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Abstract: It is well accepted that faults have significant impacts on the safe production of underground
coal mines; however, the fault-slip mechanism during longwall mining through a fault still needs to
be investigated. In this study, the distribution of microseismicity events during panel mining through
a fault is analyzed, and 3-dimensional fast Lagrangian analysis of continua was used to study the
mining stress distribution and fault-slip behavior under the two different mining directions, i.e.,
mining the panel through the fault from the footwall, or mining the panel through the fault from the
hanging wall. The research shows that when the panel is mined through the fault from the footwall,
the shear displacement of the fault is significantly greater than those created by mining the panel
through the fault from the hanging wall. Under the two mining directions, the variation behaviors of
the normal stress and shear stress on the fault are quite different, and fault-slips mainly occur in fault
areas where the normal stress decreases. When mining the panel through the fault from the footwall,
the slip mainly occurs in the coal-seam roof fault, and when mining the panel through the fault from
the hanging wall, the slip mainly occurs in the coal-seam floor fault. According to the variations in
the normal stress and shear stress of the fault during the period of mining the panel through the fault,
the mechanism of the fault slip can be divided into three categories. 1: Normal stress and shear stress
decrease abruptly, but the reduction of the normal stress is greater than that of the shear stress. 2: The
normal stress is continuously reduced, the shear strength of the fault is decreased, and the shear stress
is suddenly increased. 3: Both the normal stress and the shear stress increase, but the increase in the
shear stress is greater than that of the normal stress. These research results can provide a reference for
the layout of panels and for fault-slip-induced disaster prevention under similar conditions.
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1. Introduction

With the rapid development of the Chinese economy, the coal demand and production capacity
continue to grow, and the world’s coal production reached 5,481 million tons in 2017. Of this amount,
2,541 million tons of coal was produced in China, accounting for 46.4% of the world’s total coal production.
China’s annual coal consumption accounts for 50.7% of the world’s total coal consumption, making it
the largest coal consumer in the world [1]. With the continuous deepening of the coal mining depth and
the continuous expansion of the production scope, the geological conditions of coal mines are becoming
increasingly complex. Especially in east China, north China, central China, and southwest China, most
coal mine fault structures have become well developed. The mining activities of many mines have been
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transferred from simple mining areas in the early stage to complex mining areas. The in situ stresses of
the coal seam have increased, and geological structures such as faults and folds are widely distributed.
Therefore, mining under complex conditions is very common in these areas [2—4].

The fault structure has a great influence on the mining design, panel layout, safety, production,
mining technology, and mine output. Production practices and monitoring analysis show that faults
near the panel have an essential impact on the mining stress and dynamic phenomena [5]. Affected by
the DF4 fault, the energy level and frequency of microseismicity events in the Gucheng coal mine of
Shandong Province increased significantly, and multiple rockbursts occurred. Of the 50 rockbursts
in the Longfeng coal mine, 36 (72%) occurred in the roadway near the fault, and 31 (62%) occurred
in the roadway within a range of 5 ~ 25 m from the fault [6]. The Panel 2408 of the Huafeng coal
mine is buried approximately 700 m deep. 150 m above the coal seam is a thick conglomerate layer,
the rock layer thickness is 550 m, and the uniaxial compressive strength of the conglomerate layer
reaches 80 MPa. The 2408 panel is intersected by a normal fault with a throw of 4 m. When the panel
was mined through the fault 50 m, the strenuous movement of the thick conglomerate layer caused a
longwall shield collapse accident that was accompanied by water inrush from the roof.

To better understand the mechanism of fault-induced underground mine disasters, many studies
have been carried out. Wang used a similar material simulation method to study roof breakage
and movement under the influence of faults. The research showed that fault break the integrity of
the roof, resulting in more violent roof movement [2,3]. Ortlepp et al. [7-9] used microseismicity
monitoring technology to analyze the microseismicity events in a mine. The research showed that
most high-energy microseismicity events are caused by a fault slip. Pan [10] preliminarily explained
the intermittent occurrence of fault rockbursts by establishing a stick-slip instability model. Song [11]
studied the transient process of a joint sliding rockburst by conducting direct shear friction tests with
a biaxial servo-controlled rock testing system. Theoretical analysis and physics-based experimental
methods have advantages in establishing fault instability models and analyzing fault-slip behaviors,
but to analyze the influence of faults on the stope in engineering, the numerical simulation method
has obvious advantages because many geological and engineering factors need to be considered,
such as the nature of the fault zones, the ground stress distribution, and the spatial extent of mining.
Therefore, many scholars have used numerical simulation methods to study the effects of the fault
dip, length, and physical and mechanical parameters on the mining stress distribution and fault-slip
characteristics [12-16]. Studies show that the characteristic parameters of faults have a significant
impact on the distribution of mining stresses and the magnitude of fault shear slips.

The ore body of the Lucky Friday Mine was cut by faults, and the microseismic activity,
the surrounding rock movement, and the rockburst potential were significantly affected by the
faults. By establishing a numerical simulation model of the Lucky Friday Mine, Sainoki studied the
influence of fault-slip waves on the rockburst potential under mining activities. It is shown that the
shear movement of the fault significantly contributes to the increase in deviatoric stress around the
fault, thus suggesting damage to the rockmass and the generation of seismically active zones [17,18].
The research of Jiao [19] and Jiang [20] by numerical simulation shows that the existence of faults
increases the concentration of abutment stress in the stope, and the degree of the stress concentration is
positively correlated with the rockburst potential. Excavating orebodies will cause stress redistribution
and change the stress state of the faults near the stope. When the shear stress of the faults reaches the
peak shear strength, the slip of the faults will produce seismic waves and induce serious rockburst.
Therefore, it is impossible to accurately assess the impact risk of a stope by only studying the influence
of the fault structure on the distribution of the abutment stress and neglecting the influence of fault-slip
processes. Especially for some mines with a dense fault distribution, the panels must pass through faults
for recovery. The mining activities during the process of the panel crossing the fault cause continuous
disturbances to the fault, and the stress variation of the faults is very complicated. Moreover, if the
direction of the panel being mined through the fault is different, the stress variation of the fault is
also obviously different. Although the situation of a coal seam intersecting a fault and panel mined
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through the fault is very common in the field, research on the behaviors of faults and the mechanisms
of fault-slips during the mining of a panel through a fault is still insufficient. Therefore, Panel 14310 of
the Dongtan coal mine is taken as a case study, and FLAC3D numerical simulation software was used
to simulate the stress distribution and fault-slip behavior when mining the panel through a fault.
Panel 14310 has a depth of 540 m, a width of 230 m and a strike length of 800 m. The geological structure
of the panel is complicated, in which the NF6 normal fault intersects the panel with a dip angle of 60°
and a throw of 6 ~ 10 m. The panel is mined through the fault from the footwall, and microseismicity
events frequently occur as the panel crosses the fault. The slip mechanisms at different locations of the
fault are studied, and the influence of the mining direction is compared to find the connection between
the mining activity and fault-slips. The mining stress distribution and fault-slip behavior under the
influence of mining are studied, which provides a basis for controlling fault-slip disasters. It is also of
great significance to ensure the safe production of mines with dense fault distributions to increase the
coal production and ensure the energy supply.

2. Engineering Geological Overview and Microseismicity Data

2.1. Geological and Geotechnical Overview of Dongtan Coal Mine

The Dongtan coal mine is in Jining, Shandong Province, China, where the coal seam is nearly
horizontal. The mining technology is fully mechanized coal mining, and all panels in this mine use the
retreating longwall method to extract the coal seam. The mining coal seam has an average thickness
of 8 m. The fault structure in the minefield is developed and thus has a significant influence on the
roadway layout and safe production.

The average thickness of the coal seam of Panel 14310 is 8 m. The rock layer above the coal seam is
approximately 4 m of siltstone, and the rock layer above the mudstone is mainly siltstone and sandstone.
A typical geological column based on core logging is shown in Figure 1. The depth of the panel is 540 m,
the width is 220 m, and the strike length is 1000 m, and solid coal surrounds the panel. The geological
structure of the panel is complex, with the NF6 normal fault intersecting the panel at a dip angle of 60°
with a throw of 6 ~ 10 m. The panel is mined through the fault from the footwall, and the layout of the
panel is shown in Figure 2. The depth contours in Figure 2 are for the lower layer of the coal seam.

Lithology Thickness (m)
Sandstone 20
Siltstone 28
Sandstone 28
Siltstone 24
Sandstone 36
Mudstone 12
Siltstone 28
Sandstone 20
Siltstone 24
Mudstone 4
Coal 8
Mudstone 8
Siltstone 12
Sandstone 28
Siltstone 20

Figure 1. Typical geological column.
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Figure 2. Layout of Panel 14310 in the Dongtan coal mine.

2.2. Microseismicity Data

Underground rocks and coal strata are stressed by a large overburden pressure and tectonic
stresses. The sequence of mining excavation perturbs the initial stress field, which may trigger the
formation or re-opening and movement of fractures around the excavation openings and beyond,
manifesting as microseismicity activities. In this process, the stored strain energy in the immediate
vicinity of the event focal region is radiated. Most of the energy is dissipated through the plastic
deformation of rock material or transformed into heat or sound, while the remaining part is released in
the form of seismic waves and propagates in the subsurface. The induced vibration can be recorded
by detection probes and marked as one microseismicity event. In adverse geological environments,
the nucleation and connection of large numbers of neighboring microseismicity emissions may give
rise to the catastrophic failure of the rock mass in a violent manner, such as through rockbursts [21-23].

At the end of May 2010, the Dongtan coal mine began to install and operate the SOS (seismological
observation system) system, a microseismicity monitoring system developed by Poland. The system mainly
consisted of a central computer, a real-time monitoring recorder server, sensors, and a digital transmission
system. There were two main types of sensors: geophones and monitoring probes. The monitoring
frequency range of the single sensor was 0~150 Hz, with a sensibility of 110 Vm/s + 10%, sampling rate of
500 Hz, 2-bit A/D converter, response range of hundreds of meters, and minimum positioning energy of
100 J. The signal was converted into a digital signal by a digital transmission system, which transmitted the
data to a real-time monitoring recorder server or central computer via a cable.

Figure 3 shows the distribution of microseismicity events during the period of mining the panel
through the fault (=50 m < L < 100 m), where L is the distance of the working face from the fault.
When L is positive, the working face has not been mined through the fault, and when L is negative,
the working face has been mined through the fault. H represents the distance of the fault or rock layer
from the coal-seam roof. When H is positive, the fault or the rock layer is higher than the coal-seam
roof, and when H is negative, the fault or the rock layer is lower than the coal-seam roof. It can be
seen from Figure 3 that the microseismicity events occurred frequently during the mining of the panel
through the fault. The count and energy level of the microseismicity events on the roof are much
higher than those of the microseismicity events on the floor, and the microseismicity events with energy
levels greater than 5x10° J are concentrated near the fault. Two microseismicity events with energy
levels greater than 1e4 ] occurred near the roof of the fault during the mining of the panel through the
fault. Studies have shown that microseismicity event energy levels greater than 1 x 10* J can trigger
rockburst events [24-26]. The height H of the microseismicity event near the fault reaches 110 m, which
is much larger than the height of the microseismicity event in the complete roof layer.

Figure 4 displays a graph showing the total daily microseismicity energy and the count of
microseismicity events during the mining of the panel through the fault. It can be seen from the figure
that when the panel is greater than 40 m from the fault (L > 40 m), the daily microseismicity count
and the daily microseismicity total energy are small. When the panel is mined from L = 40 m to
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L =0m, the count of daily microseisms and the total daily microseismicity energy increase significantly,
indicating that the fault is affected by the mining and that the fault is active. The total daily energy of
the microseismicity reaches a maximum of 7.3 x 10* ] when L = 10 m, and the count of microseismicity
events on that day reaches 23. After the panel is mined through the fault, the total energy of the daily
microseismicity events and the count of microseismicity events are reduced.
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Figure 3. Distribution of microseismicity events during the period of mining the panel through the fault.
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Figure 4. Daily energy and count of microseismicity events during the mining of the panel through
the fault.

3. Methodology

3.1. Model Description

Taking Panel 14310 as a case study, two 3D mine-wide models encompassing the major geological
structures are constructed by means of FLAC3D code. FLAC3D is chosen because of its strength
in efficiently simulating a large-scale and multiple-excavation model. To compare and analyze the
distributions of the mining stress and fault-slip mechanisms during the panel mining through fault
under different advancing directions, two numerical simulation models are established. In model
1, the panel is mined through the fault from the hanging wall, and in model 2, the panel is mined
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through the fault from the footwall. The two models are both 790 m long, 520 m wide and 300 m high,
and the dimensions of the two models and the excavation range of the panels are as shown in Figure 5.
The dimensions of the model are determined while considering the following two aspects: minimizing
the model boundary effect on the deformation and stress of the geological structure and maintaining
the computation time within a realistic range. The distance between the panel and the boundary of
the model is not less than 100 m. The buried depth of the simulated coal seam is 540 m, and the
unsimulated rock layer above the model is replaced by an equivalent load of 8§ MPa. The unit weight
of the unsimulated rock layer is assumed to be 0.025 MN/m? [27]. Previous research done by EM.
Anderson [28] shows that the maximum principal stress o in the normal fault is in the vertical direction
and can be caused by the gravity of the rock stratum or vertical crustal movement. The normal fault in
the coal-bearing stratum is mainly formed by gravity. The field stress measurement in the Dongtan coal
mine shows that the maximum principal stress of the NF6 normal fault is vertical stress. The minimum
principal stress o3 is the horizontal stress perpendicular to the direction of the fault, and o3 is 0.6 times
01. The maximum principal stress o, is the horizontal stress parallel to the direction of the fault, and o,
is 0.8 times ¢01. Thus, in the two calculation models, the horizontal-to-vertical stress ratios are set to
0.6 and 0.8, respectively, in the x- and y-directions according to the in situ stress measurement.

Hanging wall mining

. N Mini irecti
direction model inineCictioy

—

Footwall mining

direction model Miningdirgcrion
h

*N

Figure 5. Numerical model.

3.2. Mechanical Properties of Rockmass

The properties of the rockmasses in the mine were estimated based on the complete rock properties
and the generalized Hoek-Brown failure criteria [29]. The mechanical parameters of the rock specimens
and rock mass are shown in Table 1. Because it is generally difficult to estimate the values of ¢, and ¢,
of a strain-softening model, in many previous ground control studies of coal mining, strain-softening
models with assumed ¢, and ¢, values were employed. The assumed residual-to-peak cohesion ratio
ranges from 1/2 [30] to 1/40 [31]. Based on this information, we considered a reasonable ratio of 1/5 in
the current study.
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Table 1. Rock mass properties.

Lithology E; (GPa) v C (MPa) o (MPa) @ (deg.) ¢ (MPa) & (%)
Sandstone 10.5 0.22 3 0.62 34.5 0.6 0.01
Siltstone 6.7 0.24 2.1 0.37 31 0.42 0.01
Mudstone 2.9 0.28 1.2 0.2 29 0.24 0.01
Coal 1.1 0.34 0.9 0.12 26 0.18 0.01

E; is the elastic modulus, v is Poisson’s ratio, C is the cohesion, o; is the tensile strength, ¢ is the friction angle, ¢, is
the residual cohesion, ¢, is the plastic parameter at the residual strength.

3.3. Mechanical Model for Fault

The simulated fault dip is 60°, with a throw of 8 m. The fault is simulated using the interface
contact surface command. The contact surface is an element with no thickness, and the constitutive
model is a Coulomb shear model. For the Coulomb sliding contact surface elements, there are two
states: intact and broken. According to the Coulomb shear strength criterion, the shear force Fgyqx
required for the relative sliding of the contact surface can be obtained as [32]:

Fsmax = CifA + F, tan(pf (1)

where cj is the contact surface cohesion; A is the area represented by the contact surface node; ¢y is the
friction angle of the contact surface node; F;; is the normal force; and u is the pore pressure.

When the shear force on the contact surface is smaller than the maximum shear force (|Fs| < Fs;ax),
the contact surface is in the elastic stage. When the shear force on the contact surface equals the
maximum shear force (|Fs| = Fspayx), the contact surface enters the plastic stage.

As an interface is used to model the fault, the shear and normal stiffness of the fault need to be
considered. The shear and normal stiffness of the fault are set at two-tenths of the shear modulus
and elastic modulus of the surrounding rockmass due to the cracks and fractures that exist in the
fault zones [33,34]. Thus, the shear and normal stiffness of the fault are 0.54 x 10° and 1.34 x 107,
respectively. In most cases, the cohesion and tensile strength of the fault are very small, so they are set
to 0. The basic friction angles of typical rock joints fall between 21° and 38° [35]. Considering the data,
the friction angle of the fault is set at 25°, and therefore the frictional coefficient tang is 0.47.

4. Evolution Behavior of the Abutment Stress under Different Mining Directions

Mining practice proves that the induction of rockbursts is closely related to the distribution of
the abutment stress and its dynamic evolution. In general, areas with a high degree of concentrated
stress tend to accumulate a large amount of elastic strain energy, and the potential for a rockburst is
higher. Therefore, according to numerical calculation, the abutment stress distribution of the stope is
simulated, and the evolution of the advance abutment stress during mining is analyzed.

Figure 6a shows the distribution of the abutment stress and the plastic zone when L = 50 m,
L =20 m and L = 0 m when the panel is mined through the fault from the footwall. It can be seen
that the fault has an obvious influence on the destress area. The area in the black line is the destress
area, which represents the area where the stress after mining is less than the initial stress. Due to the
influence of the fault tendency, when the panel is mined through the fault from the footwall, the fault
has an obvious influence on the destress area. The footwall of the fault is in the destress area, and the
fault inhibits the development of the destress area towards the hanging wall. When L =50 m, L =20 m
and L = 0 m, the height of the plastic zone on the fault side roof is 56 m, 80 m, and 88 m, respectively.
The height of the plastic zone development increases significantly as the distance between the working
face and the fault decreases. When the panel is mined to the fault location, the mining activity causes a
large-scale plastic zone in the footwall rock mass and hanging wall rock mass.

Figure 6b shows the distribution of the abutment stress and the plastic zone when L = 50 m,
L =20 m and L = 0 m when the panel is mined through the fault from the hanging wall. It can be seen
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that the destress area of the stope is little affected by the fault, and the range of the destress area of the
roof is similar to that of the complete roof. The development height of the plastic zone of the fault side
roof remains unchanged with the advancement of the working face by 56 m. When the panel is mined
to the fault location, the plastic zone does not extend over a large area to the rock mass near the fault.
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Figure 6. Mining stress and plastic zone distribution in different mining sequences. (a) mining the
panel through the fault from the hanging wall; (b) mining the panel through the fault from the footwall.

Figure 7 shows the distribution and evolution of the advance abutment stress under different positions
of the panel when mining the panel through the fault from the footwall. The monitoring line is placed in
the middle of the working face (y = 260 m). It can be seen from Figure 7 that when L = 50 m, the peak
of the advance abutment stress is located 15 m in front of the working face, and the value is 26.9 MPa.
When L = 20 m from the fault, the peak of the advance abutment stress reaches 28.3 MPa, which is the
maximum value during the period of mining the panel through the fault. When L = 10 m, the coal pillar
undergoes plastic failure, the bearing capacity of the coal pillar decreases sharply, the peak value abutment
stress of the coal pillar decreases to 17.0 MPa, and the influence of mining on the hanging wall increases.
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The peak of the abutment stress is transferred to the hanging wall and is 26.7 MPa. When L = 0 m, the peak
value of the advance abutment stress is sharply reduced to 23.8 MPa, which is significantly lower than that
of the working face 20 m away from the fault. After the panel is mined through the fault, the peak value of
the advance abutment stress increases to 26 MPa as the working face continues to advance.

Figure 8 shows the distribution and evolution of the advance abutment stress under different
positions of the working face when mining the panel through the fault from the hanging wall. It can be
seen that when L > 10 m, the variation in the advance abutment stress is similar to that from mining
the panel through the fault from the footwall. When L = 0 m, the reduction of the peak value of the
abutment stress is small, and therefore the variation in the peak value of the abutment stress is small
during the panel mining through the fault from the hanging wall.

Footwall Hanging wall

—a—L=50m —e—L=40m
—A—{ =30m —v—L=20m
1—4—L=10m —4—L=0m
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Figure 7. Evolution of the advance abutment stress when mining the panel through the fault from
the footwall.
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Figure 8. Evolution of the advance abutment stress when mining the panel through the fault from the
hanging wall.

5. Fault-Slip Behavior under Different Mining Directions

5.1. Shear Displacement of the Fault under Different Mining Directions

Figure 9 shows the shear displacement of the fault under different positions of the working face
when the panel is mined through the fault from the footwall. The abscissa L is the magnitude of the
shear displacement, and the ordinate H is the distance of the fault plane from the roof of the coal
seam. It can be seen that when the panel is mined to the fault location, the magnitude of the shear
displacement and the range of the fault slip increase. When L = 30 m, the shear displacement is small.
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The maximum shear displacement of the coal-seam roof fault occurs 8 m below the coal-seam roof and
is only 0.02 m. When L = 20 m, the maximum shear displacement of the fault is located 76 m above
the coal-seam roof, and the maximum shear displacement increases to 0.036 m. When L = 10 m and
L = 0 m, the shear displacement of the fault increases significantly, and the fault-slip position extends
from the high roof area to the vicinity of the coal-seam roof. The shear displacement of the fault reaches
0.107 m and 0.187 m, respectively, and the maximum shear displacement position of the fault is 32 m
and 28 m above the coal-seam roof. As the panel is mined to the fault location, the magnitude of the
shear displacement and the shear slip range of the coal-seam floor fault are increased, but the increases
are much smaller than those for the coal-seam roof fault. When the panel is mined through the fault,
the magnitude of the shear displacement does not increase further and remains basically stable.
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Figure 9. Shear displacement of the fault under different positions of the working face when the panel
is mined through the fault from the footwall.

Figure 10 shows the shear displacement of the fault under different positions of the working
face when the panel is mined through the fault from the hanging wall. Compared with the panel
mined through the fault from the footwall, the variation in the shear displacement of the fault is more
complicated, but the magnitude of the shear displacement is significantly smaller. The maximum shear
displacement of the coal-seam roof fault is only 0.09 m when the panel is mined through the fault at
60 m (L = =60 m). The maximum shear displacement position of the coal-seam roof fault is near the
coal-seam roof and is only 0.07 m. It can be seen that when the panel is mined through the fault from
the hanging wall, the fault can maintain a stable structure, and its shear displacement is small.

160
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Figure 10. Shear displacement of the fault under different positions of the working face when the panel
is mined through the fault from the hanging wall.
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5.2. Fault-Slip Potential under Different Mining Directions

To study the fault-slip range and the stress distribution characteristics of the fault during the
period of mining the panel through the fault, we extracted the normal and shear stresses of the fault
when L = 40 m, 20 m, 0 m, and —20 m. The monitoring line is arranged on the fault at y = 260 m.
Figure 11 shows the stress distribution of the fault when the panel is mined through the fault from the
footwall, and Figure 12 shows the stress distribution when the panel is mined through the fault from
the hanging wall. In addition to monitoring the shear stress and normal stress of the fault, the fault-slip
potential is also calculated. The fault-slip potential (7,) is computed by subtracting the maximum
shear strength determined by the Mohr—Coulomb failure criterion from the shear stress [36]:

@

Ty = T—optan¢

When 7, is less than 0, a fault slip does not occur, and a fault-slip occurs when 1, is 0; thus,
the closer 7, is to 0, the higher the fault-slip potential is. In Figures 11 and 12, the area where the
normal stress is reduced is represented by a red line, the area where the shear stress is reduced is
represented by a blue line, and the area represented by the green line is the fault-slip area (or the area
where a fault slip has occurred before).
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Figure 11. Stress distribution of the fault when the panel is mined through the fault from the footwall.
(@) L=40m; (b) L =20 m; (c) L= 0 m; (d) L= —20 m.
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Figure 12. Stress distribution of the fault when the panel is mined through the fault from the hanging
wall. (a) L=40m; (b) L =20 m; (¢) L=0m; (d) L= 20 m.

From Figure 11, it can be seen that the normal stress and shear stress of the coal-seam roof fault
are generally reduced compared with the initial values when the panel is mined through the fault from
the footwall. The fault areas, whose normal and shear stress are all higher than its initial value, only
appear near the coal seam. As the panel is mined step-by-step in the simulation, the area in which the
stress is increased decreases, and the area in which the stress is reduced increases. The reduction of the
normal stress causes the shear strength of the fault to decrease, so that the coal-seam roof fault has a
large area of slipping in the region where the normal stress is reduced. Contrary to the normal stress
variation behavior of the coal-seam roof fault, the normal stress of the coal-seam floor fault is mainly
increased, so the fault-slip area of the coal-seam floor fault is small.

It can be seen from Figure 12 that when the panel is mined from the hanging wall to the fault
position, the normal stress and shear stress of the coal-seam roof fault are increased compared with
the initial stresses. The closer a fault is to the coal seam, the greater the increases in the stresses are.
When the panel is mined from the fault 40 m to the fault location, the maximum normal stress increases
from 15.9 MPa to 17.5 MPa, and the maximum shear stress increases from 5.81 MPa to 7.31 MPa,
increases of 10% and 26%, respectively. The increase of the maximum shear stress is greater than the
increase of the maximum normal stress. After the panel is mined through the fault, the maximum
shear stress and the maximum normal stress of the roof are reduced, but the normal stress and shear
stress of the coal-seam roof fault are still generally increased compared with the initial values. It can be
seen that upon mining the panel through the fault from the hanging wall, the roof fault accumulates
energy, and the accumulated energy reaches its maximum when the panel is mined to the fault
location. After the panel is mined through the fault, the roof fault still accumulates a great deal of
energy. During the period of mining the panel through the fault, the areas where the shear stress and
normal stress decrease are mainly concentrated in the position of the coal floor fault, and the range of
the normal stress and shear stress reduction area increase with the continuous mining of the panel.
When the panel is mined through the fault from the hanging wall, the increase of the normal stress of
the roof fault causes the shear strength of the roof fault to increase, which is beneficial to maintaining
the stability of the roof fault. The normal stress of the floor fault is reduced, the shear strength of the
floor fault is reduced, and the floor fault is more prone to slipping. Therefore, when the panel is mined
through the fault from the hanging wall, the roof fault maintains its stability. There is only a small area
in the roof fault where slip occurs, and most of the roof fault areas do not have slipping. The fault-slip
area is mainly concentrated in the floor fault, where the normal stress of the fault is reduced.
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5.3. Fault-Slip Mechanism

To more accurately study the fault-slip mechanisms of different locations of the fault, the normal
and shear stresses are measured at different fault locations during the period of mining the panel
through the fault. The measurement points are arranged as shown in Figure 13, and the changes of the
stress state during the period of mining the panel through the fault are analyzed.

Figure 13. Measurement points of stress on the fault.

Figure 14 shows the evolution of the fault stress at different measuring points when the panel is
mined through the fault from the footwall. It can be seen that the A-position fault does not slip during
the panel mining through the fault and maintains its stability, but a shear slip occurs in the fault at the
other three measuring points. In the B-position fault, when the panel is mined to 30 m from the fault,
the normal stress increases to 12.6 MPa, and the shear stress does not change much, remaining basically
stable at approximately 1.8 MPa. Fault slip occurs when the working face is mined from L = 30 m to
L =0 m. Since this position of the fault is close to the goaf, when the panel is mined to the vicinity of the
fault, the normal stress of the fault suddenly decreases to 1.7 MPa, a reduction of 87%, and the shear
stress is reduced from 1.9 MPa to 0.8 MPa, a reduction of 58%. The reduction of the normal stress is
much larger than the reduction of the shear stress. Therefore, the slip mechanism of the fault is abruptly
reduced in terms of both the normal stress and the shear stress, but the reduction of the normal stress
is greater than that of the shear stress. The normal stress of the C-position fault continues to decrease
when the panel is mined to L = 30 m. When the panel is mined to L = 50 m, the shear stress decreases,
but when the panel is mined from L = 50 m to L = 30 m, the shear stress increases from 0.11 MPa to
1.97 MPa, which is an increase of nearly 17 times. Therefore, the fault-slip mechanism at this position
is a sharp increase in the shear stress and a continuous decrease in the normal stress. The normal
stress of the D-position fault continues to decrease when the panel is mined to L = 10 m, and the
normal stress decreases and tends to be stable. When the panel is mined from L =80 mto L =10 m
from the fault, the shear stress increases from 0.2 MPa to 2.0 MPa, which is an increase of 9 times.
Therefore, the C-position fault plane and the D-position fault plane slip mechanisms are similar, with
both due to a sharp increase in the shear stress and a continuous decrease in the normal stress.
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Figure 14. Evolution of the fault stress at different measuring points when the panel is mined through the
fault from the footwall. (a) A-position fault; (b) B-position fault; (c) C-position fault; (d) D-position fault.

Figure 15 shows the evolution behavior of the fault stress at different measuring points when
the panel is mined through the fault from the hanging wall. It can be seen that as with the case for
the panel mined through the fault from the footwall, when the panel is mined through the fault from
the hanging wall, the fault-slip mechanisms and stress states of the fault at different positions vary
greatly. It can be seen from Figure 15d that there is no slip in the high-level fault when the panel is
mined through the fault from the hanging wall, and the slip range of the roof fault is small. The slip
of the floor fault (A-position fault) is mainly due to the continuous reduction of the normal stress,
which causes the shear strength of the fault plane to decrease. When the panel is mined from L =20 m
to L = 0 m, the shear stress suddenly increases sharply. The B-position fault decreases significantly
with the normal stress and shear stress as the panel is mined, but the reduction of the normal stress is
greater than that of the shear stress, causing the shear slip of the fault. However, a shear slip occurs
when the panel is mined through the fault 20 m (L = =20 m). The C-position fault is the only slip
area in which the normal stress is higher than the initial value. When the panel is mined to the fault,
the normal stress increases from 8.17 MPa to 9.84 MPa, and the shear stress increases from 2.07 MPa to
4.58 MPa, increases of 20% and 121%, respectively. The increase of the shear stress is greater than that
of the normal stress, causing the fault slip.

Therefore, the slip mechanism of the fault can be divided into three types. I: The normal stress
and shear stress decrease abruptly, but the reduction of the normal stress is greater than that of the
shear stress. This situation only occurs in a fault close to the position of the goaf. II: The normal stress
is continuously reduced, the shear strength of the fault is decreased, and the shear stress is suddenly
increased, causing the shear stress to be greater than the shear strength of the fault. This situation is
the most common and mainly occurs in a roof fault when the panel is mined through the fault from the
footwall and in a floor fault when the panel is mined through the fault from the hanging wall. III: Both
the normal stress and the shear stress increase, but the increase of the shear stress is greater than that of
the normal stress. This situation is rare and occurs only in a small part of the roof fault when the panel
is mined through the fault from the hanging wall.
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Figure 15. Evolution of the fault stress at different measuring points when the panel is mined through the
fault from the hanging wall. (a) A-position fault; (b) B-position fault; (c) C-position fault; (d) D-position fault.

6. Caving and Mechanical Analysis of Roof under Different Mining Directions

According to the above simulation results, it is known that when mining the panel through the
fault from the footwall, the fault-slip range and the magnitude of the shear displacement are large,
and the distribution of the roof pressure relief area is significantly affected by the mining. When the
working face continues to advance, the roof rock layer periodically breaks. As the panel is mined to the
vicinity of the fault, due to the cutting action of the fault, the complete roof is broken, and the roof rock
layer near the fault is less likely to undergo other fractures. Therefore, the roof rock layer takes the fault
in front of the working face as the contact surface of the occlusion point to form a hinged structure.
The model shown in Figure 16a,b show the roof sinking model when the working face advances to the
vicinity of the fault after the last breaking of the roof sandstone before the panel is mined through the
fault. The model position of Figure 16c¢ is a schematic diagram of the sinking of the roof when the panel
is mined through the fault from the footwall and the working face is advanced to the fault position.
The extent of roof failure in the figure refers to the developmental range of the plastic zone in the
numerical simulation analysis. Since the breaking step and the failure mode of the coal seam roof after
the excavation of the panel are difficult to accurately quantify, Figure 16 is only an abstract analysis
model for a better comparison of the effects of mining on a fault under different mining directions.

As shown in Figure 16a, when the panel is mined through the fault from the hanging wall,
the caving area of the roof rock layer is not easily affected by the fault because the direction of the panel
is opposite to the tendency of the fault. When the panel is mined to the vicinity of the fault, the impact
of the mining on the fault is still small. It can be seen from (b) and (c) that when the panel is mined
through the fault from the footwall, the caving area of the roof rock layer is easily affected by the fault
because the direction of the working face is consistent with the tendency of the fault. When the panel is
mined to the vicinity of the fault, the roof rock layers on both sides of the fault undergo shear slipping
along the fault. When the panel is mined to the fault position, the fault-slip range extends from the
high position of the fault to the coal-seam roof position of the fault. The roof rock layer on the fault
side cannot form an alternate interior fracture structure from bottom to top, but it slips with the fault
as the boundary, so that the entire footwall is in the pressure relief area.

If the angle between the fault and the vertical plane is 0 and the fault is taken as the contact
surface of the occlusion point with the hinged structure, the force at the occlusion point is as shown in
Figure 16.
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In the model shown in Figure 16a, the normal stress of the fault is:

N = TcosO+ Rsin6 3)
The shear stress of the fault is:
F = RcosO—Tsin0 4)
The equilibrium condition is:
(TcosO + Rsin6) tanp > Rcos 6 — T'sin O (5)
R
TS tan(g + 0) (6)

In the model shown in Figure 16b, the normal stress of the fault is:

N = Tcos@—-Rsin0 )

The shear stress of the fault is:
F = RcosBO+ Tsin6 (8)

The equilibrium condition is:
(Tcos 0 —Rsin0O) tan¢g > Rcos O + Tsin O 9)
? < tan(p - 0) (10)

Here, T is the horizontal pressure, R is the shear stress at the occlusion point, ¢ is the friction angle
of the fault, 0 is the angle between the fault and the vertical plane, F is the shear stress of the fault,
and N is the normal stress of the fault.

For model b, it can be seen from Equation (10) that when 6 = ¢, no matter how large the horizontal
pressure T is, the rock mass cannot maintain a balanced structure. In general, the friction angle of
the fault is 21° ~ 38°, so when the fault angle is less than 52° ~ 69°, the rock block will be unstable.
Moreover, the horizontal pressure T decreases as the panel is mined through the fault from the footwall.
The roof rock mass is easily slipped, rotated and broken using the fault structure, and the roof rock
block cannot easily achieve equilibrium. For model a, it can be seen from Equation (6) that the roof rock
block can more easily maintain a stable structure, and as the panel is mined to the fault, the horizontal
pressure T increases, further suppressing the slipping of the fault. Therefore, the theoretical analysis
results show that compared with the condition of the panel is mined through the fault from hanging
wall, the fault is more likely to slip when the panel is mined through the fault from footwall, which is
consistent with the numerical simulation results.

Figure 16. Cont.



Energies 2019, 12, 2494 20 of 24

Figure 16. Caving and mechanical analysis of the roof under different mining directions. (a) mining
the panel through the fault from the hanging wall; (b) and (c) mining the panel through the fault from
the footwall.

7. Discussion

Rockbursts are generally characterized into 3 types, namely strain bursts, pillar bursts, and fault-slip
bursts. Among the types of rockbursts, fault-slip bursts could cause the most significant damage to
large areas that extend over several levels in underground mines given that intense seismic waves
arise from the fault-slip. In such a case, seismic waves play a critical role in causing damage to
mining openings. Therefore, how to take reasonable measures to control the occurrence of rockbursts
induced by fault activation is the key to ensuring the safe recovery of the working face near the fault.
The following sections summarize the main technical measures for controlling the rockbursts induced
by fault slip.

7.1. Destressing Techniques

The research in Chapter 4 shows that when the panel is mined to the vicinity of the fault, the stress
concentration of the abutment stress is increased. At the same time, shear slip occurs in the fault as
the working surface approaches the fault. The high static load is affected by the dynamic load of the
fault activation, and it is more prone to impact rockbursts. Destressing techniques aim to release the
strain energy stored in the coal and rock mass by inducing fracturing and/or allowing the mass to yield
without storing large amounts of energy, thereby achieving the goal of preventing and controlling
the rockbursts. These techniques include destress blasting, destress drilling, hydraulic fracturing,
and water infusion.

7.2. Measures to Control Fault Slip

It can be seen from the analysis in Chapter 5 that when the panel is mined through the fault from
the hanging wall, the fault slip is much less severe than when the panel is mined through the fault
from the footwall. Therefore, in the panel design, the panel should first be considered to be mined
through the fault from the hanging wall, and the impact of the fault-slip dynamic load on the stope
should be reduced. In addition, properly reducing the width of the panel can effectively reduce the
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concentration of the abutment stress and reduce the extent of fault slip while the working face crosses
the fault. The longwall panel is mined by the filling method, and the breaking range of the roof and
the violent course of the roof movement are significantly reduced, so the severity of the fault slip as the
panel is mined through the fault can be significantly reduced.

7.3. Reasonable Support Measures

Due to the unpredictability of rockburst occurrences, ground support is usually the final line
of protection to ensure safety in high risk zones. A panel mined through a fault resulting in fault
slip and releasing a seismic wave influences the roadway of the stope. Therefore, to ensure the
stability of the roadway, reasonable roadway support measures should be taken. A constant-resistance
large-deformation anchor (cable) capable of providing constant resistance and a good extension amount
also contributes to the prevention and control of the impact of rockburst disasters. In addition, when a
panel is mined through a fault, the support strength and support distance of the panel ahead of the
working face should be strengthened to ensure the stability of the roadway.

8. Conclusions

In this study, the microseismicity events during the mining of a panel through a fault from the
footwall were analyzed. The study shows that the count of daily microseismicity events and the total
daily microseismicity energy increase significantly when the panel is mined from L =40 m to L = 0 m,
and the count and energy level of the microseismicity events on the roof are much larger than those of the
microseismicity events on the floor. The height of the microseismicity events near the fault is much greater
than that of the microseismicity events in the complete roof layer. After the panel is mined through the
fault, the total daily microseismicity energy and the count of daily microseismicity events are reduced.

The distribution of the mining stress and the behavior of the fault slip under two different mining
directions are studied by numerical simulation. When the panel is mined through the fault from the
footwall, the fault has a greater influence on the destress area of the stope. The destress area of the
roof is divided by the fault, and the destress area is mainly located in the footwall. When the panel is
mined through the fault from the hanging wall, the destress area of the stope is little affected by the
fault, and the range of the destress area of the roof is similar to that of the complete roof. Under the
two mining directions, when the panel is 20 m away from the fault, the peak value of the advance
abutment stress reaches the maximum. When the panel is mined through the fault from the footwall,
the peak value of the advance abutment stress decreases, and the reduction is greater than when the
panel is mined through the fault from the hanging wall.

The magnitude of the shear displacement of the fault when the panel is mined through the fault
from the footwall are significantly larger than those when the panel is mined through the fault from the
hanging wall. Under the two mining directions, the variations in the normal stress and shear stress of
the fault are quite different. When the panel is mined through the fault from the footwall, the normal
stress and shear stress of the coal-seam roof fault are reduced compared with the initial values, and the
normal stress and shear stress of the coal-seam floor fault are generally increased compared with the
initial values. When the panel is mined through the fault from the hanging wall, the normal stress
and shear stress of the coal-seam roof fault are generally increased compared with the initial values,
and the normal stress and shear stress of the coal-seam floor fault are generally reduced compared with
the initial values. The fault slip mainly occurs in the fault region where the normal stress is reduced.
Therefore, the fault slip occurs mainly in the coal-seam roof fault when the panel is mined through
the fault from the footwall. The fault slip occurs mainly in the coal floor fault area when the panel is
mined through the fault from the hanging wall. The variations in the normal stress and shear stress at
different positions of the fault during the period of mining the panel through the fault are analyzed.
There are differences in the mechanism of the fault slip at different fault locations. According to the
variations in the normal stress and shear stress during the period of mining the panel through the
fault, the mechanism of the fault slip can be divided into three categories. I: The normal stress and



Energies 2019, 12, 2494 22 of 24

shear stress decrease abruptly, but the reduction of the normal stress is greater than that of the shear
stress. This situation only occurs in a fault close to the position of the goaf. II: The normal stress is
continuously reduced, the shear strength of the fault is decreased, and the shear stress is suddenly
increased, causing the shear stress to be greater than the shear strength of the fault. This situation is
the most common and mainly occurs in a roof fault when the panel is mined through the fault from the
footwall and in a floor fault when the panel is mined through the fault from the hanging wall. III: Both
the normal stress and the shear stress increase, but the increase of the shear stress is greater than that of
the normal stress. This situation is rare and occurs only in a small part of a roof fault when the panel is
mined through the fault from the hanging wall.

The roof structure is different when mining the panel through a fault from different directions.
When the panel is mined through a fault from the footwall, the roof rock block easily slips with the
fault, and the roof rock block is not easy to balance. When the panel is mined through a fault from the
hanging wall, the roof block easily forms a stable structure. Therefore, when the panel is mined through
the fault from the hanging wall, the occurrence of a fault-slip disaster can be reduced. These research
results can be used as a reference for the prediction and prevention of disaster accidents caused by
fault-slips under similar mining conditions, and the layout of the panel near the fault can be optimized.
In addition, according to the research results of this paper, we discuss the control technology of the
impact pressure induced by fault slip, which can ensure the safe production of mines with dense fault
distributions, the increase of coal production and a secure energy supply.
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