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Abstract: Upon reaching deeper levels of extraction, dynamic hazards such as rockburst become more
pronounced, with the high energy storage characteristics of rock masses in high-stress environments
being the fundamental factor behind rockburst disasters. Additionally, deep-seated mineral extraction
commonly involves drilling and blasting methods, where the vibrational energy generated by mining
explosions combines with the elastic energy of rock masses, leading to a sudden growth in the risk
and intensity of rockburst disasters. This paper, with deep mining at Sanshandao Gold Mine as
the focal point, systematically investigates the impact of blasting vibrations on rockburst disasters
in deep mines. Initially, based on extensive data on measured geostress considering the tri-arch
cross-section form of deep tunnels, the elastic energy storage of the surrounding rocks in deep tunnels
was calculated. The results indicate that the maximum energy storage of the surrounding rocks
occurs at the bottom of the tunnel, with the peak accumulation position located at a distance of five
times the tunnel radius. On this basis, the Map3D numerical simulation analysis was adopted to
systematically capture the accumulation behavior and distribution characteristics of disturbance
energy. Subsequently, by conducting the dynamic impact experiments with an improved Split
Hopkinson pressure bar (SHPB) and monitoring vibration signals at various locations, the paper
provides insights into the propagation patterns of impact energy in a long sample (400 mm in length
and 50 mm in diameter). Analysis of the scattering behavior of vibrational energy reveals that the
combined portion of blasting vibration energy constitutes 60% of the total vibrational energy. Finally,
a rockburst disaster evaluation model based on energy accumulations was proposed to analyze the
rockburst tendencies around deep tunnels. The results indicated that the disaster-driven energy
increased by 19.9% and 12.2% at different places on the roadway. Also, the probability and intensity
of a rockburst would be raised.
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1. Introduction

The development of deep resources has entered a comprehensive and rapid devel-
opment stage. With the depletion of shallow resources, kilometer-level deep resource
extraction has become the norm [1]. The high in situ stress results in a large amount of
elastic properties stored inside the rock mass. And the deeper the burial depth, the greater
the stored energy. Xibing Li et al. proposed that hard rock had the characteristic of high
energy storage and became an energy storage body [2]. Many scholars have conducted
relevant research on the energy storage characteristics of rock masses. Chen et al. studied
the rock burst intensity classification based on the radiated energy with damage intensity
at Jinping II Hydropower Station, China [3]. Xu et al. established a new energy index for
evaluating the tendency of rockburst and also conducted its engineering application at
Jinping Il hydropower station [4]. Wang et al. conducted research on the energy criterion for
rockbursts induced by broken, hard, and thick rock strata [5]. Najm and Daraei studied the
two main failure mechanisms of host rock in the Middle East’s longest highway tunnel [6].
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The energy stored in deep rock masses will be affected by excavation, and its distribu-
tion characteristics will change, resulting in energy accumulation and causing rock damage
and destruction. Meifeng Cai et al. explained that the occurrence of rockbursts was closely
related to the high-stress and energy accumulation environment in which the rock mass
was located. When excavating or mining in the rock mass or ore body, due to the action
of the free face, the strain energy accumulated in the rock mass or ore body will increase.
When the ultimate energy state is reached, rockbursts will occur [7]. According to the laws
of thermodynamics, energy conversion is an essential feature of material physical processes,
and material failure is a state instability phenomenon driven by energy. For rock masses,
energy characteristics exist in the entire process of rock deformation and failure, which can
comprehensively reflect the mechanical behavior of rock masses. Based on this, energy
theory is widely used to explain the occurrence mechanism of deep dynamic disasters such
as rockbursts and has been recognized by scholars from many countries in recent years.
Fengda Zhang studied the energy change characteristics and degradation mechanism of
coal and rock mass unloading and found that the larger the damage and fracture energy
released during rock unloading, the easier it is to form macroscopic penetrating failures [8].
Chao Liu et al. analyzed the energy evolution law of rocks under mining stress conditions
and obtained a qualitative relationship between loading time and rock peak strength, as
well as absorbed and dissipated energy [9]. Peng X demonstrated the accumulation and
release process of rock energy from a quantitative perspective, which could explain phe-
nomena such as deep rock spalling, slab, rockburst, and core discounting [10]. In addition,
many scholars have used energy theory to explain the occurrence mechanism of deep
dynamic disasters [11-13].

Meanwhile, drilling and blasting are still the main excavation means for rock mass
tunneling [14]. Under the action of the blasting wave, there are many negative effects, such as
host rock damage, high initial stress release, intense stress and strain, and blasting vibration
of the surrounding rock mass [15], to name a few. Also, due to the blasting effect, the
energy accumulation degree is much higher [16], so the possibility and intensity of rockburst
and other dynamic disasters will increase accordingly. The additional attributes of strong
disturbance in deep resource extraction have led to significant engineering disasters of high
energy levels and large volumes in deep areas [17]. Blasting is the main mode of excavation in
metal mines in China. Under the action of blasting stress waves [18-21], the accumulation
of energy in highly stressed rock masses is superimposed, and the tendency and intensity
of dynamic disasters will correspondingly increase. Therefore, it is necessary to study
the effect of blasting vibration on the accumulation of energy storage in rock masses.
The deep excavation tunnel of Sanshandao Gold Mine is chosen as the analysis object.
Based on the method of energy storage calculation for circular tunnels and the relationship
between the centers of the circles, the accumulated energy of the surrounding rock after
quasi-static excavation of the three-core arch-type tunnel was derived. Furthermore, a
deep granite sample with a length of 400 mm, a diameter of 50 mm, and an improved
SHPB dynamic impact device were developed. According to the elastic vibration boundary
equivalence theory and near-field blasting impact velocity monitoring data, the propagation
and attenuation characteristics of the internal impact energy of the long sample in an elastic
state were analyzed. Finally, a qualitative evaluation of rockburst tendency was conducted,
and the impact of blasting vibration effect on rockburst intensity level was quantified,
which provided a theoretical and scientific basis for the dynamic disaster problem of deep
high-energy storage rock mass under the influence of blasting vibration.

2. Characteristics of Energy Distribution Induced by Excavation
2.1. Calculation Results of Energy Distribution

The high-stress environment is a necessary condition for analyzing rock mass energy
storage characteristics. To comprehensively obtain the geostress state of a deep mine,
18 sets of in situ geostress measurements were conducted on-site at Sanshandao Gold Mine.
The testing method of in situ geostress measurement is a stress relief method based on a
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hollow inclusion strain gauge. The measurement points are distributed at levels from —75
to —960. The measurement data from 18 measurement points were analyzed to determine
the distribution pattern of in situ stress, as shown in Figure 1.
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Figure 1. The relationship between stress and depth.

It can be seen from the in situ stress measurement that each measuring point has
two principal stresses close to the horizontal direction and the other principal stress close
to the vertical direction. All these three principal stresses show a linear growth trend
with increasing depth, and the maximum horizontal principal stress increases rapidly
with depth. The linear regression equations for maximum horizontal principal stress,
minimum horizontal principal stress, and vertical principal stress with depth H (in meters)
are as follows:

oy = 0.0453H + 1.073
oy, = 0.0363H — 3.936 (1)
oy = 0.0306H — 1.301

In the formula, oy represents the maximum horizontal principal stress, 0}, represents
the minimum horizontal principal stress, 0, represents the vertical principal stress, and H
represents the burial depth.

In deep mining, to avoid serious energy accumulation caused by the maximum
principal stress, the main tunnels are usually set along the direction of the maximum
principal stress. Therefore, the maximum horizontal principal stress will be released during
the excavation process of the tunnels. The excavation section of the tunnel is a typical
three-core arch structure, as shown in Figure 2. Area I in the figure represents the arc area
of the top plate and side wall, with the arc radius R; = 2.25 m. Region Il is the transition
arc area between the side wall and the bottom plate, with the radius of R, = 0.94 m. Region
III is the circular arc area of the base plate, with the radius of R3 = 4.6 m. The size of the
tunnel section is 4.2 m in height and 4.5 m in width [22].

When the excavation is the same as the direction of maximum principal stress and
the vertical principal stress is relatively close to the minimum horizontal principal stress
value (taking the burial depth of 1000 m as an example, the vertical principal stress value is
29.3 MPa, and the minimum horizontal principal stress value is 32.36 MPa), the excavation
tunnel can be equivalent to an infinite length, three-core arch-type tunnel. In this case,
the influence of the far-field stress is approximately the influence of hydrostatic pressure,
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i.e., P, = 0y = 03,. Using the plane strain problem solution, the surrounding rock stresses
in a single center-of-circle tunnel with a radius of R can be expressed as [23]

o =Po(1+ Rz/rz)
=" )
03 = P, (1—R?*/r?)

In the formula, 71, 02, and o3 are the first, second, and third principal stresses, respectively,
and r is the distance between a certain surrounding rock unit and the tunnel center.

Region.1

Region II

Region 111

4.5m

Figure 2. The cross-section diagram of the excavated roadway and its partition.
Furthermore, the strain energy density of the surrounding rock can be expressed as
u= [(712 + 03 + 03 — 20(0109 + 0203 + (71(73)} /(2E,) (3)
Considering the hydrostatic pressure state, the original rock stress at the far field is
=0 =03=D0 (4)

It can be seen from Figure 2 that, for any point N(7, 6) of a three-centered arch tunnel,

4
Uy = P2 [3(121)) +2(1+U)1:411 /(2E) ©
. P2(3(1—2v) +2(1+ v)%] p2 3(1—-2v)+2(1+ U)R‘é (6)
w2 = = 2E,
2E, 2k {(Rl — Ry)®+ 2 = 2r(Ry — Ry)cos(6 — “2)}2
4. P2 [31-20)+2(1+ 0)|RS %)

“3 7 2E, 0,0% + 12 — 2r|0,0;| cos 6

The measured in situ stress, rock mass elastic modulus, and Poisson’s ratio are substi-
tuted into formulas (5) to (7), so the quasi-static energy density distribution of the surround-
ing rock around the tunnel at different positions can be fitted, as shown in Figure 3 [22].
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Figure 3. The quasi-static energy distribution of surrounding rock mass.

In Figure 3, the curve line with different colors shows different quasi-static energy dis-
tributions of the surrounding rock mass. The yellow line represents the energy distribution
of region I in Figure 2, and the red line and blue line correspond to region II and region
III, respectively. It can be seen that after excavation, the maximum energy accumulation
value at the top and both sides of the tunnel is 90.3 k] /m3, and the maximum energy
accumulation value at the bottom is 147.5 k] /m3. Both of them occur approximately 5 m
away from the free face.

2.2. Energy Characteristics of Deep Mining with Numerical Simulation

To validate the theoretical calculations obtained above and further demonstrate the
energy accumulation of surrounding rocks at different locations under excavation dis-
turbances, Map3D is utilized to construct a three-dimensional model of excavation dis-
turbances at the Sanshandao gold mine. The established model is depicted in Figure 4.

Figure 4. Numerical simulation model of deep mining at Sanshandao gold mine.

At the 45th step of the mining process, the maximum principal stress contour map in
Figure 5 shows that the maximum accumulated stress under disturbance is 105 MPa, which
coincides with the sharp corner of the mining block. Due to the excavation effects, stress
release zones have emerged along the sidewalls of the mining block.

In numerical simulations, the linear elastic strain energy of the rock mass can be
calculated by half of the product of the stress components and the strain components, with
the specific formula as follows:

E=1/2(01 X &1 + 02 X €5 + 03 X €3) (8)
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Figure 5. Contour of the maximum principal stress after 45 mining steps.

By utilizing the user-defined function feature available in the Map3D software (https://
www.map3d.com/) to incorporate Equation (1) and extract the contour maps, the energy
accumulation status after excavation disturbances can be determined. Thus, rockburst
susceptibility based on elastic strain energy can be evaluated. The energy contour map at
the 45th step of the mining process can be extracted, as shown in Figure 6.
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Figure 6. Cont.
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(b) Contour of energy level ranging between 100 and 200 kJ
Figure 6. Energy accumulation contour after 45 mining steps.

Figure 6 provides energy accumulation contour maps for different rockburst levels
based on the threshold of the elastic strain energy criterion. Figure 3 depicts the energy
ranging from 40 to 100 kJ, and the colored areas indicate a slight risk of rockburst. Figure 6b
shows the energy levels between 100 and 200 k], with colored regions suggesting a moderate
tendency towards rockburst. Overall, potential rockburst occurrences are predominantly
concentrated in areas of high stress and significant deformation near the mining faces
following mining operations.

3. Superimposed Analysis of Blasting Vibration Energy
3.1. Monitoring of Blasting Impact Speed

During drilling and blasting excavation, explosive energy is released in two forms:
shock waves and explosive gas. Under the combined effect of shock waves and explosive
gas expansion, multiple different forms of failure zones form in the rock mass. According
to the failure mode, the failure zones can be divided into a blasting crushed zone, a blasting
fragmentation zone, and an elastic vibration zone [24].

To accurately obtain the velocity of the elastic shock wave after passing through the
crushing zone and the fragmentation zone, the Ubox-5016 blasting vibration monitor was
used to monitor the blasting shock velocity near the face during the on-site blasting process,
and the in situ blasting engineering effect is shown in Figure 7.

Figure 7. In situ stope blasting engineering effect.

Due to the close distance from the blasting face, it is difficult to monitor the blasting
vibration. A total of seven sets of near-field blasting impact vibration monitoring were
conducted on-site. The monitoring locations and results are shown in Table 1.
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Table 1. Monitored data of near field blasting.
Burst Distance X-Direction Y-Direction Z-Direction Maximum
R/m Vibration Speed Vibration Speed Vibration Speed Synthesis Speed
V1/ms—1 V2/ms—1 V3/ms—1 V/ms—1
4.2 1.82 1.23 191 291
3.6 2.12 2.04 1.79 3.44
2.4 3.52 3.36 3.51 6.00
4.4 2.12 2.04 1.79 3.44
3.8 2.35 2.24 2.23 3.94
3.2 2.12 2.04 1.79 3.44
2.6 3.18 2.79 2.89 5.12

After the excavation of tunnel drilling and blasting, the energy generated by the
explosive explosion passes through the blasting crushing and fragmentation areas and
acts on the surrounding rock mass in the form of elastic vibration waves after 10 times the
radius of the blasting hole. According to the monitoring results, the initial velocity of the
elastic shock wave is about 4-6 m/s.

3.2. Study on the Superposition of Equivalent Kinetic Energy of Vibration

To accurately analyze the impact of blasting shock waves on the elastic zone of sur-
rounding rock on the energy storage of tunnel surrounding rock, an improved Split Hop-
kinson Pressure Bar Dynamic Impact Test System (SHPB) with 50 mm bar diameter and
8 channel super dynamic acquisition instrument were adopted to conduct experiments
on the propagation and attenuation of impact energy. In the experiment, a whole block
of granite was drilling from the Sanshandao gold mine. Three deep granite samples with
length of 400 mm and diameter of 50 mm were prepared for the tests (Figure 8). Based on
the monitoring results of the near field blasting impact of the tunnel face on site, the impact
speed in the experiment was controlled at 4-6 m/s.

Figure 8. Rock specimen and the impact test.

In the experiments, the dynamic strains were monitored at 1D, 2D, 3D, 5D, and 7D (D
is the sample diameter) was monitored using an ultra-dynamic data acquisition instrument.
A total of 12 impact energy propagation and attenuation experiments were conducted. The
attenuation laws of dynamic strain under different impact velocities are fitted in Figure 9.

In the elastic state, the energy value in the sample can be calculated by the follow-
ing equation

1
Uy = EEez )
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Figure 9. Dynamic strain under different velocity.

In the formula, U, is the elastic impact energy, E is the dynamic elastic modulus of
the sample, and ¢ is the dynamic strain.

It can be seen from Figure 9 that a higher initial impact rate will cause a larger dynamic
strain value on rock specimens. And under a loading rate, the value of dynamic strain
gradually decreases as the monitoring position becomes farther away. By calculation, the
energy propagation and attenuation patterns inside the granite sample under different
impact velocities were fitted, as shown in Figure 10. It can be seen that the initial average
value of the energy superposition on the near field surrounding rock is about 30 kJ, and as
the propagation distance increases, it shows an exponential decay pattern.
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Figure 10. Energy attenuation under different shock velocity.

Researchers have shown that the amount of scattered energy is related to the mode of
action and propagation distance of the shock wave. To obtain accurate energy scattering
characteristics, an improved SHPB experiment was conducted using incident rods with
the same cross-sectional area and different shapes. By changing the position of the impact
energy, the energy scattering characteristics were quantitatively studied. The different
incident rods and energy scattering tests are shown in Figure 11.
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Figure 11. Different incident bars and energy scattering test.

The outer diameters of different incident rod heads are 25 mm, 30 mm, 35 mm, and
40 mm (denoted as @1, $2, P3, and P4), which are 5/10, 6/10, 7/10, and 8/10 of the original
incident rod diameter. Five impact experiments were conducted on each type of incident rod
head. The energy monitored at different positions is summarized in Figure 12.

35
—=— Original incidence bar

—e— ¢1 incidence bar
—— ¢2 incidence bar
—v— ¢3 incidence bar
—<¢— ¢4 incidence bar
————— Fitting curve of original incidence bar

30 4

Energy (kJ)
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N
o
1

15 +

10 T T T

Monitoring position (D)

Figure 12. Dynamic energy with different incident bars.

It can be seen from Figure 12 that although the shape of the incident rod is different,
the impact energy values show a significant decrease at both 1D and 2D. By comparing the
impact energy values at these two locations with the impact energy values of the original
incident rod, the energy scattering laws were obtained. The dynamic strain attenuation and
energy scattering characteristics under different incident rod shapes are fitted in Figure 13.

Due to fact that the cross-sectional diameter of the tunnel is 4.5 m, the maximum
energy accumulation location is about one times the diameter, as shown in Figure 13. The
energy scattering rate at around one time in the diameter is 40%. Therefore, based on
the principle of geometric similarity, it can be seen that, considering energy scattering,
the remaining impact energy is about 60% of the original impact energy. Considering the
impact of blasting vibration and energy scattering, the initial average value of the energy
superposition on the near field surrounding the rock is about 30 kJ; after scattering, the
remaining energy is about 18 kJ.
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Figure 13. Changing rate of dynamic strain and energy with different incident bars.

4. Analysis of Rockburst Tendency

According to the size of the projectile performance of rock, the rockburst intensity is
divided into four levels, as shown in Table 2.

Table 2. Grade value of rockburst tendentiousness.

Slight Moderate Strong
Rockburst Level No Rockburst Rockburst Rockburst Rockburst
Numerical range U, <40 40 < U, < 100 100 < U, < 200 U, > 200

(k] /m?)

Through calculation, without considering the effect of explosion vibration, the max-
imum energy accumulation value at the top and both sides of the tunnel excavation is
90.3 kJ/m?3, and the maximum energy accumulation value at the bottom is 147.5 kJ /m?,
which is in the mild and medium rockburst levels, respectively. The maximum values occur
approximately 5 m away from the free face. Considering the impact of blasting vibration
and energy scattering, as well as the maximum one-dimensional blasting impact energy
of 30 k] and 40% energy scattering rate, the energy superposition value at the maximum
blasting impact value is about 18 kJ. Therefore, the maximum energy accumulation value
at the top and both sides of the tunnel increases to 108.3 k] /m?, and the maximum energy
accumulation value at the bottom increases to 165.5 k] /m3, with energy accumulation
values increasing by 19.9% and 12.2%, respectively. Accordingly, the tendency for rockburst
occurrence in the tunnel is all at a moderate level. It can be seen that blasting vibration
significantly increases the likelihood and intensity level of rockburst occurrence and, to
some extent, enhances the potential threat of dynamic disasters such as rockburst.

5. Conclusions

Considering the superimposed effect of blasting vibration on energy accumulation in
deep rock masses, the following conclusions are drawn:

(1) Based on the measured data on in situ stress, the quasi-static energy accumulation
characteristics of the surrounding rock of a three-core arch tunnel after excavation
were derived. The maximum energy accumulation values at the top and sides of the
tunnel are 90.3 kJ/m3, and 147.5 k] /m? at the bottom, both occurring at a distance of
approximately 5 m from the free face.

(2) Based on the equivalent elastic vibration theory and near-field monitoring data, an
initial elastic shock wave velocity of about 4-6 m/s was obtained. Through experi-
ments on the propagation and attenuation of shock energy, it was found that the initial
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average value of the increase in near-field surrounding rock energy caused by blasting
shock was 30 kJ, and it decayed exponentially with the propagation distance.

(3) To analyze the energy scattering characteristics, an improved SHPB experiment was
conducted with different shapes of incident rods. Based on the principle of geometric
similarity, the impact energy scattering rate after tunnel blasting was 40%, and the
superimposed energy was about 60% of the original impact energy.

(4) After considering propagation and scattering, the maximum energy accumulation
value at the top and sides of the tunnel is 108.3 k] / m3, and 165.5 kJ/m?3 at the bottom.
The energy accumulation value has increased by 19.9% and 12.2%, respectively. The
possibility and intensity of rockbursts both increase, which to some extent enhances
the potential threat of dynamic disasters such as rockbursts.
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