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To effectively monitor and control the severe mining-induced rockburst in deep fault area, the fault activation law and the
mechanical essence of rockburst induced by crossing fault mining were studied through theoretical analysis, microseismic
monitoring, field investigation, and other methods; numerical simulation was employed to verify the obtained fault activation law
and the mechanical nature. First, the distribution of microseismic sources at different mining locations and the fault activation
degree were analyzed. According to the microseismic frequency and the characteristics of the energy stage, the fault activation
degree was divided into three stages: fault stress transfer, fault pillar stress behavior, and fault structure activation. It was
determined that the impact disaster risk was the strongest in the stage of the fault pillar stress behavior. Based on the periodic
appearance law of microseisms in fault area, three types of conceptual models of fault-type rockburst were proposed, and the
rockburst carrier system model of “roof-coal seam-floor” in the fault area was established. The mechanical essence of fault-type
rockburst was obtained as follows: under the action of fault structure, the static load of the fault coal pillar was increased and
superimposed with the active dynamic load of the fault, leading to high-strength impact disaster. Finally, the prevention and
treatment concepts of fault-type rockburst were proposed. The monitoring and prevention measures of fault-type rockburst were
taken from two aspects: the monitoring and characterization of fault rockburst and weakening control of the high static load of the
fault coal pillar and dynamic load of fault activation. The proposed concepts and technical measures have been verified in the
working face 14310 of Dongtan Coal Mine with sound results. The research results have a guiding significance for the prevention
and control of rockburst in a similar mining face under crossing fault mining.

1. Introduction

By 2019, 187 coal mines in China have been identified as
being at risk of rockburst, and 17 mines distributing in 26
provinces have experienced rockburst hazards. Rockburst
has become a key problem threatening coal mine safety
[1, 2]. Mines with the proneness of rockburst are usually
characterized by the large depth of coal seams, large coal
thickness, complex structure, and hard roof [3-6]. In the
tectonic zone, the elastic-plastic deformation energy of coal
and rock mass is unevenly distributed. In the stress con-
centration area, affected by the mining activities, the energy
of coal and rock can be released suddenly, leading to the

rockburst [7, 8]. Moreover, the collapsing force of the rock
induced by fault activation is much greater [9]. Figure 1
shows the actual situation after the fault-type rockburst
hazard.

Faults and joints widely exist in underground rock mass
and directly affect the macromechanical properties of rock
mass, such as load resistance, deformation capacity, and
shear strength [10, 11]. When faults are encountered in the
mining face, the stress distribution and surrounding rock
failure are different from those in the conventional working
face. There is no fixed low in stress accumulation and energy
release of the working face affected by fault mining acti-
vation, and the sudden release of energy can easily cause the
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FiGure 1: Damaged condition of rockburst hazards. (a) Shearer collapsed. (b) Pillar bent. (c) Floor plucked. (d) Broken coal in roadway.

impact instability of coal and rock mass and even lead to
impact disaster. Therefore, accurately grasping the activation
law of the mining-induced fault is the necessary premise for
the prevention and control of fault-type rockburst.

At present, the theoretical model, field monitoring,
numerical simulation, and test method are mainly used in
the research on the law of mining-induced fault activation
and the rockburst-induced mechanism. For theoretical
models, many mechanical models and discriminant criteria
have been established, such as the rockburst stick-slip in-
stability criterion [12], fault disturbance response instability
criterion [13], instability model of the coal rock dynamic
system in the structural area [14], and impact instability
model of the fault coal pillar [15]. In terms of the rock test
and numerical simulation, Si et al. [16] studied the influence
of the unloading rate on the occurrence mechanism of
rockburst through the triaxial compression test of granite. It
was found that under the same surrounding rock pressure,
the lower unloading rate was conducive to improving the
peak strength of rock and the accumulation of elastic energy,
while the existence of the fault in mining face hindered the
stress transmission; then, the unloading rate of coal and rock
mass was reduced. As a result, the rockburst in a higher
intensity can be induced. Through the granite triaxial
compression test, Gong et al. [17] also analyzed the fracture
evolution process of the prefabricated granite specimen
under different three-dimensional stress conditions. The
results showed that when the vertical stress was constant and

the horizontal stress increased, the fracture strength of the
specimen increased obviously; however, when the fault was
formed, large horizontal stress was easily accumulated near
the fault. As a result, the stress condition of rockburst was
undoubtedly worsened, and the strength of rockburst in the
fault area was larger. Manouchehrian et al. [18] discussed the
influence of fault size, dip angle, and direction on tunnel
rock failure by using heterogeneous explicit program soft-
ware Abaqus®” and confirmed the fault action conditions in
the process of rockburst through numerical inversion of
actual rockburst cases. Based on the numerical calculation
results of FLAC’, Jiang et al. [19, 20] and Wang et al.
[21, 22] analyzed the influence of fault dip angle and mining
direction on fault activation and obtained the movement
characteristics of the hard and thick roof in the fault area and
the occurrence law of rockburst. Luo et al. [23] simulated
and analyzed the evolution law of the stress field and dis-
placement field of the deep working face adjacent to the
fault. When a working face with a thickness of 5 m was 35m
away from the fault, the maximum fault activation strength
was obtained. In terms of field monitoring, Michael et al.
[24] captured the precursor information of fault rockburst
by using microseismic monitoring and considered that the
surrounding rock often experienced 3-5 days of the energy
storage period before the occurrence of rockburst. Ma et al.
[25] studied the influence of fault activation on the vertical
zoning of overlying strata based on microseismic moni-
toring and stress inversion. He et al. [26, 27] analyzed the law
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of dynamic load release in the fault activation combined with
microseismic and stress data and established the evaluation
method of fault rockburst.

The above studies mainly focus on fault activation and
the occurrence of rockburst in the working face adjacent to
the fault. The stress evolution and vibration energy release
characteristics of fault planes are mainly analyzed. However,
research on the fault activation process caused by the
crossing fault mining in deep thick-coal seam and the
mechanical nature of rockburst has been rarely performed.
Based on the mining crossing NF6 fault in working face
14310 of Dongtan Coal Mine, theoretical analysis, micro-
seismic monitoring, and numerical simulation were per-
formed in this paper. The fault activation, vibration energy
release, and rock stress evolution law during the crossing
fault mining were analyzed, and the near-fault coal rock
system model of coal seam-roof-floor was established to
reveal the nature of rockburst induced by fault activation.
This study provides the guidance for the prevention and
control of rockburst in the crossing fault mining.

2. Microseismic Behavior Law of Crossing
Fault Mining

2.1. Overview of the Working Face. The working face 14310 of
Dongtan Coal Mine was located in the north of the No.14
mining area in Yanzhou, China. Working face 14310 was
adjacent to the goaf on the one side and solid coal in the
other side. No.3 coal seam was mined in the working face.
The coal seam structure was simple; the thickness was
7.4-10.2m, with an average of 9m; the strike length was
991 m; the inclined width was 263 m; the coal seam dip angle
was 0-6°, with the average of 3°; the buried depth of coal
seam was 582-615m, with an average of 605 m. The fully
mechanized sublevel caving technology was used for the
mining. The NF6 normal fault was developed along with coal
seam tendency and 629 m away from the open-oft cut in the
middle of the working face. The exposed drop of the
headentry was 2.8 m with an inclination of 57°, and the
exposed drop of the tailentry was 3.4 m with an inclination of
65°, as shown in Figure 2. The fault ran through the whole
working face along the strike with a large drop. Empirically,
when the mining was advanced close to the fault, the ground
pressure within 150 m before and after the fault was strong,
and the dynamic phenomena such as spalling and roof fall
were easy to occur.

2.2. Microseismic Source Distribution Law in Mining. The
microseismic system was installed in working face 14310 to
effectively capture the information of surrounding rock
fracture and fault activation. A group of geophones with a
frequency of 30-2000 Hz were arranged at an interval of
50 m from the open-off cut in the headentry and tailentry of
the working face, as shown in Figure 2. More than 6 geo-
phones were used to ensure the effective monitoring of the
movement of surrounding rock at the same time.

The microseismic sources were monitored during the
mining period from 300m to —50m from the fault in
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F1GURE 2: Plane figure of working face 14310.

working face 14310 and projected horizontally on the plane,
as shown in Figure 3 (due to a large number of microseisms,
only microseisms with energy greater than 100] were dis-
played). As shown in Figure 3(a), when the coal wall was
268 m-178 m away from the fault, the seismic source dis-
tribution was consistent with that without the fault in front
of the working face, that is, low-energy microseisms
accounted for the majority in front of the working face front
and goaf. The seismic source distribution was 81 m outside
the transportation roadway of the working face, 104m
outside the tailgate, and 139 m in front of the working face.
There was no seismic source near the fault, indicating that
the mining fault in this stage has not been activated. As
shown in Figure 3(b), when the coal wall was 178 m-155m
away from the fault, low-energy microseisms occurred near
the fault, and the seismic source position was on the fault
plane. In addition, a small amount of fault mud gushed from
the fault during the field investigation. It indicates that the
fault has begun to activate under the influence of mining, but
the activation degree was not significant. As shown in
Figure 3(c), when the coal wall was 155 m-62 m away from
the fault, there were microseisms on the hanging wall and
footwall of the fault and the fault surface. The frequency and
energy of microseisms near the fault increased, and there
were four microseisms with an energy greater than 5 x 10*].
It indicates that the fault was in continuous activation, and
the activation degree was gradually intensified. In addition,
the advanced influence range of normal mining in working
face 14310 was 139 m, and when there was a fault in front of
the coal wall, the advanced influence range was 196 m. The
source points farthest from the working face in Figures 3(a)
and 3(c) were generated when the working face was mined to
the green straight line position. Thus, the advanced influence
range of the working face was the distance from the green
straight line to the farthest focal point. When the fault was
formed, a large amount of tectonic stress (mainly horizontal
stress) accumulated on both sides of the fault. Under the
disturbance of mining, the fault stress had a sudden change
(the release of tectonic stress). Under the superposition of
mining stress, the possibility of inducing rockburst was
further increased. As shown in Figure 3(d), when the coal
wall was 62m-18m to the fault, a large number of mi-
croseisms appeared near the fault, and the proportion of
high-energy microseisms increased significantly. It indicates
that the activation degree of the fault increased again. The
same conclusion was also obtained from the monitoring
results of borehole stress at 4.5 m away from the fault in the
tailentry, as shown in Figure 4. During the four consecutive
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FIGURE 3: Microseismic distribution in working face 14310 (June 20 to August 20). (a) The distance between the working face and fault is
268 m-178 m. (b) The distance between the working face and fault is 178 m-155 m. (c) The distance between the working face and fault is
155m-62m. (d) The distance between the working face and fault is 62 m-18 m. (e) The distance between the working face and fault is
18 m-0m. (f) The distance between the working face and fault is 0 m-16 m. (g) The distance between the working face and fault is

16 m-51 m. (h) Legend.
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FIGURE 4: Borehole stress monitoring results.

days (from August 3 to August 6), the fluctuation of
borehole stress data was extremely strong, and the phe-
nomenon of sudden increase and drop of stress was sig-
nificant, which was also the result of unbalanced release of
fault activation stress. At this stage, the fault was close to the
coal wall, among which the rock mass acted as the coal pillar
due to the cutting effect of the fault. The rotary subsidence of
overlying strata compressed the fault coal pillar and induced
a large number of and high-energy microseisms, which
greatly increased the possibility of rockburst. As shown in
Figure 3(e), when the coal wall was 18 m-0 m to the fault, the
high-energy microseisms decreased, but there were still 8
high-energy microseisms (in coal mine engineering practice,
microseisms with energy greater than 5x10*] were often
referred to as high-energy microseisms), and all the sources
were near the fault plane. This is because the working face
was close to the fault, and the fault has been activated for a
long time. Under the influence of mining, the relative

movement trend of the hanging wall and footwall of the fault
increases, which may induce the rockburst. As shown in
Figure 3(f), when the working face passed through the fault
of 0-16m, the frequency and energy of microseisms de-
creased significantly; there were three high-energy micro-
seisms, which may be caused by the residual stress of fault
activation. As shown in Figure 3(g), when the working face
passed through the fault of 16-51m, the microseisms
returned to be normal, and the safe crossing fault mining has
been realized in the working face.

2.3. Periodic Appearance Law of Microseisms. Figure 5 shows
the microseismic periodic curve of working face 14310. It
can be seen that the frequency and energy amplitude of
microseisms has a significant stage change. Based on this,
fault activation can be divided into three stages: (1) fault
stress transfer: due to the large tectonic stress near the fault,
when the working face was far away from the fault
(155m-62m), the tectonic stress mainly composed of
horizontal stress was gradually released and transferred.
Under the influence of mining, the stress of coal and rock
mass between the working face and the fault accumulated,
and the frequency and energy amplitude of microseisms
increased compared with normal mining. In this stage, the
frequency and energy of microseisms fluctuated to a certain
extent, but they were still dominated by small-energy mi-
croseisms. Therefore, the fracture of the coal and rock at this
stage belonged to the microfracture. (2) Fault pillar stress
behavior: the distance between the fault and working face
decreased with the mining (62m-18m). In addition, the
fault cutoff the continuity of the coal seam and roof, and the
fault pillar was formed. Under the joint action of mining,
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FIGURE 5: Stage curve of microseisms in fault-crossing mining.

fault activation, and fault pillar, yield failure occurred and
large energy was released. Therefore, the frequency and
energy amplitude of microseisms significantly increased
compared with that in the stage of fault stress transfer, and
the impact risk was increased. In addition, the frequency and
energy of microseisms increased sharply and decreased
sharply. For example, the frequency and energy of micro-
seisms on July 30 were greatly reduced and then increased
again. It is speculated that the energy storage of coal and rock
mass often occurred before the high-energy microseisms. (3)
Fault structure activation: when the working face was close
to the fault (18 m-0m), the movement of the fault plane was
enhanced under the long-term activation. The support
pressure transmitted to the fault planes overlapped with the
tectonic stress near the fault, which may overcome the
friction resistance of the fault planes, and the hanging wall
and footwall of the fault were forced to move relatively. The
microseismic frequency and energy amplitude were me-
dium, and the instability tended to increase. This may be
caused by the friction and sliding of local coal and rock mass
due to the serious activation of fault structure. The daily
average vibration frequency and daily vibration energy of the
three stages were compared as follows: 55 and 179187 in the
stage of fault stress transfer, 85 and 44382 ] in the stage of
fault pillar stress behavior; and 66 and 34507 J in the stage of
the fault structure activation stage. Therefore, the strength of
the induced rockburst in the three stages was ranged in the
descending order: fault pillar stress behavior, fault structure
activation, and fault stress transfer. This finding can be used
to guide the investment in the prevention and control of
rockburst.

2.4. Fault Activation Correlation and Its Influencing Factors.
In the previous study, Zhu et al. [28] found that FL37 normal
fault passed through coal seam and was 625 m away from the
open-off cut in the middle part of working face 230IN
(adjacent to the goaf, the width of the coal pillar was 3.5m)
in Xinjulong Coal Mine of Heze, China. This fault had a drop
of 5-6 m. The coal thickness of the working face was 9.2 m,
the dip angle was 3°, the buried depth was 760 m, and the
roof was composed of siltstone with a thickness of 9.5m.
Affected by the syncline structure, the horizontal tectonic
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stress of the Xinjulong minefield was large, and the abutment
stress was 37.6 MPa. The results of microseismic monitoring
showed that the maximum activation distance of FL37 fault
was 275m. In other studies, Jiang et al. [29] reported that
NH72 normal fault existed in working face 1409 (adjacent to
the goaf, sectional coal pillar width of 5m) in Huafeng Coal
Mine, Xinwen, China. The drop of fault was 3.1 m-5.7 m, the
coal thickness of the working face was 6.2 m, the dip angle
was 7°, and the buried depth was 900 m. The coarse-grained
sandstone and mudstone were interbedded in the roof with
high hardness. The results of microseismic monitoring
showed that the maximum activation distance of the NH72
fault was 350 m.

The working face 14310 of Dongtan Coal Mine was also
adjacent to the goaf, and the width of the coal pillar was
3.5m, which had similar features as the above working face.
The drop of the NF6 fault was 2.8m-3.4m, the coal
thickness of the working face was 9 m, the dip angle was 3°,
and the buried depth was 605 m. The roof was composed of
siltstone and medium-grained sandstone with a thickness of
more than 20 m. Microseismic monitoring results showed
that the maximum activation distance of the NF6 fault was
178 m. Comparing the fault activation laws of Dongtan Coal
Mine and Xinjulong Coal Mine, it can be seen that the
mining depth and fault drop of Xinjulong Coal Mine were
larger than those of Dongtan Coal Mine, and other factors
were similar. It indicates that fault activation was affected by
fault drop and buried depth of coal seams (expressed as in
situ stress). Through the comparison of fault activation law
in the two mines, the mining thickness of working face 14310
in Dongtan Coal Mine was larger than that in working face
1409 of Huafeng Coal Mine, and the fault drop difference
between the two working faces was not obvious. However,
the fault activation distance of Dongtan Coal Mine was
172 m smaller than that of Huafeng Coal Mine. Although the
fault drop and mining depth of 1409 working face in
Huafeng Coal Mine were larger than those in working face
14310 of Dongtan Coal Mine, there may be other factors
affecting the fault activation, such as the hardness and
structure of roof and floor strata. Huafeng Coal Mine was a
typical “three hard” (hard coal seam, hard roof, and hard
floor) strata structure. The roof was a huge thick con-
glomerate. When the fault was formed, the thick and hard
bedrock can accumulate more tectonic stress. Under the
influence of mining, the stress release intensity of the fault
was large, resulting in the maximum fault activation dis-
tance. Through the comparison, except for the thickness of
the coal seam and roof strata structure, other conditions
were similar in Xinjulong Coal Mine and Huafeng Coal
Mine. However, the fault activation distance of the Xinju-
long Coal Mine was 75 m, which was smaller than that of the
Huafeng Coal Mine. It indicates that the mining thickness of
coal seam also has a certain influence on fault activation. In
conclusion, the maximum activation distance of the mining-
induced fault is affected by many factors, such as roof
structure, coal thickness, fault drop, and mining depth. The
influence degree of each factor on fault activation needs to be
studied, and it is speculated that roof structure has a greater
influence on fault activation.
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3. Stress Evolution Law of Rock Mass under
Crossing Fault Mining

3.1. Establishment of the Numerical Model. The evolution
law of stress and displacement of rock mass adjacent to the
fault can effectively reflect the activation characteristics of
fault structure [30]. In this section, the activation char-
acteristics of the fault were analyzed according to the
evolution law of fault stress and displacement field at
different advancing positions, and the accuracy of the
microseismic monitoring results in the previous section
was verified. Based on the mining in working face 14310
crossing the NF6 fault, FLAC 3D software was used to
establish the numerical model. The size of the model was
502.9m (length) x360m (width) x 140.5m (height). The
fault plane was simulated by the contact surface, and both
sides of the contact surface were allowed to squeeze and
stagger. The fault dip angle was set at 60°, and the drop was
3.2m. The four sides and the bottom of the model were
fixed constraints. The top of the model was applied with a
uniform load of 11.5 MPa. The horizontal stress of 9.5 MPa
and 19.5 MPa was applied in X and Y directions, respec-
tively. The Mohr-Coulomb vyield criterion was used for the
calculation. In the establishment of the model, some thin
strata were incorporated. Table 1 shows the physical and
mechanical parameters of surrounding rock, and Figure 5
shows the detailed model. Before calculation, three stress
and displacement monitoring points were set on the fault
plane in the middle of the Y-axis of the model. Precisely,
there were two roof monitoring points with a vertical
distance of 30 m (monitoring point a) and 10m (moni-
toring point B) to the coal seam, and one bottom plate with
avertical distance of 10 m (monitoring point C) to the fault.
Figure 6 shows the established numerical model.

3.2. Results and Discussion. Figure 7 shows the abutment
stress evolution in the middle of the working face from 60 m
to —40 m from the fault, and the positive and negative values
represent the distance from the coal wall to the fault and
passing through the fault. When the coal wall was 60 m away
from the fault (Figure 7(a)), the fault has been activated, but
the stress concentration was not high, and the hanging wall
stress distribution was not affected; when the coal wall was
40 m away from the fault (Figure 7(b)), the vertical stress of
the fault pillar and fault plane increased, and the stress
isoline was distributed along the fault plane. It indicates that
the fault plane has cutoff the stress transmission to a certain
extent, showing the significant blocking effect of the stress.
This phenomenon still existed in subsequent mining
(Figures 7(c)-7(f)). When the coal wall was 20 m away from
the fault (Figure 7(c)), the stress in the fault pillar increased
again. This indicates that both fault activation and roof
gravity have a great influence, which is consistent with the
results of microseismic monitoring. When the working face
was advanced through the fault (Figure 7(d)), the stress
concentration near the fault decreased, and the fault pillar
disappeared, and the fault stress was released to a large
extent. After the working face was advanced through the

fault (Figures 7(e) and 7(f)), the stress distribution gradually
returned to normal and the rockburst risk decreased.

Figure 8 shows the vertical stress and displacement curve
of monitoring points when the working face was advanced to
different positions. It can be seen that both stress and dis-
placement increased significantly after the working face was
advanced to 60 m from the fault. It indicates that the fault
activity was obviously enhanced at this time, which is
consistent with the results of microseismic monitoring (in
actual mining, a large number of high-energy microseisms
appeared near the fault after the working face was 62 m away
from the fault). In addition, the stress and displacement of
monitoring points in the roof were more significant than
that in the floor, indicating that the mining activation degree
of the roof was greater than that of the floor. When the
working face was about 20 m away from the fault, the stress
value of the monitoring point reached the maximum, and
the displacement change rate (displacement curve slope)
also reached the maximum synchronously. It indicated that
the fault activation degree was the largest at this moment.
After the working face passes through the fault, the stress
and displacement of the monitoring point gradually tended
to be stable, and the impact risk was reduced.

4. Mechanism of Rockburst Induced by
Fault Activation

4.1. Conceptual Model. The fault is the product of geological
movement. When the fault is formed, a large amount of
tectonic stress which is mainly composed of horizontal stress
accumulates in the hanging wall and footwall. When the
fault is not affected by mining, the fault is in a mechanical
equilibrium state. After the fault activation, the stress is
released and superimposed with the mining stress.
According to the periodical appearance law of microseisms
in the working face and the summary of field investigation,
three conceptual models are proposed for the mechanism of
rockburst induced by fault activation in different stages, as
shown in Figure 9.

(1) Model A: As shown in Figure 9(a), in the stage of the
fault stress transfer, under the influence of mining,
the fault is activated, and the accumulated horizontal
stress near the fault is forced to transfer to the mining
space. The strength of fault stress transfer is con-
trolled by mining intensity, coal seam thickness, and
fault mechanical properties. Fault stress is mostly
transferred in the form of dynamic load and
superimposed with the advance support pressure of
the working face, which may trigger burst failure of
rock mass in the local and critical stable state. In this
stage, the distance between the working face and the
fault is relatively far, and the fault stress transfer is
accompanied by a certain degree of attenuation, so
the strength of rockburst is usually small, and the
location of rockburst mostly occurs in the peak stress
area in front of the working face.

(2) Model B: As shown in Figure 9(b), in the stage of
fault pillar stress behavior, the fault pillar is formed
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TaBLE 1: Physical and mechanical parameters of surrounding rock.
Location Litholo Thickness ~ Shear modulus  Bulk modulus Density Cohesion Internal friction
gy (m) (GPa) (GPa) (kg-m_3) (MPa) angle (")

Main roof Medium-grained 4874 13.12 15.71 2500 5.4 35
sandstone

irononfledlate Siltstone 21.67 4.64 4.38 2600 11 33

Working face Coal seam 9.00 0.38 0.55 1350 0.9 29

Immediate Medium-grained 21.59 13.12 15.71 2500 5.4 35

floor sandstone

Main roof Coarse-grained 39.50 15.65 19.24 2700 6.5 37
sandstone

140.5m

9%
3500] =0

B Immediate roof
M Main roof

B Main floor
B Immediate floor
M Coal seam

F1GURE 6: Numerical simulation model.

due to the fault cutting off the continuity of the coal
seam and roof and floor. Under the double action of
rotary subsidence of the roof rock and advance
support pressure, the static load stress of the fault
pillar is highly concentrated. With the continuous
decrease in the width of the fault pillar, the accu-
mulated elastic energy in the coal pillar is much
greater. At this time, the dynamic load of fault ac-
tivation is superimposed with accumulated elastic
energy. Under the influence of multiple factors, the
fault pillar is prone to rockburst with a large damage
degree. Therefore, this stage is the key to fault
rockburst prevention and control.

(3) Model C: As shown in Figure 9(c), in the stage of
fault structure activation, the distance between the
fault and the working face is small. In addition, the
fault has experienced long-term activation, the
sliding property of the cross-section is enhanced, and
the relative movement trend of the hanging wall and
footwall of the fault increases under the action of
roof pressure, resulting in the increasing risk of
rockburst. In this stage, the rockburst strength is
larger than that in the stage of the fault stress transfer
and is smaller than that in the stage of the fault pillar
stress behavior. The location of rockburst mostly
occurs near the fault.

4.2. Mechanical Mechanism. According to the conceptual
model of rockburst induced by fault activation, the rockburst
carrier system model of “roof-coal seam-floor” near the fault
was established, as shown in Figure 10. When coal seam is
mined near the fault, the fault pillar bears the high static
load, and its stress-strain relationship is described by the
curve on the right side in Figure 10. Meanwhile, the roof and
floor are regarded as complete surrounding rock, and its
stiffness and strength are far greater than that of coal seam,
and its load-bearing stress-strain relationship is described by
the curve on the left side of Figure 10.

Under the action of the static load (o), when the coal
seam in the postpeak stage (DE) produces strain increment
Ag,, the corresponding strain increment Ag, in surrounding
rock of the roof and floor is

Ag, = & Ag,, (1)
ky
where k, is the prepeak loading stiffness of surrounding
rock, and k, is the postpeak unloading stiffness of coal seam.
Therefore, the total strain increment Ae of the roof-coal
seam-floor system is as follows:

k, +k,

Ae = Ag; + Ag, = Ae,. (2)

1

Among them, the ratio of coal seam strain increment to
system overall strain increment is
Ae, Kk

Ae  ky+k,

(3)

When k; + k, = 0, the stress state of the coal rock cor-
responds to point S; in Figure 10. At this time,
Ae,/Ae — 00, and the rockburst is started. As the coal
impact damage gradually decreases, the roof-coal seam-floor
system gradually reaches a new balance, corresponding to
point S in Figure 10. Finally, the rockburst process ends.

The energy forms in the abovementioned impact process
include the consumption of energy by coal seam before the
burst (U$;,), the consumption of elastic energy stored in coal
seams during the burst process (US, ), the consumption of
the elastic energy released by coal seam to surrounding rock
during the burst process (URIS p)> the residual elastic energy
released by the system during the burst process (Uy), the
elastic energy released by surrounding rock during the burst
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FIGURre 7: Distribution of vertical stress during fault-crossing mining (MPa). (a) 60 m. (b) 40 m. (c) 20 m. (d) 0 m. (e) —20 m. (f) —40 m.
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FIGURE 9: Conceptual model of rockburst induced by fault activation. (a) Model A. (b) Model B. (c) Model C.

process (UX), and the residual elastic performance stored in
coal seam after the burst process (Up).

When the rockburst carrier system of “roof-coal seam-
floor” near the fault is superimposed with the dynamic load
of fault activation (o), compared with the impact energy
release (Uy) under the static load, the energy release (AU})
increases, as shown in Figure 10. At this time, it is equivalent
to that the stiffness of surrounding rock is reduced from k, to
k{, and the starting position of impact is advanced from S, to
S,. In addition, the dynamic loading mode of fault activation
is equivalent to cyclic loading and unloading, leading to
permanent deformation of the coal body. Therefore, when
the action time of dynamic loading is long enough, for the
coal in the stress state S, under the superimposed dynamic
loading, the impact condition similar to the stress state of S,

under the static loading can be started. In a word, the
mechanism of fault rockburst can be summarized as the
superposition of the high static load of the fault pillar and
dynamic load of fault activation. The high static load of the
fault pillar is caused by the action of the advanced pressure
and roof structure.

5. Monitoring and Prevention of Rockburst
Induced by Fault Activation

5.1. Monitoring and Prevention Measures. According to the
fault activation mechanism, the monitoring and prevention
of fault rockburst should be carried out from the monitoring
and characterization of fault rockburst and attenuation of
the high static load of the fault pillar and dynamic load of



Advances in Civil Engineering

AStress o

Dynamic load

Strain ¢ Aep O Ag,  Straine
Ug m U,
B8 USp = Uy
B8 Uy S AU
I Upy,
Figure 10: The mechanism of rockburst induced by fault

reactivation.

fault activation. To monitor the static load of the fault pillar,
the stress and fracture information between the fault and
working face can be directly obtained by the drilling cuttings
method, borehole stress, microseismic monitoring, surface
displacement, and other conventional methods; roof
movement and overlying rock structure evolution infor-
mation can be inferred by using support working resistance
monitoring, and coal pillar static load information under the
coupling effect of the fault and roof structure can also be
obtained indirectly. To monitor the dynamic load of fault
activation, the microseismic monitoring method is mainly
used. Large diameter borehole pressure relief, deep hole
pressure relief blasting, and roadway reinforcement support
can be used to prevent and control high static load of the
fault pillar. To prevent and control the dynamic load of fault
activation, methods such as large diameter borehole pressure
relief and water injection can be used to directly reduce the
cohesive force and friction angle of the fault plane, so as to
weaken the release strength of the dynamic load of fault
activation. Besides, the mining speed of the working face can
be controlled to reduce the intensity of fault disturbance. In
addition, reinforcement support is also an effective in situ
anti-impact method, which can provide higher lateral
constraints for the roadway side and improve the com-
pression strength and anti-impact ability of coal in the fault
area. Based on the above concept and technology of erosion
prevention, a microseismic system was installed before the
mining of working face 14310 to monitor the fracture in-
formation of surrounding rock during the mining, and the
following prevention measures were implemented.

5.1.1. Coal Seam Water Injection. Before mining, six water
injection drilling fields were arranged in roadways with a
spacing of 90 m. Six boreholes were arranged in a single row
along the coal seam in a radial manner. The horizontal angle
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of the boreholes was 25°, the depth of the boreholes was
75m, the diameter of the boreholes was 100 m, the high-
pressure water injection pressure was 16 MPa, and the static
pressure water injection pressure was 5MPa. After water
injection, the measured value of water content of coal in-
creased from 5.4% to 8.9%, and the effect of water injection
was significant.

5.1.2. Large Diameter Borehole Pressure Relief. When the
working face was 350 m away from the fault, large diameter
boreholes were used to relieve pressure in the mining
roadway 150 m in front of the fault and 80 m behind the
fault, with a hole diameter of 130 m, a hole depth of 25m,
and a spacing of 2m. After pressure relief, the roadway in
this range was reinforced by adding a bolt between the
original two bolts.

5.1.3. The Reduction of the Mining Speed. When the distance
between the working face and the fault was 150 m, the
mining speed of the working face was adjusted from
5.8-7.6m/d to 3.8-4.5m/d, and the mining was kept at a
constant speed. When the working face was 60 m away from
the fault, the mining speed was strictly controlled below
3.5m/d. In addition, the drilling cuttings method was used
to detect the 100 m roadway in front of the working face in
real time. Only when the amount of drilling cuttings did not
exceed the standard, the working face can continue to
advance.

5.2. Prevention and Control Effect. When the working face
was 175m away from the fault, the microseism with the
vibration energy of 8.28 x 10*] was detected by the micro-
seismic system. The roadway side displacement of the tai-
lentry was obvious at about 35 m in front of the working face.
The floor heaved, the belt frame was lifted, and part of the
bolts failed, as shown in Figure 11. There was no major
equipment damage or casualties in this incident, but it
played a warning role for the subsequent mining of the
working face. Besides, it is shown that the intensity of
rockburst can be reduced effectively by adopting water in-
jection in the early stage of coal seam. After that, the large
diameter borehole pressure relief and mining speed re-
duction measures were implemented in the working face.
When the working face was pushed to about 75 m away from
the fault, the microseismic system detected three consecutive
vibration events with energy greater than 10*J near the fault.
Almost no deformation and failure occurred in the roadway,
and the mining production was not affected. It shows that
the measures of large diameter borehole pressure relief and
the reduction of the mining speed can be used to effectively
improve the pressure behavior of roadway and mine pres-
sure. In addition, the combination of water injection in coal
seam before the mining, large diameter borehole pressure
relief, and the reduction of the mining speed can effectively
control the fault-type rockburst hazard. Finally, safe crossing
fault mining was realized in working face 14310, and the goal
of earthquake prevention and disaster-free was achieved.
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FIGURE 11: Damaged condition of the roadway.

6. Conclusions

To reduce the frequency of rockburst in the fault area, the
research on fault activation law and the rockburst induced
mechanism in the deep working face of the crossing fault
mining was carried out by theoretical analysis, microseismic
monitoring, numerical simulation, and engineering practice.
Besides, the prevention concept and technical measures were
put forward for preventing such rockburst. The main re-
search conclusions are as follows:

(1) Based on the microseismic source location, fre-
quency, and energy behavior law during fault-
crossing mining, the distance between the working
face and fault is used to divide the fault activation
degree into three stages: fault stress transfer, fault
pillar stress behavior, and fault structure activation.
It is found that in the stage of fault pillar stress
behavior, there is the largest possibility of impact
disaster with the highest intensity. This finding is also
verified by numerical simulation. Combined with the
engineering practice, the influence factors of fault
activation degree are compared and discussed.
Among many factors, roof structure of the rock mass
has a greater influence on fault activation distance.

(2) Combined with periodic appearance law of micro-
seisms in the fault area, mining stress distribution
law, and related field investigation, conceptual
models of fault-type rockburst in three types are
proposed. Besides, based on the rock mechanics
theory, the rockburst carrier system model of “roof-
coal seam-floor” in the fault area is established. The
mechanical essence of fault-type rockburst is ob-
tained as follows: under the action of fault structure,
the static load of the fault coal pillar is increased and
superimposed with the active dynamic load of the
fault, leading to high-strength impact disaster.

(3) Based on the induced mechanism of fault rockburst,
the concept of fault rockburst monitoring and
prevention is proposed. Specifically, the monitoring
and prevention of fault rockburst should start from
two aspects: the monitoring and characterization of
fault rockburst and the weakening control of the high
static load and fault dynamic load of the fault coal
pillar. In addition, the targeted technical measures
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are proposed. The engineering practice in 14310
working face of Dongtan Coal Mine has proved that
the concept has a significant effect on the prevention
and control of fault-type rockburst.

Nomenclature

Ag;:  Strain increment in surrounding rock of the roof and
floor
Ae,:  Strain increment in coal seam
Age:  Total strain increment of the roof-coal seam-floor
system
k,:  Prepeak loading stiffness of surrounding rock
k,:  Postpeak unloading stiffness of coal seam
US$p: Consumption of energy by coal seam before the burst
: Consumption of elastic energy stored in coal seams
during the burst process
: Consumption of elastic energy released by coal seam
to the surrounding rock during the burst process
Ug:  Residual elastic energy released by the system during
the burst process
UX:  Flastic energy released by the surrounding rock
during the burst process
Up:  Residual elastic performance stored in the coal seam
after the burst process
AUy: Increase of energy release.
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