjected 
to dynamic disturbance 
(Group A)
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stress declined with increasing microwave exposure 
duration.

The number of failure elements in the fracturing 
zone has a negative relation with microwave expo-
sure duration. When microwave exposure duration 
increased from 0 to 30  s, the number of failed ele-
ments decreased from 430 to 93. Zone B was meshed 
as a concentric circle, and thus, the radial length of 
the failed zone (the distance from top to bottom of the 
inverted trapezoidal) was used to measure the range 
of fracturing in different cases (Fig. 13). When zone 
A was treated with 30  s microwave exposure time, 
the radial length of the failed zone was approximately 
half of that in untreated case A0. Therefore, the feasi-
bility of microwave destressing in a deep opening was 
numerically validated. Furthermore, a longer micro-
wave treatment time can better prevent the occurrence 
of a rockburst event.

In Sect.  3.2, the effect of microwave exposure 
time on microwave destressing has been carefully 
discussed. Case A3 shows the weakest rockburst in 
group A. In subsequent sections, different layouts of 
MPZ on rockburst occurrence are discussed. Overall, 
the rock mechanical parameters for MPZ are consist-
ent with case A3.

3.3 � Effect of discontinuous layouts of MPZs

It is of critical to determine the range of MPZ, as the 
extent of MPZ affects the cost of microwave precon-
ditioning to a zone. Therefore, reasonable layouts 
should be determined for implementation. Numerical 

simulation Group B was performed to determine the 
effect of a discontinuous distribution of MPZs on 
rockburst prevention. As Fig.  14 shows, the model 
setup was as follows: the area corresponding to zone 
A shown in Fig. 2 was divided into five, seven, and 
nine, evenly. Case No. was the name according to the 
number MPZs, i.e., B52 denotes the semi-annular 
zone was divided into five segments evenly, and two 
of which were MPZ and three were untreated rock 
masses.

As Fig.  15 shows, both monitoring locations E2 
and E4 were where SED decreased in the six simu-
lation cases. Moreover, the number of monitoring 
points where SED decreased after dynamic disturb-
ing in cases B52, B74, and B94 were three (E2, E4, 
and E5), four (E2, E4, E5, and E6), and three (E2, E4, 
and E5), respectively. Overall, there were more loca-
tions with decreases in SED compared to B53, B73, 
and B95. According to the fracturing patterns shown 
in Fig. 14 and the radial length of the failed zone in 
Fig.  16, the range of the failed zone in simulation 
cases B52, B74, and B94 were more extensive than 
B53, B73, and B95. Comparing the layout of MPZ 
in those six cases, there was an MPZ directly above 
the opening roof in B53, B73, and B95. The different 
layouts of MPZ induced different redistributions of 
the geo-stress. Thus, each case has a different prereq-
uisite for rockburst occurrence. In simulation cases 
B52, B74, and B94, no destressing zone was gener-
ated directly above zone B due to the interval between 
the top two MPZs. However, stress wave propagation 
efficiency has a vital effect on the stability of zone 
B. In B52, B74, and B94, the stress wave propagated 
to zone B directly through the surrounding untreated 
rock directly above zone B. Furthermore, in B53, 
B73, and B95, stress wave reflection occurred at 
the boundary of top MPZ and the surrounding rock, 
which led to the incident stress wave carrying less 
energy to zone B. Therefore, dynamic disturbance 
induced more dramatic dynamic failures in B52, B74, 
and B94 than cases B53, B73, and B95.

In practice, the blasting source location is known. 
Thus, considering the spatial location of protection 
required, the MPZ is suggested to be arranged on the 
connection line between the blasting source and the 
protection zone. As Fig.  16 shows, we can see that 
case B73 shows an optimal effect of rockburst preven-
tion, as it had the least number of failed elements (63) 
and shortest radial length of the failed zone (1.50 m).

Fig. 13   Number of failed elements and radial length of the 
fracturing zone (Group A)
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Fig. 14   Sketch of numerical model and fracturing zone around the circular opening (group B)
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3.4 � Effect of MPZ length

After the most effective position for applying MPZ 
for rockburst control was determined, group C was 
created to investigate the effect of MPZ length on 
rockburst intensity. The schematic diagram of the 
numerical model is shown in Fig.  17. A continuous 
MPZ was arranged above the zone B. α was increased 
from 20° to 160° at an interval of 20° to control the 
length of MPZ (the cases of α = 0° and 180° corre-
spond to A0 and A3, respectively).

Similar to the results in groups A and B, SED 
at E2 and E4 decreased, and SED at E1 and E3 
increased in each simulation case after the dynamic 

disturbance (Fig. 18). Furthermore, the strain energy 
at monitoring point E4 was completed released. Thus, 
the dynamic response between E1 and E4 in those 
simulation cases was mainly dominated by the initial 
static stress.

With the increasing MPZ length, more energy 
is reflected at the top boundary of MPZ, and con-
sequently, less energy is exerted on zone B during 
the downward stress wave propagation. However, 
it is worth noting that the variations in the length of 

Fig. 15   Relative SED percentage change of group B

Fig. 16   Number of failed elements and radial length of the 
fracturing zone (Group B)

Fig. 17   Numerical model sketch of group C

Fig. 18   Relative SED percentage change in group C
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MPZ also appear to govern the geo-stress distribu-
tion of the destressed zone. Therefore, the dynamic 
failure intensity has no constant negative relation 
with the MPZ length. As Fig.  19 shows, a dramatic 
rockburst occurred when α was 20°, and the fractur-
ing zone extended to the roof. When α increased to 

40°, the number of failed elements and the radial 
length of the failed zone decreased to 122 and 1.73 m, 
respectively (Fig.  20). The dynamic failure intensity 
increased when α varied from 40° to 80°. When α 
was 100°,140°, 160°, and 180°, the failure pattern 
and range of the fracturing zone were all quite simi-
lar, and the dynamic failure intensity was at a rela-
tively low level. The lowest dynamic failure intensity 
occurred when α = 120°, which had the least number 
of failed elements (70) and shortest radial length of 
the fracturing zone (0.60 m). In practice, an overlong 
MPZ length leads to increased cost of the project and 
is a waste of energy; an optimal length to balance 
the cost of effectiveness needs to be found for each 
project.

Fig. 19   Final fracturing zone around the circular opening subjected to dynamic disturbance in group C

Fig. 20   Number of failed elements and radial length of the 
final fracturing zone (Group C)

Table 2   Numerical model dimensions of group D

Case No. L2 (m) L3 (m)

D1 2.50 1.00
D2 2.50 0.50
D3 3.50 1.00
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3.5 � Effect of MPZ width and its distance from the 
roof

Numerical simulation group D consisted of altering 
L2 and L3 to study the effect of MPZ width and its 
position on the dynamic fracturing behavior around 
the opening. The model dimensions are as listed in 
Table 2.

Compared with the model dimension of simulation 
case A3, the distance between MPZ and the opening 
roof was changed to 2.50  m (D1) and 3.50  m (D3), 
respectively. It was observed that the dynamic fail-
ure intensity in simulation case D3 was much more 
intense than A3 (Figs.  21 and 22). The increase in 
L2 caused the destressed zone governed by MPZ to 

move away from the free surface. Accordingly, the 
stress redistribution surrounding the opening became 
more evident. It can be deduced that further from the 
roof, MPZ may not work for dynamic failure con-
trol, and the fracturing pattern should closely mimic 
simulation case A0. When L2 decreased to 2.50 m, no 
dynamic failure around the opening was generated, 
indicating that the destressing zone caused by MPZ 
overlapped with the initial high static stress zone. 
Therefore, the coupling of the static and dynamic 
stresses did not reach the rock strength. Based upon 
case D1, the effect of MPZ width was examined by 
reducing L3 by an interval of 0.10 m. When L3 was 
reduced to 0.5  m, the rock mass did not fail. After 
that, the amplitude of the dynamic disturbance 
increased from 120 to 130  MPa in case D2, where 
slight dynamic failure occurred. 20 elements failed, 
and the radial length of the failed zone was 0.22 m for 
case D2.

Overall, when the MPZ is closer to the free face, 
there is a less dynamic hazardous risk around the 
opening. However, the fracturing zone induced by 
microwave treatment also plays a vital role in the 
static stability of zone B. Too short of a distance of 
MPZ from the roof may result in zone B unable to 
support the overburden rock mass.

4 � Discussion

This paper introduced a novel rock prevention tech-
nology by microwave destressing, and verified its 

Fig. 21   Final fracturing zone around the circular opening subjected to dynamic disturbance in group D

Fig. 22   Number of failed elements and the radial length of the 
final fracturing zone (Group D)
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applicability numerically. However, the limitations of 
this study should be pointed out to guide future suc-
cessful field experiments and practices. Numerical 
simulations were performed using the FEM model 
based on the assumption that rock is a continuous 
medium (Liu et al. 2019). Experimental results indi-
cated that microwave-induced cracks are randomly 
distributed throughout the rock mass (Wei et  al. 
2019). As reported by Lu et  al., the sample surface 
exhibits fewer cracks during shorter exposure times 
(at 5  kW and 10  s). As the radiation time increases 
(20 s and 30 s), cracks gradually propagate, and their 
number grows. The primary crack on the curved 
surface runs roughly parallel to the long axis of the 
cylinder, extending towards the end face and con-
necting with the crack observed on the end face (Lu 
et  al. 2020). It is known that discontinuities in geo-
technical engineering can negatively impact the 
efficiency of stress wave propagation (Shen et  al. 
2021). Therefore, the numerical results of microwave 
destressing in this study are relatively conservative. 
For instance, microwave treatments could potentially 
cause less rock dynamic failure or even no failure if 
the same structural parameters of the MPZ for simu-
lation case A3 are in place. Although a discontinuous 
arrangement of the MPZ is advantageable due to its 
low economic cost and energy saving, a continuous 
MPZ may be more suitable for engineering practice 
that faces multiple dynamic disturbances from dif-
ferent orientations, such as a deep mine with multi-
stope production models. Because microwave energy 

exponentially decays within a material, the range of 
weakening of the rock mass due to microwave treat-
ments is limited in its physical depth into the mate-
rial (Hassani et al. 2016). The microwave penetration 
depth Dp is defined as the distance at which micro-
wave power is reduced to 1/e (e = 2.718) from the 
strength at the point of entry, and can be calculated as 
(Tang 2015),

where �0 is the wavelength in free space, �′ and �′′ 
are dielectric constant and loss factor, respectively, 
of rock materials. According to Eq.  (12), the micro-
wave penetration depth in rock materials and micro-
wave wavelength is of the same magnitude. For a 
given rock material, the microwave penetration depth 
ranges from a few centimeters to a few tens of cen-
timeters under the action of two industrial microwave 
frequencies (915 and 2450 MHz). For the cases with 
L3 of 1 m in practice, multipoint microwave destress-
ing operations in the radius and circumferential direc-
tion of MPZs are needed, which could negatively 
affect the cost and efficiency. As a consequence, to 
address this, an improved scenario is proposed as 
Fig. 23.

First, high-powered microwaves are used to 
construct a discontinuous MPZ. A non-explosive, 

(12)
Dp =

�
0
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Fig. 23   Sketch of the construction of a continuous MPZ by quasi-static rock breakage technology
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expansive demolition agent is then injected into the 
bottom of the destressing boreholes to expand the 
dimensions of the cracks induced by microwave 
treatment, causing the separated MPZs to connect 
into a continuous MPZ (Zhang et  al. 2021c, 2020). 
It is worth noting that the microwave-induced cracks 
dominate the expansion direction of the MPZ under 
the action of the expansive demolition agent. Thus, 
to cause the expanded cracks to propagate towards 
the adjacent MPZ, both sides of the MPZ should 
be treated with longer microwave irradiation times 
to increase the number of cracks generated. Analo-
gously, technologies such as hydraulic fracturing 
and supercritical CO2 fracturing can be considered 
as potential measures for connecting MPZs in large-
scale rock engineering (Chen et  al. 2021; Zhang 
et al. 2021a). As a quasi-static destressing technique, 
microwave destressing introduces fewer dynamic dis-
turbances to the surrounding rock, which opens up 
numerous aspects worthy of research.

5 � Conclusions

The feasibility of microwave destressing in deep cir-
cular openings is numerically validated based on an 
impact-induced rockburst FEM model. Due to the 
rock mass being simplified as a continuum medium, 
the numerical results of microwave destressing in 
this study are conservative. The two main functions 
of MPZ on rockburst prevention can be summarized 
as follows: a destressed zone below the MPZ reduces 
the stress level around the opening, where rock needs 
more energy to achieve its strain energy storage limit 
when subjected to dynamic disturbance; the MPZ 
deformation and stress wave reflection at the bound-
ary of the MPZ and the surrounding rock lead to the 
reduction of stress transmission efficiency. Thus, the 
stress waves carry less energy that can be exerted on 
the rock around the opening.

Both the spatial layout and geometrical parameters 
of MPZ significantly affect the microwave destressing 
effect. Overall, the main conclusions are as follows:

(1)	 Group A: Within 4  m to the roof, microwave 
treatment induced a decrease in the stress level. 
In Case A3, there are a minimum of 93 failed 
elements, and the shortest radial length of the 
fracturing zone is 1.58  m among group A. The 

introduction of the MPZ improved the safety con-
ditions surrounding the opening. A longer micro-
wave irradiation time in the MPZ results in a 
smaller failure intensity induced by the dynamic 
disturbance around the deep opening.

(2)	 Group B: In cases B52, B74, and B94, the stress 
wave propagated directly to zone B through the 
surrounding untreated rock above zone B, result-
ing in a relatively higher dynamic failure inten-
sity in Group B. The optimal MPZ should be 
strategically arranged along the connection line 
between the protective target and the blasting 
source, as demonstrated in cases B53, B73, and 
B95. These configurations showcase the effec-
tiveness of discontinuous MPZs, offering both 
energy and cost savings in practice, making them 
suitable for applications with known and fixed 
blasting sources.

(3)	 Group C: As α varies from 0° to 180°, the low-
est dynamic failure intensity occurred when 
α = 120°, exhibiting the least number of failed 
elements (70) and the shortest radial length of 
the fracturing zone (0.60 m). However, due to the 
rockburst occurrence governed by the coupling 
effect of geo-stress and dynamic disturbance, 
the dynamic failure intensity around the opening 
does not always exhibit a negative relationship 
with the MPZ length. In scenarios with multiple 
blasting sources and variable positions, a con-
tinuous MPZ is deemed appropriate for optimal 
performance.

(4)	 Group D: When L2 decreased from 3.5  m to 
2.50  m, no dynamic failure around the opening 
was observed in case D1, suggesting that a closer 
distance of the MPZ from the free face results in 
a more effective microwave destressing effect. 
However, the closer proximity of the MPZ to the 
free face also introduces more adverse effects on 
the static stability of zone B. A distance that is 
too short may lead to zone B being unable to sup-
port the overburden rock mass.
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