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Rock burst is a catastrophic phenomenon that often occurs in underground rock mass engineering. In order to reveal the essence
of rock burst of a hard roof in the process of roadway excavation, the particle discrete element method is used to establish a
roadway model and simulate the disturbance of harmonic dynamic load based on the analysis of a rock burst accident in a deep
mine. The crack field, stress field, displacement field, and kinetic energy of roadway surrounding rock disturbed by cyclic dynamic
load were analyzed, and the disaster mechanism of roadway impacting roof instability was discussed. The results show that,
compared with the roadway support structure under static load that can give full play to its control function of surrounding rock,
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 give full play to its control function of surrounding rock, resulting in the surrounding rock de-
struction and supporting structure failure. In addition, the essence of rock burst in a hard thick roof is due to the instantaneous
superposition of static stress and dynamic load, leading to the instantaneous instability and collapse of roadway roof in a large
area. The research is of great significance to further understand the deformation and failure mechanism of roadway surrounding
rock under strong impact load, to guide the safe production and prevent the occurrence of rock burst hazard in underground rock

mass engineering.

1. Introduction

Under the deep rock mass engineering, due to the complex
geological occurrence and mining technical conditions, the
occurrence frequency of impact dynamic disaster is in-
creasing, and its destruction level is also becoming more and
more prominent [1-7]. Figure 1 shows the impact failure
characteristics of roadway and a rock burst accident oc-
curring in central and eastern China, and thus it can be seen
that roadway rock burst seriously restricts the safe pro-
duction of a deep mine because of its sudden and violent
dynamic appearance. Therefore, studies of rock burst
mechanism and control technology are the key problems to
ensure the safe production of a deep mine.

Typical roadway rock burst occurs mostly due to dy-
namic disturbances such as blasting vibration and roof
fracture during the advance of mining face [8-11]. In the

study of rock burst in underground rock mass engineering,
many studies have been carried out to understand the de-
formation characteristics and failure mechanism of roadway
surrounding rock, and a series of effective control methods
are put forward [12-21]. However, due to the complexity of
site engineering geological conditions and the difference of
rock burst types and severity, these current understandings
are inadequate. In essence, rock burst is a process of energy
stable state gathering and unstable state releasing under the
influence of various factors such as external load and in-
ternal structure of coal rock, which further increases the
complexity of rock burst initiation and occurrence, and rock
burst accidents have not been fundamentally controlled
[22-26]. In particular, with the continuous increase of the
mining depth, the frequency and intensity of its occurrence
also tend to increase. Therefore, it is of great significance to
study and discuss the characteristics of roadway rock burst
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FIGURE 1: Rock burst hazards. (a) Supporting structure bending. (b) Surrounding rock failure.

under cyclic dynamic load for understanding the occurrence
mechanism of rock burst, guiding the safety production of a
coal mine, and preventing and controlling the occurrence of
rock burst accidents.

In this paper, the rock burst accidents in central and
eastern China are analyzed firstly, and in order to further
explore the failure characteristics of roadway and rock burst
mechanism, the particle discrete element method is used to
establish a roadway model and simulate the disturbance of
harmonic dynamic load according to a rock burst accident in
central and eastern China. The failure zone, stress field,
displacement field, and kinetic energy of roadway sur-
rounding rock disturbed by cyclic dynamic load were an-
alyzed. On the basis of this, the mechanism and criterion of
rock burst are further discussed.

2. Methodology

2.1. Rock Burst Accident. The deep mine located in China is
taken as the research background, and a rock burst accident
occurred in the course of face cross-heading excavation in
the first coal seam. The cross-heading roadway is excavated
along the bottom of the coal seam with a buried depth of
about 1000 m and an average thickness of about 7m. The
roof and floor strata are hard thick fine sandstone and
medium sandstone. According to the evaluation results of
mine bursting liability, the coal seam and floor strata have
weak bursting liability, and roof strata have strong bursting
liability.

In the course of roadway excavation, a rock burst
accident occurred, causing serious damage to the con-
necting roadway within a range of about 100 m. According
to the field investigation, it can be seen from Figure 2 that
the roadway damage is mainly characterized by the
convergence of two sides and subsidence and falling of the
roof. The roadway roof has obvious subsidence and
caving, the maximum roof caving reaches 2 m, and the two
sides converge, and the floor heave is not obvious, and no
large cracks are found. Therefore, it is preliminarily
inferred that the partial or integral fracture of the roof
sandstone is likely to occur, which induces the impact
load, thus leading to the occurrence of coal seam roadway
rock burst.

2.2. Establishment of the Particle Flow Model. The parallel
bonding model in two-dimensional particle flow code
(PFC?P) is used for modeling and analysis of roadway
surrounding rock. According to the parallel bonding contact
relationship between particles, the standard sample models
of coal, roof, and floor strata with a height of 10 m and width
of 5m are established, respectively, as shown in Figure 3(a).
Through repeatedly adjusting the mesoscopic mechanical
parameters of the standard sample model, the macroscopic
mechanical responses of coal, roof, and floor strata are
shown in Figure 3(b), and the modeling parameters of each
rock stratum are given in Table 1.

In order to improve the calculation efficiency, the size
and content of the model were simplified, and the checked
parameters were used to establish a two-dimensional
model of 30 m (width) x30m (height). A fixed displace-
ment constraint boundary condition was applied at the
lower part of the model, a constant horizontal stress
constraint condition was applied at both sides of the
model, and a uniformly distributed vertical stress and
dynamic load were applied at the top of the model, as
shown in Figure 4(a). Assuming that the buried depth of
roadway is 1000 m, the bulk density of overlying strata is
25kN/m® and the lateral pressure coefficient is 1.2. The
initial stress field with a horizontal stress of 30 MPa and
vertical stress of 25 MPa can be satisfied after the model
reaches a stress equilibrium state.

The support form of the anchor bolt and anchor cable is
shown in Figure 4(b). The roof is supported by the bolt of
diameter 22 mm and length 2500 mm and the cable of di-
ameter 21.6 mm and length 7300 mm, and the spacing and
row distances are 800 x 2000 mm and 2000 x 2000 mm, re-
spectively. The two sidewalls are supported by the bolt of
diameter 20 mm and length 2500 mm and the cable of di-
ameter 21.6 mm and length 4300 mm, and the spacing and
row distances are 750 x2000mm and 2000 x 2000 mm,
respectively.

2.3. Application of Cyclic Dynamic Load. Studies show that
an impact source wave can be simplified into a simple
harmonic wave, as shown in formula (1), the continuous
disturbance time of dynamic load when rock burst occurs is
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FIGURE 2: Accident location and schematic diagram of roadway instability.
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FiGure 3: Checking of modeling parameters. (a) Uniaxial compression model. (b) Stress-strain curves.
TaBLE 1: Mesoscopic parameters of the model in PFC?®.
Parameter Diameter  Density o, = .. Friction Contact modulus Bond modulus ~ Cohesion  Tensile strength
(m) (kg/m3) Y Ccoefficient (GPa) (GPa) (MPa) (MPa)
Main roof 0.09-0.12 2700 0.16 0.75 6.15 4.00 30 20
Ezfdlate 0.07-0.09 2300  0.16 0.70 5.35 3.15 25 17
Coal seam 0.07-0.09 1800 0.16 0.65 2.15 2.05 10 10
H:)l(’)?edlate 0.07-0.09 2100 0.6 0.70 3.00 3.00 20 15
Main floor 0.09-0.12 2700 0.16 0.75 6.15 3.55 30 20

generally tens of milliseconds, and the frequency is
10-20 Hz.
1
P(t)=P - Ecos(ant) , (1)
where P, is the stress peak of the simple harmonic wave; w
is the frequency of simple harmonics; and ¢ is the period
time.

In order to simulate the dynamic load disturbance of the
roof, the FISH language built in particle flow code was used
for dynamic load programming, and the disturbed stress
wave with a frequency of 20 Hz, period of 50 ms, and peak
stress of 35 MPa is applied on the top of the model, as shown
in Figure 5. The specific process of dynamic load disturbance
simulation is carried out in three stages. Firstly, the model is
established under the predetermined boundary conditions,
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FIGURE 4: Particle flow model. (a) Boundary conditions. (b) Support parameters (length unit: mm).
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FIGURE 5: Dynamic load disturbance stress wave.

the model is made to reach the initial equilibrium, and the
in-situ rock stress field is simulated. Then, some particles are
deleted in the coal seam of the model and calculated to the
static load balance to simulate the roadway excavation under
high stress. Finally, the disturbed dynamic load is applied on
the top of the model, and the process of applying cyclic
dynamic load is simulated.

3. Results and Analysis

3.1. Crack Field. Figure 6 shows the development law of
damaged cracks in the surrounding rock of roadway after
cyclic dynamic load. After the first dynamic load, the roof
and the two sidewalls were damaged and cracked, respec-
tively. The main cracks in the roof were vertical cracks, and
several vertical cracks were connected in a range to form the
broken zone. The damaged cracks mainly appeared in the

top of the coal, and the broken zone of the roof arch was
basically formed. After the second dynamic load, the damage
area further expanded, the roof began to collapse, the height
and scope of the caving arch further expanded, and the
sidewalls appeared obvious damage. After the third dynamic
load, the impact energy mainly acted on the sidewalls, and
the damage area of the sidewalls began to connect with the
damage area of the roof. After the fourth dynamic load, the
roof was completely connected with the damage and failure
area of both sidewalls, and the failure area developed from
arch to cone.

According to the number of microcracks in Figure 7, the
total number of cracks shows multiple growths with the
increase of impact times, and tensile cracks are the main
ones. Therefore, under the impact load of the roof, cracks
first appear in roof strata under tensile action due to the
small tensile strength of roadway surrounding rock. Under
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FiGure 6: Crack field. (a) First time. (b) Second time. (¢) Third time. (d) Fourth time.
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FiGure 7: Number of microcracks.

the repeated action of dynamic load, the damage cracks
continue to develop and expand. Especially after the roof is
connected with the cracks on both sides, the shear failure of
the surrounding rock occurs as a whole, and the height and

scope of the caving zone are further expanded, which makes
the roof and both sidewalls of the roadway separate from the
support structure, resulting in a large area of roof collapse
and splicing phenomenon. Compared with the deformation
and failure characteristics of the roadway under static load,
large area collapse and instability of roadway roof will occur
under dynamic load, and ordinary support forms cannot
give full play to the anchoring function, resulting in the
destruction of surrounding rock and the failure of the
support structure.

3.2. Displacement Field. Figure 8 shows the displacement
field of surrounding rock disturbed by the cyclic dynamic
load. Under the impact load, the surrounding rock particle
units of the roadway move to the interior of the roadway,
and the displacement of the roof and two sidewalls is the
largest, indicating that the impact load on this area is the
most obvious. Especially, the subsidence of the interface area
between the roof and the sidewalls is the main part of the
deformation of the whole roadway, so the effective control of
the subsidence should be considered in the support design.
With the increase of impact times, the roof displacement
increases significantly, and the range of dynamic load in-
fluence increases, while the change of roadway floor dis-
placement is not obvious.
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Ficure 8: Displacement field. (a) First time. (b) Second time. (c) Third time. (d) Fourth time.

The built-in energy monitoring module in the program
was used to monitor the kinetic energy inside the model
during the application of dynamic load, as shown in Fig-
ure 9. Under the action of cyclic dynamic load, the kinetic
energy of the model is in a relatively high fluctuation process,
and the dynamic load makes the roadway surrounding rock
in an unstable energy state, revealing the energy driving
mechanism of the roadway surrounding rock’s large
deformation.

3.3. Stress Field. Figure 10 shows the variation rule of contact
stress field of the roadway surrounding rock under dynamic
load. With the continuous dynamic impact, the contact
stress in the damage area of roadway roof tends to be ba-
sically stable, especially, the contact stress between particle
units in the damage area of coal seam and rock strata is
small, indicating that the bearing capacity between particle
units in this area is basically lost. Due to the large strength of
the main top and main bottom rock strata, they still
maintain stability under the condition of large contact stress
between the particles caused by the impact load.
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FIGURE 9: Kinetic energy evolution of surrounding rock.

According to the change of roadway roof stress during the
dynamic loading time in Figure 11, it can be seen that under the
action of dynamic loading, the surrounding rock stress of the
roof increases significantly instantly, which has the possibility
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F1GURE 10: Stress field. (a) First time. (b) Second time. (c) Third time. (d) Fourth time.

of inducing roof impact instability. The horizontal stress of the
roof increases most significantly under dynamic load, and the
maximum value of horizontal stress is about 1.5 to 2 times the
maximum value of vertical stress. Along with the increase in
number of dynamic loads, the maximum stress of roof rock
becomes smaller. Therefore, under sustained impact load, the
maximum bearing capacity of the surrounding rock of roadway
roof falls. The stress variation mechanism of rock impact in-
stability of roadway roof under roof dynamic disturbance is
explained indirectly.

4. Discussion

4.1. Mechanism of Dynamic Disturbed Rock Burst.
According to the above analysis, the essence of rock burst is
the sudden instability failure of roadway surrounding rock
or support structure under the action of instantaneous high
stress. Combined with the failure of roadway, it can be
inferred that under the roof impact load, roadway anchor
bolts and anchor cables bear large horizontal stress, and the
roof is seriously broken and deformed, resulting in anchor
bolts and anchor cable cannot effectively restrain the roof

and the impact instability of large-area roof caving.
Therefore, the rock burst accident can be characterized as the
dynamic disaster that the support system does not bear the
impact of roof dynamic load in the process of roadway
excavation, resulting in large-area instability and roof col-
lapse of roadway roof. It is a typical phenomenon of roadway
rock burst that the occurrence is mainly due to large-area
roof collapse and instability induced by roof dynamic load
disturbance during roadway excavation.

As shown in Figure 12, the roadway is in the in-situ rock
stress state before excavation, and after roadway excavation,
stress concentration occurs in the surrounding rock due to
excavation unloading disturbance.

o, =(1+A1)-0 (2)

where 0, is the stress of surrounding rock after roadway
excavation; A is the stress concentration factor; and o, is the
in-situ rock stress before roadway excavation.

Roadway surrounding rock is damaged to an extent under
the action of stress concentration. With the increase of sur-
rounding rock damage, the surrounding rock stress decreases,
and finally, the stress reaches a stable equilibrium state.
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The extrusion of the roadway support structure and
surrounding rock forms a roadway surrounding rock-
bearing structure, as shown in Figure 13, and this bearing
structure can significantly improve the ability of the roadway
to resist external load and reduce the deformation and
damage of external load to the surrounding rock. Under the
roof impact load, the total stress acting on the roadway
surrounding rock is the superposition of static stress and
dynamic stress, as shown in the following formula:

OZ:O']+HUD’ (3)

where # is the disturbance coefficient of dynamic load and
can be determined according to the impact tendency of coal
seam, roof, and floor strata; 0, is the total stress acting on the
roadway; o is the static stress; and o7, is the dynamic stress.
Under the impact load, the total stress increases in-
stantaneously, and it determines the damage degree of rock
burst. The impact instability of roadway surrounding rock is
similar to rock burst in tunnel engineering. The judgment
basis of the rock burst critical state in tunnel dynamic di-

saster research is introduced in the following formula:
Z>1, )
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F1GURE 13: Mechanical model of rock burst.

vy

rTrTt

Yy

where p; is the support strength of the anchored sur-
rounding rock and I, is the critical index to judge whether
the roadway surrounding rock has impact risk. When the
ratio of the total stress of roadway surrounding rock to the
strength of surrounding rock anchor support is greater than
the critical index, the roadway will have impact instability.

4.2. Control Technology of Rock Burst. In summary, the
occurrence of the roadway rock burst is the result of the
combined action of impact power source, mechanical
properties of coal and rock strata, and roadway engineering
characteristics. Aiming at the rock burst of the roadway hard
roof under dynamic load disturbance, the comprehensive
treatment measures of the combination of roof presplitting
and sidewall drilling pressure relief holes are further put
forward on the basis of improving the technical strength.
Presplitting holes shall be arranged on the roof strata, and
the end of the presplitting holes shall be arranged in the hard
fine sandstone. While at the sidewalls, relief holes with the
length of 4.5m are arranged, as shown in Figure 14.
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Figure 15 gives the variation of total energy and fre-
quency distribution of microseismic activity during roadway
excavation before and after relief. After adopting the control
methods of sidewall borehole relief and roof presplitting, the
intensity and frequency of microseismic activity decreased
significantly. Due to the weakening of the microseismic
activity and the decrease of microseismic frequency, the
release time of microseismic energy is prolonged, and the
gathering time before the release of energy is also longer,
which is not enough to produce instantaneous large impact
damage to the surrounding rock of roadway.

5. Conclusions

The occurrence of roadway rock burst is the result of the
interaction between the dynamic disturbance source and the
surrounding rock supporting structure. The results of discrete
element analysis show that the collapse and instability of the

surrounding rock will occur in a large area under the cyclic
dynamic load of the roof, and the anchoring effect of the
ordinary supporting form of the surrounding rock cannot be
tully played, resulting in the destruction of surrounding rock
and the failure of supporting structure. Under the impact load
of the roof, the total stress acting on the surrounding rock
increases instantly, and the ratio of the total stress of roadway
surrounding rock to the strength of anchor solid support
determines the damage degree of the rock burst.

The essence of rock burst is the process of energy ac-
cumulation and instantaneous release. Before the occurrence
of rock burst, there are often abnormal energy fluctuations,
which can be used as the basis for microseismic monitoring
and acoustic emission monitoring. Therefore, the moni-
toring and early warning of a large area mine and a mining
area and the anti-impact and strengthening support of the
surrounding rock in a small area are the key links of roadway
rock burst prevention and control.
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In addition, on the basis of the comprehensive analysis of
mechanism of the seismic disturbed rock burst, the method
of combining roof presplitting with sidewall drilling relief
holes is put forward. The field microseismic monitoring data
show that the roadway impact risk is relieved in the process
of roadway excavation, which can provide a reference for the
impact prevention and control of the similar deep buried
roadway.
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