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Abstract: Rock bursts have become one of the worst disasters in deep mines, and the safety of
roadways is affected by stress waves generated when hard roofs fracture. Pictures of a mine site
were collected using the Hujiahe mine as a case study. The damage characteristics of the roadway
were analyzed and the damage process was reproduced using numerical simulation software. The
attenuation characteristics of the strength of the shock wave as it passes from the impact shock source
to the roadway are summarized. Based on the stress wave transmission mechanism and geological
characteristics, a “shock wave attenuation model through rock formations” was established to analyze
the transmission characteristics of impact stress under the composite roof structure. The strength
criterion and energy balance equation for roadway damage under the action of shock waves are
derived. This work provides a reference for roadway support under similar conditions and can be
generalized and applied elsewhere.
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1. Introduction

With the depletion of shallow coal, the depth of underground mines increases with
time. The number of deep mines is increasing year by year. High stress, high permeability
and high temperature have become important factors influencing production safety in deep
mines [1]. High stress is an important factor in rock burst damage during mine production.
In the event of a rock explosion, a violent high-energy shock wave is released from the source
of vibration [2]. During its transmission and spread, the rock formations are damaged and
fractures develop. Furthermore, the underground facilities are damaged [3]. Rock burst
is different from sudden water, coal and gas protrusion and other disasters in mines; it is
difficult to predict in advance, and the disaster occurs very quickly [4-6]. The energy from a
mine earthquake can be quickly transmitted around the roadway and working face [7,8].
According to statistics, over 85% of rock burst damage occurs in the roadway, making
the roadway a focus area for prevention and control. In recent years, domestic deep coal
mines have been paying more and more attention to rock burst prediction and proposing
many measures to prevent and control roadway areas [8,9], but rock burst control is still a
substantial problem in deep mines [10].

Rock burst control around the roadway has become a difficult problem since the
20th century. Many scholars have proposed that the layout of the working face and
the recovery roadway is an important condition influencing the extent of damage to the
roadway in the case of rock burst [11,12]. However, coal and rock in the field are anisotropic
in nature, unlike laboratory models. It is difficult to obtain a precise layout. Based on the
historical distribution of mine earthquakes, it is possible to approximate the location of
dynamic events in a mine. In reality, there are many mines that are not threatened by rock
bursts in the early stages [13]. After a certain recovery period, they start to be affected by
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frequent mine earthquakes. Based on the geological conditions of the mine, it is necessary
to derive the effect of the dynamic wave on the roadway in the event of a rock burst by
numerical simulation and equations [14,15].

In the last century, there were many scholars who tried to assess the process through
theoretical calculation and computer simulation. The main focus has been on two areas:
on the one hand, analysis of the level of energy released from the impact vibration source
to measure the danger to the roadway [16], and n the other hand, the dynamic and static
load stresses in the roadway have been studied, with increasing support strengths and
decompression measures [17]. However, less research has been carried out in the area
of rock burst stress wave attenuation. Dou et al. [18-20] described a strain-softening
numerical model based on the Hoek-Brown failure criterion that was developed to evaluate
the destressing efficiency of RDHB in selected underground coal mines. Ju et al. [21,22]
proposed the concept of “high strength, strong pressure relief, and integrity” roadway
support and the impact of “staggered peak pressure regulation + blasting top cut strong
support” according to the violent and large-deformation characteristics of a rock burst in
roadways. Pan et al. [23,24] established a mechanical model for rock burst to obtain critical
indexes of the surrounding rock fracture and rock burst occurrence. The main influencing
factors and laws of rock bursts were determined quantitatively. The numerical simulation
of Kang et al. [25,26] demonstrated that the surrounding rock of the roadway underwent
expansion and deformation, accompanied by redistribution of the surrounding rock stress
due to the reinforcement of the roof and two sidewalls. Tan et al. proposed the “Stress
Relief-support Reinforcement” synergistic technology for preventing a rock burst in deep
roadways, studied the energy release mechanism of coal bodies and analyzed the failure
characteristics and types of the surrounding rock due to different energy releases. Zheng
et al. [27] Proposed that the roadway surrounding rock will collapse and lose stability in
a large area under the roof cyclic dynamic load, and the ordinary supporting structure
cannot fulfil its control function of the surrounding rock, resulting in the surrounding rock
destruction and supporting structure failure. Zhang et al. [16] evaluated the abutment stress
applied to the roadway surrounding rock by constructing an abutment stress transfer model
after roadway excavation. Stress criterion and energy criterion for rock burst occurrence
were proposed according to the three types of roadways.

In rock burst mines, the floor of the roadway often instantaneously rises violently,
throwing off equipment and personnel in the roadway. The roof of the roadway tends to
fall as a whole without extensive damage occurring [28,29]. In the roadway support system,
the roof support is always in the primary position. A strong roof can produce a barrier
effect on the roadway under static or dynamic stresses, reducing or preventing damage
to the roadway [30,31]. In this paper, the stress conditions and strength criterion for roof
damage under the action of shock waves and high stresses are investigated, taking the
Hujiahe mine as an example. A shock wave attenuation model through the rock layer was
established to analyze the bearing limit of the roadway roof in mine earthquakes and to
study the energy balance criterion in the event of the rock burst.

Through the numerical simulation study of the 401,106 working face of the Hujiahe
mine, a combined multi-level roof support was simulated in the event of a rock burst.
The simulation results are combined with mathematical models. The results provide a
theoretical basis for the stability control of the surrounding rock in the event of a rock burst.

2. Case Study
Geologic Conditions

The Hujiahe Coal Mine is a large underground mine in the northwest of Shaanxi
Province. The mining area reaches 52 hectares. Figure 1 shows the location of the coal mine
and the layout of the working face. The mine field is located in the middle of the Binchang
mining area, with an altitude of about 1200 m. The Binchang mining area is located in the
south of the Loess Plateau and the north of the Qinling Mountains. Affected by horizontal
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stress, there are folds, faults and other special geological structures in the working face.
The location of the mine is shown in Figure 1a.
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Figure 1. Mine location and working face layout. (a) Location of test site, (b) working face layout
and cross section of test site.

The coal mine produces 6 million tons of coal annually. Currently, the working faces
are 106 and 110 in the 401 mining area. The two working faces are very similar in terms of
the layout and distribution of rock formations. The roadway is located in the bottom of the
thick coal seam, and the thickness of the coal seam on the roof is 6 to 27 m, with an average
of 23 m. A medium sandstone formation of approximately 36 m in thickness is present
above the roof. The seismic sources are mainly close to the middle sandstone formation.

Figure 1b shows the layout of the working face and roadway. The working face is
200 m long with a recovery roadway along its length. The width of the recovery roadway
is 5.6 m and the height is 3.7 m. The drainage roadway is on the right with a width of
4.8 m and height of 3.7 m. There is a 30 m coal pillar between the drainage roadway and
the recovery roadway. The roof coal of the roadway is very thick. Therefore, the roof is
extremely susceptible to collapse in a rock burst.

According to the mining conditions of the mine, it is a typical mine with high static
stress and a thick coal roof. The roof-to-floor and the rib-rib displacement was measured
in the mine’s recovery roadway. Figure 2 shows the deformation characteristics of the
roadway. The roof falling leads to bending of the steel belt, corner failure and floor heaving.
Due to the timely cleaning of the roadway floor during recovery, no clear photographs
were obtained. It can be seen that the displacement of the roof-floor of the roadway is
much greater than that of the rib-rib, and the data collected were used to create a curve of
the roadway deformation.
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Figure 2. Damage characteristics of the roadway: (a) roof failure; (b) rib and corner damage;
(c) roadway contour.

Figure 3 shows the deformation curves of the recovery roadway. Large deformations
were generated in the area of 100 m distance in front of the coal wall as a result of recovery
stresses and dynamic loading. The contraction of the roof—floor reached a maximum of
931 mm and the maximum displacement of the rib-rib was 543 mm, the former being
71.45% greater than the latter. Due to the influence of dynamic loads, the contraction of
the roof and floor increases significantly in the range of 40 to 60 m, which shows that the
control of the roof and floor of the roadway is the primary safety factor of the roadway.
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Figure 3. Roadway deformation curve.
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3. Numerical Simulation Study
3.1. Model Building

The Universal Distinct Element Code (UDEC) is a common numerical simulation
software for geotechnical engineering. The special calculation unit divides the material
into blocks and presents a cloud of fracture and stress distribution in the blocks. In the
numerical simulation of dynamics experiments, it is necessary to consider whether cracks
are generated during the loading process.

According to the distribution characteristics of the working face and rock formation,
the UDEC trigon numerical simulation model is established. A numerical model of the
Hujiahe mine recovery area is shown in Figure 4, with the properties of each rock formation
in the model on the right. The seven points from A to G in the figure represent the test
points added to the model. The location of the impact shock source was set at the roof of
the model based on the results of the field monitoring. The recovery roadway and drainage
roadway are laid out on the coal seam floor. Table 1 shows the physical and mechanical
parameters used for the mechanical analysis of each rock formation of the model.

Mudstone

— — — Impact shock source ~ — — — — —
Sandstone

Mudstone

- Carbonaceous

. mudstone
4 # coal

- Carbonaceous
mudstone

Mudstone

Figure 4. Numerical simulation model.

Table 1. Characteristics of the mechanical parameters of the coal rock mass.

Location Litholo Thickness Bulk Density Shear Frictional Cohesion Tension
8y (m) (GPa) (kg/m®) (GPa) Angle (°) (MPa) (MPa)
Roof mudstone 5.58 15 2300 7 30 2 1.84
Main roof sandstone 35.95 22 2600 14 39 10.2 1.2
Roof mudstone 6.03 15 2300 7 30 2 1.84
Immediate  carbonaceous 045 15 2500 4 36 498 2.01
roof mudstone
Coal seam coal 23 10 1290 5 28 1.5 0.55
Immediate carbonaceous 11 15 2500 4 36 498 201
floor mudstone
Floor mudstone 4.79 15 2300 7 30 2 1.84

Figure 5 shows the characteristics of the support construction arrangement for the
recovery roadway. The support material is all anchor cable, with lengths of 3.5 m and
6.3 m, respectively. The longer anchor cables have a spacing and row spacing of 1600 mm
and 1600 mm, respectively. Those of the other anchor cables are 800 mm and 800 mm. The
two types of anchor cables are paired with a pallet made of 300 mm carbon steel and an
M4-type steel belt, with 70 mm X @6 mm metal mesh selected underneath the belt. The shock
wave was set as a sine wave function with a peak of 100 MPa and a loading time of 0.2 s.
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Figure 5. Roadway support parameters.

3.2. Results

The location of the impact shock source is above the recovery roadway. During this
period, the shock wave is transmitted from the impact shock source through multiple rock
formations to the roadway. The dynamic shock stress and the energy are significantly
decaying. The destructiveness of the shock waves on the roadway is mainly caused by the
impact dynamic stresses accumulated on the roadway static stresses, which overpower the
strength of the surrounding rock. The transmission process and attenuation characteristics
of the shock waves are shown in Figure 6.

As shown in Figure 6a—d, the peak stress decreased from 125 MPa to 40 MPa after the
shock wave passed through the first mudstone layer. It decreased to 15 MPa after passing
through the sandstone layer. After passing through the mudstone and roof coal, the vertical
stresses were almost constant. For this reason, the stress characteristics of the different rock
formations were recorded separately at different rock positions.

Figure 7 shows the curve of Y displacement at the monitoring points A to G. The Y
displacement at the monitoring point from the source of the shock to the roadway envelope
increases. The rate of decrease in the center of the oscillation increases for each curve. The velocity
of the oscillation is the fastest at the source, but the change in displacement is the smallest.
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Figure 6. Cont.
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Figure 6. Block YY effective stress during dynamic simulation. (a—f) Represents a model of 2900,
3000, 3100, 3200, 3300, 3400 time steps, respectively.
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Figure 8 shows the vertical velocity and displacement curves monitored at the location
of points A to G as the shock wave passes through each rock formation. The shock wave
velocity shows a gradual attenuation from the source, with the greatest attenuation through
the medium sandstone formation. The lower the distance to the roadway, the lower the
oscillation amplitude of the wave velocity. The energy of the shock wave through this rock
formation decays significantly. Sandstone and coal are the two sections with the greatest
rate of change in displacement. Because of the free space such as the roadway and the
working face, the fractures are constantly extended and have a greater vertical displacement
towards the free space.
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Figure 8. Y—velocity and Y —displacement curve of monitoring point.
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Figure 9. Stress decay curves.
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Figure 9 shows the stress decay characteristics of the impact stress in the process of
conduction. As seen in the process of stress transfer, the decay rate constantly slows down
and tends to disappear. The decay rate during conduction is simply calculated using the
following equation:

n = —log, (—1-) 1)

where 7 is the attenuation rate of the stress wave and 0y, is the vertical stress of the ith rock
formation. The following conclusions can be drawn after carrying out calculations:

(1) There is a decreasing trend in the rate of attenuation during stress wave conduction.

(2) There is a large difference in the attenuation coefficients during the passage through
rock formations of the same properties.

(3) The attenuation coefficients of the sandstone closer to the shock source are different
from the second mudstone layer, which shows that different rock properties attenuate
the shock waves to different degrees.

By the time the stress wave is transmitted to the second sandstone layer, it has attenu-
ated to less than 10 MPa, at which point the rock layer and the roadway support system
can withstand the damage caused by the stress shock wave.
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Figure 10. Shock wave YY—stress distribution characteristics through the roadway-surrounding
rock. (a) The shock wave reaches the roadway roof (no support). (b) The shock wave reaches the
roadway roof. (c) The shock wave reaches the two ribs of the roadway (no support). (d) The shock
wave reaches the two ribs of the roadway (e) The shock wave reaches the floor of the roadway (no
support) (f) The shock wave reaches the floor of the roadway.

Figure 10 shows the stress—YY characteristics of the shock wave passing through
roadway. The figure shows the stress distribution around the roadway with the axial force
characteristics of the anchor cable when the shock wave reaches the roof of the roadway,
the two ribs of the roadway and the floor of the roadway, respectively. For the no-support
model, during this process, the shock wave always accumulates with the static load on both
ribs of the roadway, accelerating roadway damage. Under the influence of the support,
the integrity of the roadway envelope is better, and no large deformations occur when the
shock wave arrives, slowing the damage to the roadway. In brief:

(1) The axial force of the anchor cable remains almost unchanged during this process. It
does not proactively change its own axial force to resist damage from the shock wave.

(2) The loose areas of the roadway in the no-support conditions are much greater than in
supported structures.

(3) The support structures will reinforce the roadway, making it resist shock waves as
intact rock would. They change the stress distribution around the roadway.

4. Discussion
4.1. Shock Wave Disturbance Roadway Mechanism

The mechanism of the dynamic and static load superposition of rock burst is still
recognized by most scholars. This theory explains the cause of rock burst and summarizes
the natural and artificial factors that affect the intensity of rock burst. Among the natural
factors, special geological structure and a thick hard roof are the most common reasons.
Among the human factors, unreasonable working face layout and unreasonable measures
to reduce rock pressure will also greatly increase the probability of rock burst. For example,
in the process of coal mining, the hard roof is difficult to break in the process of mining.
When it breaks, it releases substantial impact energy. The resulting shock wave instantly
damages or destroys the underground facilities. According to previous research:

(a) When the shock wave spreads from the source to the surrounding rock of the roadway,
the intensity gradually decreases.

(b) There are different attenuation rates in rock formations with different properties.

(¢) During the transmission of the shock wave, the trend of the attenuation rate is decreasing.
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(d) Anchor cables cannot adaptively change their anchorage strength to stabilize the roof
when the shock wave reaches the roadway. The role of the anchor cable is that it
creates a complete structure with the roof of the roadway to resist shock waves.

Figure 11 shows the damage characteristics of a rock formation when a mining earth-
quake occurs in a hard roof. When the rock burst occurs in the roof, the energy is rapidly
released and spread, with wide fractures spreading out from the source. The subsurface
rock is intact and shock waves are easily transmitted from the source to the roadway-
surrounding rock. Combined with the conclusions of Section 3:

Shock vibration source

- Main roof" - *

Coal

Figure 11. A model of shock wave transmission through rock formations.

(@) Due to the confines of the underground space, there is not enough space at the shock
source for great displacements. The closer to the shock source, the higher the degree
of damage to the rock.

(b) For dynamic rocks, the roadway is a perfect free space. The rock damage is also
dramatic here.

(c) The subsidence of the roadway roof is an important factor in roadway damage.

In the rock burst, not all rock formations are damaged, and we have focused on the
damage to the roadway-surrounding rock. There are many influencing factors, such as the
energy generated by the rock burst, the location of the roadway relative to the impact shock
source and the support measures for the roadway. Based on these factors and conditions,
a “shock wave through-layer attenuation model” is established and the equation for the
attenuation of shock waves during a rock burst is derived.

4.2. Model Establishment

As the location of the impact shock source is usually the location of the fracture in the
hard roof, Figure 12 shows the transmission of impact energy through the rock formation
to the roadway when the impact dynamic load occurs. Assuming that the impact source is
located in the rock formation above the roof of the roadway, the transmission of the shock
wave from the impact source to the roof of the roadway requires passing through # layers
of rock in sequence, where the thickness of the rock formation is k4, I to hy, in that order.
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Figure 12. Mechanical modeling of shock wave attenuation through layers.

Compared to large structures such as working faces and chambers, the size and
projected area of the roadway section is very small. Simplifying the roadway section to a
circular hole, the radial and tangential stresses (0, and 0y) at the center of the circle for a small
hole of radius R in a uniform stress field, according to the theory of elastodynamics, are:

oy = vh 1—%

()
09 = vh 1+%

where r is the distance from the center of the circle, and the total distance h = i h; from
the shock source to the roadway where the mine tremor occurs is compared withl tﬁe radius
r of the roadway excavated to satisfy /1 > r. Usually, these two physical quantities differ
by one to two orders of magnitude. At the same time, the shock wave will fracture and
break the rock layer in the process of transmission, and the mine seismic energy will be
continuously attenuated; here, the attenuation coefficient of each layer of rock layer is set
as 77,. To simplify the study, here, we set the overall lithology of the rock formation as a
homogeneous, isotropic rock, while ignoring creep and the viscous characteristics of the
rock, and simplify it to a planar model for analytical solution.
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Figure 13. Simplification of the model.

Figure 13 shows the simplified form of the shock wave penetration decay model. The
shock energy wave penetrates the top plate of n layers in turn to reach the location of the
roadway, and acts on the roadway envelope to produce the damage effect. Here, we set
the impact intensity at the source to be 04. Assuming there is no delamination between
rock formations, there is no stress or energy loss when the dynamic wave passes between
the formations. When the shock wave penetrates the first formation of rock, according to
the propagation characteristics and energy attenuation characteristics in the elastomeric
medium, it is known that the intensity of the shock wave arriving at the second formation
is as follows:

oq=0q-h M 3)

Therefore, it can be recursively obtained that when the shock wave reaches the road-
way, the impact strength of the surrounding rock is as follows:

n
Oy, =0p- [ [Hi7" 4)
i=1

When the shock wave is transmitted to the vicinity of the roadway support system,
the shock wave, the surrounding rock endowment stress and the roadway support system
interact with each other. Assuming that the shock source is located directly above the
roadway roof, the resulting shock pressure will mainly act on the roadway roof in the form
of radial stress. As the above research shows, the support strength of the anchor cable
combined with the strength of the roof resists the damage of the shock wave. The shock
transferred to the support system, the surrounding rock’s stresses superimposed on each
other and the roadway roof’s own impact strength and support strength coupling balance;
if the roadway can resist the impact load, then the following conditions will be met:

Oy, +0r < 05+ 0c @)
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where o5 is the maximum bearing stress of the support system of the roadway roof and oy
is the impact strength of the rock layer of the roadway roof itself. Bringing Equation (1)
and Equation (3) into Equation (4), the following can be obtained:

n 2
oa TIh " +a(1- 15 ) <ot ®)
i=1

Since the calculation here is the surrounding rock force of the roadway support body
system, the strength balance position calculated here is between the roadway roof support
system and the non-supported body, so the size of R in the equation should be the sum of
the anchor length I and the radius r of the roadway, and the left side of Inequality (4) can
be converted as follows:

n—1 1,2
oz - hi ™M 4+ ah[1— =0, +o0 7
A 11:]1: i Y ( (l+r)2> hy r ( )

where [ is the length of the longest anchor or cable. When the inequality relationship of
Inequality (8) is satisfied, i.e., the strength of the shock wave propagated to the roadway
envelope is greater than the impact strength of the roadway envelope and support system,
the roadway is damaged. Otherwise, the roadway will be stable. Inequality (8) becomes
a criterion for testing whether the roadway will be damaged under the influence of a
shock wave. . ,
T hm o {SGerGc

o4 E i (1 (l+r)2> > 05 + 0 ®)

According to the corresponding mechanical model, the attenuation of the stress of
the shock wave after passing through the rock formation was analyzed. The attenuation
characteristics of the shock wave after passing through the rock layer were analyzed by
substituting different rock formations.

The mechanical attenuation parameters associated with this article were obtained
through numerical simulations; the attenuation rates of shock waves in actual rock for-
mations were not measured due to equipment factors. In the future, our model can be
confirmed by setting up several vibration monitoring probes in the rock formation by
certain means.

5. Conclusions

(1) The deformation and damage characteristics of the roadway under the superposition
of static and dynamic loads were analyzed in the Hujiahe Coal Mine as a case study.

(2) A numerical simulation model was established based on the production background
of the Hujiahe mine, and the transmission characteristics of shock waves in the rock
formation were analyzed. The shock wave is continuously attenuated as it passes from
the impact shock source to the roadway. The distance between the rock formation
and the impact shock source, and the rock properties are the main factors affecting
the shock wave attenuation rate.

(3) Based on the results of numerical simulations, a mechanical model of shock wave
attenuation through the rock formation was established. An attenuation equation for
the shock strength of the shock wave when it passes through the rock formation and
reaches the roadway was derived.

Note that it is impossible to set up monitoring stations in every rock formation in the
field at present. Furthermore, there is no detailed analysis of the relationship between the
axial force of the anchor cable and the stresses in the roadway-surrounding rock, which
will be carried out in the future.
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