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A B S T R A C T

The inversion of the source mechanism is a critical step in revealing and understanding the mechanisms of rock 
mass failure and guiding the prevention and control of ground pressure disasters. Under conditions of high stress 
and strong blasting disturbances, the formation, clustering, and interconnection of internal cracks in the sur
rounding rock of tunnels are highly likely to induce rock mass failure. Investigating the failure mechanisms of 
tunnel surrounding rock induced by strong blasting disturbances is essential for achieving effective tunnel 
protection. In this study, acoustic emission (AE) monitoring technology was employed to capture micro-fracture 
signals from the surrounding rock in real time. The RA-AF ratio method was utilized to classify crack types, while 
discrete element numerical simulations were conducted to analyze crack propagation patterns under dynamic 
disturbances. The results indicate that tensile-type cracks dominate during the static stress-controlled stage of 
tunnel failure, whereas blasting disturbances significantly accelerate shear crack propagation. Stress waves 
traveling in different directions produce tensile reflection effects in straight wall regions, leading to the inter
connection of shallow cracks on the blast-facing side and the formation of macroscopic fracture zones. Based on 
these findings, optimization strategies for support design are proposed. Radial constraints should be enhanced on 
the blast-facing side to suppress shallow surrounding rock deformation, and support depth should be extended 
along principal stress directions to mitigate rock mass damage and diffusion caused by blasting disturbances.

1. Introduction

For underground engineering rock masses, rock mass failure induced 
by dynamic disturbance is accompanied by changes in multisource state 
information, such as stress, deformation, fracture and vibration velocity 
[1–5]. Academician Gu Jincai et al. built a medium-scale geotechnical 
anti-explosive physical modeling device that can carry out indoor sim
ulations of conventional explosions on underground engineering pene
tration induced by the direct impact of the deep engineering damage 
effect and carried out different forms of charge anti-explosive modeling 
tests, revealing the effect of different types of support on the 
crack-blocking effect [6,7]. Tao et al. used a Hopkinson bar to study the 
dynamic–static coupling test of granite with prefabricated holes and 
analyzed the failure law of holes induced by stress disturbance under 
different prestress levels [8]. Based on a similar physical model exper
iment, Qiu et al. conducted a study on the characteristics of tunnel 
failure induced by blasting, analyzed the propagation law of blasting 

stress waves within the sample and the law of strain field on the tunnel 
surface, and revealed the tensile failure effect caused by blasting stress 
waves on the free surface [9]. Yang et al. conducted a study on the 
interaction mechanism between explosive stress waves and cracks, and 
obtained the variation law of the local stress field at the crack tip under 
the action of explosive stress waves [10]. The energy evolution patterns 
during coal destabilization and the damage process under various failure 
modes are obtained by Xue et al. [11]. Compared with the analysis of the 
apparent information response law of rock masses, the potential failure 
area can be identified based on the internal fracture response informa
tion of rock masses, and targeted support of the failure area can be 
realized [12–15]. However, when the potential failure mechanisms of 
rock masses are inconsistent (such as loose failure, strain rockburst and 
fault slip mine earthquakes), the dominant fracture types are different, 
and the corresponding support methods need to be suitable. For 
example, loose failure is dominated by tensile cracks, and fault slip 
failure is dominated by shear fractures. A certain number of scholars 
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have also carried out investigations on the response mechanism of rock 
masses to blasting disturbances [16–25]. In the actual tunnel support 
process, it is necessary to clarify not only the potential failure area of the 
rock mass under the effect of blasting disturbance but also the gestation 
mechanism and dominant failure mode of rock mass disasters induced 
by blasting disturbance.

Acoustic emission technology (AE) can continuously and real-time 
monitor the generation and propagation of microcracks inside the 
rock [26,27], and locate the failure position. Commonly used methods 
for inverting rock fracture mechanisms include moment tensor analysis, 
initial motion amplitude analysis, and the RA/AF value discrimination 
method. The analysis of the moment tensor provides in-depth informa
tion on the fracture process [28–32]. However, this inversion method is 
influenced by the heterogeneity and anisotropy of the propagation 
medium in the actual calculation process; at least six sensor channels are 
needed to capture signals, and there are many calibration parameters, so 
the inversion program is complicated [33]. Some simple and convenient 
fracture mechanism analysis methods have been widely applied to 
analyze fracture mechanisms. This method was applied to the classifi
cation of failure types of cement mortar materials earlier in Japan [34]. 
Based on this method, Ohtsu and Tomoda [35] analyzed the acoustic 
emission amplitude characteristics of nontensile cracks and other cracks 
at different failure stages of reinforced concrete.；Ohno et al. compared 
and analyzed the results of the moment tensor inversion method and the 
RA-AF ratio division method for the classification of crack types during 
the four-point bending test of concrete and found that when the RA-AF 
ratio was 1:200, the proportions of the two crack types divided by the 
two methods were similar, which verified the effectiveness of the RA-AF 
ratio division method [36]. By analyzing the distribution relationship of 
RA and AF in different loading stages, Liu et al. found that rock damages 
are caused by tensile and shear cracks, and shear cracks become more 
obvious with the increase of deviatoric stress [37]. Many studies have 
demonstrated that pure tensile events have higher frequencies and 
shorter rise times than shear or mixed events [38,39]. By comparing the 
characteristics of different parameters of AE signals released by tensile 
and shear rupture, it was found that the classification of fracture types 
based on RA and AF is the most reliable [40].

The elastic strain energy released by shear crack is greater than that 
released by tensile crack. Most of AE signals generated in compression 
and shear failures that mainly produce shear cracks have low average 
frequency (AF) values and low peak frequencies. On the contrary, most 
of AE signals generated in bending and tensile failures that mainly 
produce tensile cracks have low RA (ratio of rise time to amplitude) and 
high peak frequencies [41].

Current research on the stability of tunnel surrounding rock pre
dominantly focuses on the mechanical response characteristics induced 
by the redistribution of mining-induced stress fields. However, a 
comprehensive and systematic understanding of the dynamic coupling 
mechanism between blasting disturbance orientation and rock mass 
fracture mechanisms remains elusive. Notably, in deep metal mines, the 
tunnel network is influenced by the coordinated operations of multiple 
mining areas, where the damage evolution process of the surrounding 
rock occurs under the superposition of blasting stress waves from 
various directions. A key scientific issue that has not been adequately 
addressed in existing studies is the significant spatial orientation sensi
tivity exhibited by fractures in the surrounding rock caused by distur
bance waves incident from different directions.

Therefore, indoor experiments using rock-like materials (cement 
mortar) were conducted to investigate the acoustic emission charac
teristics of rock mass surrounding tunnels induced by blasting distur
bances in various directions. The RA-AF method for acoustic emission 
signals was employed to invert the failure mechanism of the rock mass 
around the tunnel, and the spatio-temporal distribution and evolution 
patterns of tensile and shear cracks under the combined effects of static 
stress and blasting disturbances were analyzed. Additionally, discrete 
element simulations were performed to study crack propagation and 

macroscopic failure modes of the rock mass surrounding tunnels caused 
by directional blasting disturbances, thereby revealing the relationship 
between the failure mechanism of the rock mass and the orientation of 
blasting disturbances. These findings provide a mesoscopic mechanical 
basis for differentiated support design in deep tunnels and establish a 
correlation model linking parametric control of blasting direction with 
dynamic evaluation of rock mass stability. This research holds signifi
cant academic value for enhancing the theoretical framework of disaster 
prevention and control for rock masses surrounding tunnels under 
blasting disturbances.

2. Spatiotemporal evolution characteristics of the fracture 
mechanism of tunnel surrounding rock induced by blasting 
disturbance

2.1. Experiment parameter setting

In this study, a model of a tunnel and blast hole prefabricated on 
cement mortar material is studied (Fig. 1a,b.), and acoustic emission 
monitoring technology is used to capture the internal fracture signal of 
the surrounding rock of a tunnel. Based on the spatial location of 
microcracks, the temporal and spatial distributions and evolution laws 
of different types of cracks induced by the combined action of static 
stress and blasting disturbance are further analyzed.

Specifically, the pre-set strength of the cement mortar is 12 MPa, 
utilizing cement of grade 325 and quartz sand as the aggregate. The 
mass ratio of cement, quartz sand, and water is set at 1:5.1:1.1. During 
the sample preparation process, a vibrating rod is employed to remove 
entrapped air within the mixture. Subsequently, the prepared samples 
are cured under room temperature conditions for 28 days. To prevent 
cracking, the surfaces of the samples are regularly sprayed with water 
during the curing period. The number of acoustic emission sensors is 17 
(Fig. 1c.). The specific design and layout principles can be found in the 
literature [42].

The sensor employed has a response frequency range of 50–400 kHz. 
The preamplifier model is 1220A-AST with a gain of 40 dB. Sampling 
settings include: a sampling frequency of 10 MHz, a sampling length of 
5120 points, and a sampling threshold of 45 dB. To ensure effective 
coupling between the sensor and the sample, Vaseline was applied at the 
contact interface, and the sensor was securely fixed using a rubber band.

This experiment employed an array of 17 sensors to perform real- 
time continuous monitoring of acoustic emission (AE) signals gener
ated by internal microfractures within the surrounding rock of the 
tunnel. To ensure reliable source localization, a minimum of four 
detection channels is theoretically required. However, the first eight 
channels registering signal arrivals were utilized to enhance spatial 
linear localization accuracy through multi-channel triangulation. For 
rupture mechanism analysis using the RA-AF-Energy method, the initial 
AE signal exceeding the predefined amplitude threshold was selected as 
the representative waveform. This criterion ensures temporal consis
tency with the incipient fracture event while minimizing noise inter
ference from subsequent signals.

The direction of blasting disturbance includes three schemes: roof, 
sidewall and floor (Fig. 1d) (Fig. 2). The internal tectonic stress of the 
rock body is often greater than the gravity of the overlying rock body, 
which makes the main stress of the deep rock body mostly dominated by 
horizontal stress, so the design of the study side pressure coefficient is 
1.6, as shown in Fig. 1e. By detonating the explosives in the blast hole 
during the specimen loading period, an external dynamic disturbance 
effect on the surrounding rock of the tunnel is achieved. In this paper, a 
bottom-sealed steel pipe is placed in the blasthole in advance to reduce 
the direct impact of the explosive gas and stress waves near the blast
hole, as shown in Fig. 1a. In addition, the experiment imposed multiple 
blasting disturbances until macroscopic cracks appeared in the tunnel. 
The explosive adopts a coupling charging method, quartz sand is used to 
fill, and quick-setting cement is used to plug the hole.
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2.2. Temporal evolution characteristics of acoustic emission signals

As the stress waves are triggered by high-energy blasting, they may 
continue to propagate in the specimen for some time. Further,these 
stress waves may get mixed into the signals that are generated from 
microcracks. Based on the difference in parameters between signals 
induced by blasting and microcrack generation and the attenuation law 
of blasting signals. The simplex method enables high-precision locali
zation of acoustic emission events [43,44].

Given that the sample included a prefabricated tunnel, eight chan
nels that initially received the AE signals without passing through the 
tunnel holes were selected for localization. During the analysis of frac
ture mechanisms using the RA-AF-Energy method, the first AE signal 
exceeding the threshold value was adopted.

In cement-based materials with rich microporous structures, an in
crease in the propagation distance of elastic waves can cause changes in 
the acoustic emission signal parameters, such as a decrease in amplitude 
and an increase in duration, leading to an increase in the shear cracks of 
microfractures [45,46]. Therefore, when multiple sensors arranged at 

different positions collect the same waveform signal, differences in the 
waveform parameters captured by each sensor will occur. To reduce the 
increase in the RA caused by the increase in the waveform propagation 
distance, the inversion of rupture types based on first-arrival waveform 
data has relatively high accuracy [40]. The waveform of the first frac
ture arrival signal participating in the location is automatically found by 
writing a MATLAB code, and the RA and AF values of the rupture event 
are calculated based on this waveform.

Under the coupling effect of principal stress and blast disturbance, 
the initiation and extension of microfractures in the surrounding rock of 
a tunnel promote the continuous generation of acoustic emission signals. 
By plotting the RA and AF values into a two-dimensional density scatter 
plot, it can be found that the RA generated during the prestress loading 
stage is mainly distributed in the range of 0–10 ms⋅V-1, the AF is mainly 
distributed in the range of 0–200 kHz, the RA in the dense red area is in 
the range of 0–3 ms⋅V-1, and the AF is in the range of 20–150 kHz. The 
results show that the acoustic emission signal parameters are charac
terized by a shift from the high AF low RA region to the low AF high RA 
region during the gradual aggravation of the internal damage induced 

Fig. 1. Experimental model settings: (a) Experiment devices; (b) Model dimension; (c) The layout of the sensors; (d) Charging structure; (e) Static loading path and 
blast disturbance scheme.
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by the combined effects of static stress and blast disturbance in the rock 
surrounding the tunnel.

When using the RA-AF discriminant criterion to classify tensile and 
shear cracks, it is necessary to determine the expression for the basis of 
discrimination, as shown in Fig. 3. Si et al.[47] proposed a rapid 
RA-AF-energy rupture type determination method by integrating the 
variability of energy released from tensile and shear type rupture 
acoustic emission signals and proposed the basis for the division of 
different types of cracks within cement mortar, i.e., AF = 9RA+ 66. This 
criterion is used and plotted in Fig. 4, which shows that the dense red 
region in the static stress loading phase is located above the transition 
line, while the dense region of the acoustic emission signal in the blast 
disturbance phase is shifted to the bottom of the transition line. By 
counting the number of cracks in different regions in the two stages, it 
can be found that the microfractures generated in the static stress 
loading stage are mainly tensile cracks, while the microfractures 
generated under the blasting disturbance in different directions are 
mainly shear cracks. For example, when the direction of blasting 
disturbance is on the roof, the proportions of shear cracks in the pre
stressed loading and blasting disturbance stages are 45.9 % and 74 %, 
respectively; when the blasting disturbance is on the right side of the 
tunnel, the proportions of shear cracks produced in the two stages are 
46.5 % and 41.9 %, respectively; and when the blasting disturbance is 
on the floor, the proportions of two-stage shear cracks are 28 % and 
53.5 %, respectively.

Based on the proportions of tensile and shear cracks generated by 
different schemes of static stress loading and blasting disturbance, it can 
be seen that the blasting disturbance induced tunnel damage in the 
process of gradual expansion, and cracks from the compression density 
and linear elasticity stage of the stable expansion stage gradually 
evolved into a plastic deformation stage in which the cracks of the un
stable expansion of the damage zone expansion of the induced mecha
nism undergo a "tensile–shear" mode change. The expansion-inducing 
mechanism of the damage zone undergoes a tensile–shear mode shift. 
In the initial stage of bidirectional stress loading, the whole sample is in 
a state of compression, the internal microcracks are compacted and 
gradually close to each other, the relative sliding failure between par
ticles decreases, and the tensile fracture is relatively high. When the 
stress level inside the rock gradually increases, elastic–plastic defor
mation and volume expansion begin to occur inside, microfractures 
gradually start to expand and gradually penetrate, relative dislocation 
deformation occurs at both ends of the crack, and the shear fracture 
component increases. Blast disturbance aggravates the internal damage 
of the surrounding rock of the tunnel and promotes the transformation 
of the internal fracture of the specimen from tensile to shear.

Fig. 5 shows the distribution characteristics of the acoustic emission 
events RA-AF-Energy in the surrounding rock of the tunnel under the 
combined action of static stress loading and blasting disturbance. The 
tensile fracture events at low energy levels are mainly distributed in 
areas with low RAs, high AFs, low RAs and low AF values, while the 
tensile fracture events at high energy levels are mainly distributed in 
areas with low RAs and low AF values. Under the coupling effect of 

Fig. 2. Model used in tests for different blasting directions: (a) Roof; (b) Right 
sidewall; (c) Floor.

Fig. 3. AE Signal RA-AF Division Criteria.
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principal stress and blast disturbance, there are relatively few large 
energy level fracture events in the surrounding rock of the tunnel, and 
most of them are distributed in the shear fracture area. In addition, the 
number of large-level fracture events in the surrounding rock of the 
tunnel tends to increase during the gradual increase in damage caused 
by blasting disturbance, indicating that blasting disturbance promotes 
the penetration of internal cracks, which is consistent with the conclu
sion of Li et al.[48]. The fracture evolution law based on the acoustic 
emission energy level can be applied to the monitoring of mine rock 
mass stability and the prediction of dynamic disasters caused by ground 
pressure.

It should be noted that when the direction of blasting disturbance is 
Fig. 4. Scatter density map associated with RA and AF under different blast 
direction: (a) Roof; (b) Sidewall; and (c) Floor.

Fig. 5. Three-dimensional spatial distribution characteristics of acoustic 
emission signal RA-AF-Energy: (a) Roof; (b) Sidewall; and (c) Floor.
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in the roof, less frequent blasting disturbance will cause tunnel damage 
(12 roof disturbances), and the new phenomenon of large-level shear 
fracture produced in this stage is not obvious. It is considered that the 
prestress loading results in a high stress concentration, and the blasting 
disturbance quickly causes local macroscopic rupture. When the 
expansion of the damage zone of the surrounding rock induced by 
blasting disturbance is mainly tensile cracks, the rock mass is relatively 
stable, while the final expansion and penetration of cracks require 
multifrequency blasting disturbance to provide external load stimula
tion (22 disturbances are applied to induce the penetration of cracks 
inside the tunnel, resulting in macroscopic cracks). When the blasting 
disturbance causes the shear crack to expand, the internal deformation 
of the rock mass is in the inelastic deformation stage, the rock mass is 
close to the failure threshold, and less frequent blasting disturbances can 
trigger internal crack penetration (such as through the roof) of the rock 
surrounding the tunnel. On the one hand, the difference in the regional 
stress concentration affects the development of deformation and cracks. 
On the other hand, the load excitation input of the blasting disturbance 
to the local area promotes the expansion and penetration of cracks in the 
local area.

2.3. Spatial distribution of tensile and shear cracks

In this study, the simplex positioning algorithm is used to calculate 
the seismic position. The algorithm has high positioning accuracy and 
can accurately locate and calculate the seismic position [43,44,49].

Fig. 6 displays the internal fracture distribution and fracture type 
distribution of the rock surrounding the tunnel under the coupling effect 
of static stress and blasting disturbance in different directions. During 
the static stress loading stage, microfracture events clustered signifi
cantly in the spandrel and arch foot areas of the tunnel. The inversion 
results of the fracture mechanism show that the clustering effect of 
tensile cracks is significant in this region, indicating that the static stress 
loading stage of the rock surrounding the tunnel is dominated by tensile 
cracks.

To quantitatively investigate the fracture response in terms of 
regional damage, eight regions are divided around the tunnel in this 
study based on the principle of equal division by area, including the roof, 
floor, left (right) spandrel, left (right) sidewall, and left (right) wall 
corner. By counting the number of tensile and shear cracks in 8 areas of 
the rock surrounding the tunnel, the leading types of failure in different 
areas of the rock surrounding the tunnel are revealed.

When the blasting disturbance comes from the roof, the proportion of 
tensile rupture events in the blasting side area is 31 %. When the 
blasting disturbance comes from the right side, the proportion of tensile 
rupture events in the right side area is 56.5 %. When the blasting 
disturbance comes from the direction of the floor, the proportion of 
tensile rupture events in the blasting side area is 52.2 %, as shown in 
Fig. 7. The blasting disturbance wave acting on the relative arc boundary 
of the straight sidewall will cause more reflection tensile damage, and 
the reflection tensile effect of the disturbance wave on the empty surface 
of the tunnel is significant. Therefore, the proportion of the reflected 
tensile wave produced by the disturbance wave on the empty surface of 
the straight wall is greater than that of the curved structure, and the 
proportion of new tensile cracks increases. Based on the distribution 
results of tensile and shear cracks under different blasting disturbance 
directions, when the blasting side is a straight sidewall, the failure of the 
damage area is dominated by tensile cracks, while when the blasting 
side is an arc structural plane, the failure of the damage area is mainly 
dominated by shear failure, indicating that the propagation mechanism 
of the surrounding rock damage zone of the tunnel is related to the shape 
and curvature of the structural plane of the blasting side of the tunnel. 
The correlation between the damage area expansion mechanism and the 
blasting disturbance direction is revealed. Therefore, when formulating 
the support type, the supporting tunnel support needs to match the 
failure mechanism of the mining tunnel to achieve the maximum effect.

Fig. 6. Failure mechanism of tunnel under different blasting disturbance di
rections: (a) Roof; (b) Right sidewall; and (c) Floor.
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In the process of the overall "tensile–shear" mode transformation of 
the expansion mechanism of the surrounding rock damage zone of the 
tunnel, the difference in the diffraction effect of the disturbance waves in 
different directions in the tunnel leads to the asymmetric expansion of 
the damage area and the differential accumulation of the damage de
gree. As a result, the fracture mechanism of each region of the rock 
surrounding the tunnel is different in the process of transformation 
under the action of specific frequency disturbance waves. Statistics show 
that each region of the rock surrounding the tunnel dominates the crack 
types in different stages and reveal the regional difference in the evo
lution mode of the fracture mechanism of the surrounding rock of the 
tunnel. Tensile type fracture is mainly expressed by "T", and shear type 
fracture is represented by "S". The main transformation modes of 
regional fractures in the surrounding rock of a tunnel under the effect of 
disturbance waves in different directions are the "T→T", "T→S" and 

"S→S" modes, as shown in Fig. 8. Due to the different degrees of stress 
concentration in different regions of the rock surrounding the tunnel 
under static stress loading, the regional deformation and crack devel
opment stages are different.

Due to the initial stress loading, the damage area is mainly a tensile 
crack, and the local area (such as the right arch foot when blasting 
disturbance occurs in the roof area), and under the action of multiple 
blasting disturbances, further deformation and crack propagation and 
penetration occur in the surrounding rock damage zone of the tunnel, 
and the crack propagation in some areas is mainly shear fracture. This 
observation shows that the surrounding rock deformation has developed 
to the stage of unstable crack propagation under the action of repeated 
blasting disturbance, while tensile fracture continues to be dominant in 
some areas, indicating that the internal deformation of the surrounding 
rock is still in the stage of stable growth. From the expansion results of 
the damage zone of the rock surrounding the tunnel under the distur
bance of different blasting directions, it can be seen that the deformation 
and cracks in the damage zone of the rock surrounding the tunnel have 
further expanded under multiple blasting disturbances. A change in the 
disturbance direction not only leads to a difference in the amount of 
crack propagation in different regions of the rock surrounding the tunnel 
but also leads to a differential transformation of the tunnel propagation 
mechanism.

3. Numerical calculation model and analysis of results

3.1. Model setting

The Sishanling Iron Mine is located in Benxi City, Liaoning Province, 
China. It employs the sublevel stoping with subsequent backfilling 
method for mining operations. The initial mining levels are at − 960 m 
and − 1020 m. Each sublevel has a height of 60 m, and the mining drifts 
within the scope measure 5.4 m in width and 5.1 m in height. At the 
− 1020 m sublevel, the horizontal stress is approximately 37.8 MPa, 
while the vertical stress is approximately 23.6 MPa.

To investigate the mechanism of drift fracture under different 
blasting disturbance directions, a two-dimensional model measuring 
60 m in width and height was developed, as shown in Fig. 9. To reduce 
the dependence of crack propagation on the grid size in the rock sur
rounding the tunnel under dynamic and static loads, the dynamic crack 
propagation process in the damaged area can be effectively investigated, 
the grid in the area near the tunnel can be refined, the block size in the 
area far from the tunnel can be enlarged, and the consumption of cal
culations can be reduced.

The peak intensity of the designed disturbance waveform is 20 MPa, 
and two dynamic disturbances are implemented. The dynamic load 
calculation time for each time is 0.07 s (Fig. 10), and the disturbance 
waveform frequency is set to 650 Hz (λ/D=1.27).

The disturbance mechanism of stress waves at the tunnel involves 
stress adjustment and fracture response induced by the diffraction effect 
of the waves at the tunnel. When the ratio of the stress wave wavelength 
to the hole length (λ/D) is less than 1/1000, the diffraction phenomenon 
is negligible; when the ratio is between 1/100 and 1/10, the diffraction 
phenomenon becomes significant; when the ratio equals or exceeds 1, 
the diffraction transitions into scattering; when the ratio approaches 0, i. 
e., as the diameter of the diffraction hole increases, the diffraction 
phenomenon gradually diminishes [50,51]. The frequency of the 
waveforms generated by indoor blasting disturbances is relatively high, 
specifically 54 kHz, resulting in a wavelength-to-tunnel-span ratio of 
λ/D = 1.27. To ensure the similarity of the diffraction effect of the shock 
wave at the tunnel, i.e., to maintain an equivalent ratio of the distur
bance wave wavelength to the tunnel span, the frequency of each stress 
disturbance wave is set to 650 Hz, yielding a corresponding λ/D = 1.27.

The study considers only far-field disturbance stresses and excludes 
the influence of detonation gases on tunnel rupture. In addition, when 

Fig. 7. The proportion of tensile and shear cracks in the surrounding rock of 
the tunnel in different regions under the action of disturbance waves in 
different directions:(a) Roof; (b) Sidewall; and (c) Floor.
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the peak value of the disturbance wave is significantly lower than the 
failure strength and applied to the model, the rate of increase in stress 
and strain within the rock mass remains relatively small. According to Li 
et al.[52], when the amplitude of the stress wave is less than 60 % of the 
static strength of the rock (mass), the internal damage under disturbance 
is minimal and can be disregarded. Consequently, numerical simulations 
amplify the intensity of the disturbance wave. Although the single 
disturbance effect exceeds actual conditions, the fracture propagation 
mode within the surrounding rock remains similar, providing insight 
into the expansion mechanism of the damage zone in the tunnel’s sur
rounding rock under mining-induced stress.

After the first dynamic load, the internal velocity of the model is reset 
to zero to achieve the stress equilibrium state after the disturbance. The 
specific block calculation parameters are shown in Table 1 below [53].

3.2. Model results analysis

When the principal stress direction of the rock mass is horizontal, the 
excavation unloading effect causes the spatial shape of the excavation 
damage zone of the surrounding rock mass of the tunnel to be "vertical 
elliptic". Shear cracks are mainly distributed in the roof and floor of the 
tunnel, and tensile cracks are mainly distributed on the two sides of the 
tunnel, as shown in Fig. 11. After the rock mass in the principal stress 
direction is instantly removed from the radial stress direction, the 
shallow rock mass lacks reverse constraints, and radial deformation 
occurs, which leads to tensile cracks in the area in the principal stress 
direction. In the region of the vertical principal stress direction, the 

Fig. 8. Regional evolution of dominant microcracks types under varying 
blasting direction: (a) Roof; (b) Right spandrel; (c) Right wall corner; and 
(d) Floor.

Fig. 9. Model size and boundary conditions.

Fig. 10. Disturbance waveform setting.
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stress is relatively concentrated due to the deflection of the stress, which 
leads to shear cracks in the rock mass. In addition, under the effect of a 
blast disturbance wave, the internal damage to the rock surrounding the 
tunnel is further aggravated, and the number and length of cracks in
crease. The number and type of cracks propagating within the sur
rounding rock of the tunnel under blasting disturbance in different 
directions differ. For example, the blasting disturbance in the roof di
rection induces a significant expansion of the damage zone in the roof of 
the tunnel, while the expansion degree of the damage zone in the two 
sides of the tunnel is relatively small. When the disturbance wave comes 
from the right side of the tunnel, the damage area of the roof and floor is 
expanded, and the cracks in the free surface area of the right side are 
obviously penetrated. When the disturbance comes from the floor, the 

damage area of the tunnel floor expands obviously, and the position of 
the free surface is obviously connected. The disturbance in different 
directions induces the differential expansion and penetration of the 
damage zone in the excavation of the rock surrounding the tunnel. For 
example, the penetration degree of cracks on the blasting side of a tunnel 
induced by a roof dynamic disturbance is less than that on the right side 
and by a floor disturbance, which shows that the diffraction effects of 
stress waves in different directions are different on the empty surface of 
a tunnel. This leads to a difference in the penetration degree between 
cracks. This phenomenon verifies the difference in crack types caused by 
different structural plane curvatures of the tunnel and shows that the 
penetration of cracks easily occurs on the empty surface of the straight 
sidewall of the tunnel, so the proportion of reflected tensile waves 
caused by cracks is relatively high. Therefore, in view of the differences 
in the expansion position and fracture mechanism of the damage zone 
caused by blasting disturbance stress waves in different directions, 
tunnel support should focus on strengthening the tensile sheet failure in 
the straight sidewall area of the tunnel and controlling the deformation 
caused by the expansion of the fragmentation block. The support depth 
should be lengthened in the vertical principal stress direction to reduce 
the gradual expansion of the damage area under the action of frequent 
blasting disturbance.

When blasting disturbance promotes the mutual expansion of cracks 
until they are connected, there will be spalling in the shallow area of the 
surrounding rock of the tunnel, as shown in Fig. 12. First, cracks in the 
rock surrounding the tunnel initiates but does not penetrate any 
macroscopic fractures around the tunnel after excavation unloading; 
however, they are well developed under repeated blast disturbances. For 
example, when the blasting disturbance wave comes from the right side 

Table 1 
Block and joint parameters of the model.

Rock mass Contact

Attributes Target 
value

Checking 
value

Error 
(%)

Attributes Checking 
value

Young’s 
modulus 
(GPa)

50.2 52.6 5 Normal 
stiffness (GN/ 
m)

430

UCS (MPa) 17.8 17.6 1.1 Shear 
sitffness (GN/ 
m)

130

​ ​ ​ ​ Cohesion 
(MPa)

10

​ ​ ​ ​ Friction angle 
(◦)

20

​ ​ ​ ​ UTS(MPa) 0.001

Fig. 11. Microcracks distributions triggered by blast disturbance from varying directions.
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and floor of the tunnel, an obvious crack penetration zone appears in the 
area facing the blasting side of the tunnel, and the degree of penetration 
and rupture is aggravated under multiple disturbances. In addition, the 
degree of macroscopic fracture of the tunnel induced by disturbance 
waves in different directions is different. For example, when the blasting 
disturbance comes from the roof, the degree of macroscopic fracture of 
the cracks caused by the blasting disturbance is low, and there is no 
obvious block spalling; when the blasting disturbance direction is on the 
right side or roof of the tunnel, significant spalling damage occurs in the 
area on the blast side of the tunnel. The results show that the mechanical 
and fracture responses to blasting disturbances in different directions 
are different due to the different structural curvatures of the blasting 
side.

4. Discussion

Study reveals that tensile cracks, shear cracks, and mixed-mode 
cracks exhibit distinct mechanical behaviors and propagation paths, 
resulting in significantly different macroscopic failure patterns across 
various regions of the tunnel. For example, in the roof area, unloading 
under high confining pressure tends to induce tensile crack develop
ment, which rapidly propagates along primary fractures, causing 
delamination and spalling of layered rock masses. Conversely, in the 
sidewall region, the superposition of tectonic stress and mining-induced 
stress facilitates shear crack sliding along weak planes, potentially 
leading to overall outward bulging or sliding instability. This differential 
failure mechanism requires support design to be dynamically tailored to 
the type and spatial distribution of cracks: for tensile-dominated zones, 
enhancing tensile resistance is critical; for shear-sliding zones, rigid 

support elements should be employed to dissipate shear energy and 
preserve the residual strength of the surrounding rock. Through labo
ratory experiments and numerical simulations, this study has estab
lished a clear correlation framework linking crack type, failure mode, 
and support parameters, offering a theoretical foundation for the refined 
design of tunnel support.

5. Conclusion

By conducting experimental investigations and numerical simulation 
studies on rock fractures surrounding tunnels induced by blasting dis
turbances in different directions, in this paper we analyze the distribu
tion and expansion patterns of microcracks in rock surrounding tunnels 
induced by disturbance waves from roofs, floors and sidewalls of tunnels 
and revealed the mechanism of tunnel fracture caused by disturbance 
waves in different directions. The following conclusions can be drawn: 

(1) The AE signal changes from a high AF and low RA to a low AF and 
high RA during the coupling effect of static stress and blast 
disturbance. Among them, the internal micropores are gradually 
compacted during the static stress loading stage, mainly tensile 
fracture. The blasting disturbance promotes the expansion of in
ternal cracks, and shear cracks are the main stage of penetration.

(2) The difference in the curvature of the free surface on the blast- 
facing side of the tunnel affects the reflection and tensile effect 
of the disturbance wave at the tunnel. Compared with distur
bance waves in the direction of the roof, disturbance waves in the 
direction of the sidewall or floor will induce more tensile cracks 
in the area on the blast side of the tunnel, and the reflected 

Fig. 12. Macro-fracture mode of tunnel under blasting disturbance in different directions.
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stretching effect of the disturbance waves is significant. The dif
ference in the diffraction effect of disturbance waves in different 
directions in the tunnel causes asymmetric expansion of the 
damaged area and differential accumulation of damage. The 
fracture mechanism of each area of the rock surrounding the 
tunnel shows differences in the "tensile–shear" transition 
process.

(3) Disturbance waves in different directions induce different ex
pansions of the damage zone of surrounding rock excavation, 
which leads to different macrofailure modes. The degree of 
penetration between cracks in the area facing the explosion 
caused by the dynamic disturbance waves in the right side and 
floor direction is greater than that in the roof direction, which can 
easily trigger macroscopic rupture in the shallow area on the side 
of the tunnel facing the explosion.
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