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Abstract

Faults are one of the most common geological structures in underground mining. Affected by mining activities, fault-slip
events will release large amounts of energy and trigger seismic waves, which could induce rock burst events and endanger
mining operations. In this study, a longwall panel intersecting with a fault is introduced, as well as field microseismic (MS)
monitoring. Static and dynamic numerical analyses are conducted to investigate the fault parameters’ effects on the behav-
iors of the fault. The results show that the friction angle (¢y) significantly affects the shear displacement, magnitude and
distribution of the seismic moment; the fault stiffness has a great effect on the magnitude of the seismic moment but smaller
effects on the shear displacement and the distribution of the seismic moments. Based on the influence of the fault stiffness
and ¢; on the seismic moment, reasonable fault parameters can be determined. By employing the calibrated parameters,
the dynamic responses and the rock burst potential of the surrounding rocks were analyzed by means of the peak particle
velocity (PPV) and stress distribution. The propagation of the seismic waves released by fault-slip events excites the parti-
cle velocity of the rock mass, and there is a strong correlation between the particle velocity and rock mass damage. As the
working face advances toward the fault, the PPV and stress fluctuation of the peak abutment stress rise significantly, which
result in a great increase in the rock burst potential. The rock burst potential changes with the mining activities; therefore,
corresponding measures must be applied to prevent and control rock burst events. This study contributes to deepening our
understanding of the fault parameters in numerical simulations and the dynamic responses and rock burst potential of the
surrounding rocks due to mining activities and provides a back-analysis calibration method for the fault parameters.
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1 Introduction

A rock burst is one of the most hazardous issues encoun-
tered during underground mining. This phenomenon
always involves a violent release of energy, with a large
rock deformation and rock ejection that can cause severe
damage to openings and equipment and may result in
fatalities (Wang et al. 2006; Hosseini 2017; Mazaira and
Konicek 2015; Li et al. 2016a, b; Zhang et al. 2017). With
the ever-increasing mining depths, coal mines in China,
Poland, the United States, etc., have begun to suffer from
the threat of rock bursts. There are more than 170 coal
mines in China that have a rock burst potential, and more
than 4000 rock burst accidents have occurred, resulting in
hundreds of casualties and more than 30 km of roadway
damage (Wang et al. 2019).

Rock bursts are generally characterized into three types,
namely, strain burst, pillar burst, and fault-slip burst,
depending on the volume of the rock masses involved
and the underlying mechanism by which the rock bursts
are induced (Ortlepp and Stacey 1994; Blake and Hedley
2004). A critically stressed fault can slip when the shear
stresses reach the shear strength, particularly when the
degrees of freedom are changed when it is intersected by
a mine opening or by the yield zone surrounding a mining
area. Ortlepp and Stacey (1994) noted that compared with
the other two types of rock bursts, fault-slip burst releases
more energy, with the M| (Richter or local magnitude)
of the associated seismic events ranging from 2.5 to 5.0.
Therefore, among the three types of rock bursts, fault-slip
bursts are likely to cause the most damage to large rock
mass areas. The source of the seismic events may even be
located far from the burst sites (Hedley 1992; Ortlepp and
Stacey 1994).

Practice and studies have shown that the vicinage of
faults will greatly increase the rock burst potential. In the
Witwatersrand gold deposit in South Africa, many rock

burst accidents with huge energies have occurred under
the influence of faults (Stewart et al. 2001). Among the
50 rock burst accidents that occurred in the Longfeng
Coal Mine, 72% were related to faults, and 62% occurred
when roadways were close to the faults (Kong et al. 2019).
Influenced by the F16 reverse fault, a working face of the
Yuejin Coal Mine in China suffered several rock burst
accidents during mining, which could have had severe
safety impacts on the mining operation. Figure 1 shows
the roadway deformation and damage caused by one of the
Yuejin Coal Mine rock bursts (Li et al. 2016b).

Physical tests and analyses are strong methods for evalu-
ating the rock burst potential of rocks. However, analyzing
the rock burst potential of a field case requires the consid-
eration of multiple geological and geotechnical conditions,
such as the ground stress distribution, mechanical properties
of the rock strata and faults, excavation range of the panel,
etc. Numerical simulations are thus also a useful tool. Ji
et al. (2012) and Wu (2017) studied the rock burst poten-
tial near a fault under different mining sequence conditions
using FLAC3D, a finite difference software (Itasca 2009).
Their studies show that a reasonable mining sequence can
effectively reduce the rock burst potential. Jiang et al. (2017)
and Manouchehrian and Cai (2018) studied the influence of
the dip angle and length of a fault on rock burst events, and
their research showed that the rock burst potential increases
with the fault dip and length. Numerical simulation is capa-
ble of conducting a dynamic analysis on a large scale, mak-
ing it surely useful for analyzing the rock burst potential of
underground openings near a fault (Bizzarri 2012; Sainoki
and Mitri 2014a, b; Wang and Cai 2017).

It is well accepted that fault-slip will release a large
amount of energy and trigger seismic waves, which will
induce a dynamic response in the surrounding rock mass of
underground openings. In severe cases, the induced dynamic
load may cause support failure, roof instability or even rock
burst events (Blake and Hedley 2004; Alber and Fritschen
2011; Hofmann and Scheepers 2011; Zhang et al. 2019).

Fig. 1 Damage of the roadway caused by a rock burst
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The characteristics of the triggered seismic waves depend
on the properties and behaviors of the fault. In a numerical
analysis of the rock stability under dynamic loading due to
fault-slip, properly simulating the fault behavior is essen-
tial for validating the results. Sainoki and Mitri (2014a, b,
2016, 2017) conducted several studies on the seismic waves
released by a fault under the influence of mining. The studies
showed that the friction angle, stiffness and roughness of the
fault have significant effects on the induced seismic waves.
However, due to the complexity of the fault structure, the
fault parameters are difficult to accurately determine, and
it is often necessary to rely on empirical assumptions. The
guidelines for estimating the fault parameters in numerical
simulations have not been extensively discussed in the pre-
vious work. In this study, a case study of an underground
coal seam that intersects a fault is introduced, as well as the
microseismic (MS) monitoring of the field. A 3D model
is built with FLAC3D to analyze the rock burst potential
induced by fault-slip during a retreat-mining operation, and
static and dynamic analyses are conducted to investigate
the effects of the fault parameters on the behaviors of the
fault. Upon understanding these effects, a back analysis is
performed to properly calibrate the fault parameters, and
the particle velocity and stress distribution are used to ana-
lyze the dynamic responses of the surrounding rocks of the
retreating face. Furthermore, by analyzing the evolution of
the peak abutment stress and the PPV during retreat mining,
the rock burst potential caused by the existence of the inter-
secting fault is discussed. This study contributes to deepen-
ing our understanding of the fault parameters in numerical
simulations and the dynamic responses and the rock burst
potential of the surrounding rocks due to mining activities

Fig.2 Location map of the
Dongtan Coal Mine

and provides a back-analysis calibration method for the fault
parameters.

2 Case Study

2.1 Geological Conditions and Rock Burst Overview
in Dongtan Coal Mine

The Dongtan Coal Mine is located in Jining, Shandong
Province, in the eastern part of China, as shown in Fig. 2.
The fully mechanized retreating longwall mining method
is employed to extract the coal seams of all panels in this
mine. The mining coal seam is a coal seam with an average
thickness of 8 m that is nearly horizontal and has a strong
rock burst tendency. The fault structure in the minefield is
developed and has a significant influence on the roadway
layout and safe production.

A fault-related rock burst event happened in panel 1303
of Dongtan Coal Mine. The coal seam depth of panel 1303
is approximately 580 m, and the average thickness of the
coal seam is 8 m. Panel 1303’s faults are very densely dis-
tributed, so the panel has to pass through faults for recov-
ery. When panel 1303 is mined to the vicinity of the EF59
fault, a serious rock burst accident occurs, causing the severe
deformation of the tailgate from 68 to 220 m in front of the
working face. The layout of panel 1303 and rock burst acci-
dent occurrence position are shown in Fig. 3. According to
the seismic station monitoring, the magnitude of the rock
burst accident reached 1.9, and it occurred between two fault
groups. The two fault groups cut the coal rock formation and
caused the stratum between the faults to rise significantly,
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Fig.3 Layout of panel 1303 in
the Dongtan Coal Mine
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forming a barrier structure. The coal with a strong rock burst
tendency and the hard roof rock layer provide conditions
for accumulating a large amount of energy in the coal rock
mass. The activation and release of the energy in the fault
affected by mining is the main cause of the accident.

2.2 Analysis of Microseismic (MS) Field Events

The SOS MS monitoring system (developed in Poland) has
been installed and applied in the Dongtan Coal Mine since
the end of May 2010. The system mainly consists of a central
computer, a real-time monitoring recorder server, sensors,
and a digital transmission system. There are two main types
of sensors: geophones and monitoring probes. The monitor-
ing frequency range of the single sensor is 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 sys-
tem, which transmitted the data to a real-time monitoring
recorder server or central computer via a cable.

The average thickness of the coal seam of panel 14310
is 8 m, and the immediate roof is approximately 4 m of
mudstone. The basic roof is mainly composed of siltstone
and sandstone. A typical geological column based on core
logging is shown in Fig. 4. The panel has a depth of 540 m,
a width of 230 m and a strike length of 800 m, and the area
around the panel is unexcavated. The panel has a compli-
cated geological structure, in which the NF6 fault intersects
panel 14310, with a dip angle of 60° and drop of 6—10 m.
The panel is mined through the fault from the footwall, and
the layout of the panel is shown in Fig. 5.

@ Springer

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

Fig.4 Typical geological column

Figure 6 shows the distribution of MS events during the
period of mining the panel through the NF6 fault. L repre-
sents the distance from the fault of the working face. When L
is positive, it means that the working face is at the footwall;
when L is negative, it means that the working face is at the
hanging wall. H represents the distance from the coal seam
roof of the fault. When H is positive, it means that the fault
is above the coal seam roof; when H is negative, it means
that the fault is below the coal seam roof. Figure 6a shows
the distribution of MS events for 50 m < L <100 m. The MS
events mainly occurred in the roof rock strata at H <65 m
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Fig.5 Layout of panel 14310 in the Dongtan Coal Mine

with a sporadic distribution. The recorded maximum-energy
MS event occurred in the sandstone, which is 40 m above
the coal seam; the energy of this MS was 5.4e3 J. Figure 6b
shows the distribution of MS events when 0 m <L <50 m.
During this period, the frequency and energy level of the
MS events obviously increased, the MS events were mainly
concentrated in the vicinity of the fault, and the height of
the strata where the MS events occurred was higher into
the roof at 100 m above the coal seam. When L=20 m and
L=0 m, two major MS events with energies greater than
le4 J occurred. Studies have shown that when the energy of
an MS event is greater than le4 J, it can induce a rock burst
(Kong et al. 2019). Figure 6¢ shows the distribution of MS
events when —50 m <L <0 m. At this time, the frequency
and magnitude of the MS events are obviously reduced, and
the height of the rock strata where the MS events occur is
also obviously reduced.

Mining activities near faults cause the stress state of the
fault to change, resulting in a shear slip. The seismic moment
M, released by fault-slip is related to the magnitude of the
shear displacement of the fault (D). The seismic moment
M can indicate the magnitude of the energy released by the
fault-slip (Sainoki and Mitri 2016; Domariski and Gibowicz
2008). The calculation formula of M, is as shown in Eq. (1),

ey

where G is the shear stiffness of the fault, A is the area of
the fault where the shear slip occurs, and D is the average
shear displacement.

With the continuous mining of the working face, the
microseismic (MS) events induced by the fault shear slip
during the working face crossing the fault are counted. The

M, = GAD,

seismic moments (M) of these MS events are added together
to obtain the cumulative seismic moments (M) under differ-
ent positions of the working face. The M, when mining the
panel through the fault is shown in Fig. 7. When L>30 m,
M_ increases very slowly, which indicates that the fault is
less affected by the mining. When the distance between the
working face and the fault is less than 30 m, M_ increases
obviously, and the extent to which the fault is affected by the
mining is significantly increased. The M near the fault tends
to be stable after the working face is mined through the fault,
and there are few MS events released by the fault-slip. For a
better description of the distribution of the mining-induced
seismic moment in different regions along the fault when
the panel is mined to the fault location, the entire fault is
divided into five regions, as shown in Fig. 8a. It can be seen
from Fig. 8b that the M|, released by the fault-slip is mainly
concentrated at the parts of the fault in the area below 84 m
of the coal seam roof (F2, F3 and F4), accounting for 84%
of the cumulative seismic moment. The parts of the fault at
the floor position and far from the coal seam provide only a
small amount of the seismic moment (F1 and F5).

3 Simulation Methodology

3.1 Model Establishment and Rock Mechanics
Parameters

According to the geological profile of panel 14310 of the
Dongtan Coal Mine, a FLAC3D numerical model is estab-
lished that is 710 m long, 450 m wide and 180 m high. Con-
sidering the boundary effect, the excavation range is not less
than 100 m from the model boundary, as shown in Fig. 9.
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Fig. 6 Distribution of MS events when mining the panel through a fault

The dip angle of the fault is 60°, the drop of the faultis 8 m,  according to the complete rock properties and the general-
and the panel is mined through the fault from the footwall. =~ ized Hoek—Brown failure criterion. The mechanical param-
The mechanical parameters of the rock mass are estimated  eters of the coal and rock mass are shown in Table 1.
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No displacement in the direction perpendicular to the side
boundaries is allowed. The depth of the simulated coal seam
is 540 m. A vertical stress of 10.8 MPa is applied at the top
boundary of the model to simulate the overburden pressure
by assuming that the overlying unit weight is 0.025 MN/
m? with the force of gravity applied (Jiang et al. 2019a, b).
In situ stresses are applied in the form of an initial stress
with the horizontal-to-vertical stress ratios set to 0.6 and
0.8 in the x- and y-directions, respectively, according to the
in situ stress measurement.

3.2 Simulation of the Fault Behavior

The fault is simulated using the interface contact surface
command. The contact surface is an element with no thick-
ness, 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 F,, required for
the relative sliding of the contact surface can be obtained
as (Itasca 2009):

Fsmax = CifA + tan (pf(Fn_/’lA)’ (2)

where c; is the contact surface cohesion; A is the area rep-
resented by the contact surface node; ¢y is the friction angle
of the contact surface node; F,, is the normal force, and y is
the pore pressure.

When the shear force on the contact surface is smaller
than the maximum shear force (IF|| < F,,..), the contact sur-
face is in the elastic stage. When the shear force on the con-
tact surface equals the maximum shear force (IF|=Fg,,,),
the contact surface enters the plastic stage.

Although many laboratory tests have been conducted on
the mechanical properties of faults, the scale effects are still
unclear due to the limitations of laboratory specimens (Sai-
noki and Mitri 2014b; Li et al. 2019; Feng et al. 2019a, b). It
is commonly recognized that fault zones have a low stiffness
due to the cracks and fractures produced by past shear move-
ments, but the degree to which the stiffness of a rockmass
within fault zones decreases is dependent upon a number
of factors, due to the complex internal structure of the fault
and various factors such as fault filling and weathering. In
most cases, the cohesion and tensile strength of the fault are
very small, so they are set to 0. (Sainoki and Mitri 2014a).
Therefore, this paper focuses on the study of the fault shear
stiffness, normal stiffness and friction angle (¢y).

3.3 Dynamic Analysis Procedures
Dynamic research on the law of the fault activity during

the continuous retreat mining of a panel is conducted. In
each mining cycle, 10 m of the panel is mined along its
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Fig. 9 Numerical model

Panel 14310

h

Table 1 Rock mass properties

Lithology E;(GPa) v c(MPa) o,(MPa) ¢ (°)
Middle sandstone  10.5 022 3 0.62 34.5
Siltstone 6.7 024 2.1 0.37 31
Mudstone 2.9 028 1.2 0.2 29
Coal 1.1 034 0.9 0.12 26

E; is the elastic modulus, v is Poisson’s ratio, ¢ is cohesion, o, is ten-
sile strength, ¢y is the friction angle

strike under static analysis conditions, and then either the
dynamic analysis is triggered or the next mining cycle
is simulated, depending on whether the Coulomb shear
strength criterion is met, that is, the shear stress of the
fault reaches the shear strength. The numerical calculation
process is shown in Fig. 10. Static analyses were performed
to simulate the mining activities and the induced stress
distribution. The mining-induced effects on the fault-slip
(i.e., the fault stress and the shear displacement of the fault)
are evaluated after the static analysis. If the shear displace-
ment of the fault (D) is smaller than 0.01 m, the seismic
moment released by the fault-slip is negligible, so the seis-
mic parameter M, for the dynamic analysis is calculated in
the region where D > 0.01 m (Sainoki and Mitri 2014a, b).
The dynamic analysis method can simulate the influence
of the fault-slip on underground openings, so it can more
accurately evaluate the rock burst potential influenced by
the fault.

During the static analysis, the model boundary is fixed
in the direction perpendicular to the boundary plane. For
a dynamic analysis to simulate the fault-slip in the source
region, the boundary conditions are changed to viscous
in order to prevent the model boundaries from reflecting
the seismic waves arising from the fault-slip. The viscous
boundary condition is based on the use of independent dash-
pots (mechanical viscous dampers) in the normal and shear
directions at the model boundaries in order to effectively
absorb the energy of the seismic waves, particularly when
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Fig. 10 Flowchart of the dynamic analysis

the angles of incidence are greater than 30° (Itasca 2009).
The seismic source is simulated in the form of a concen-
trated force. The waveform of the seismic wave is a half sine
wave, the frequency is 25 Hz, and the vibration time is one
cycle. Local damping is chosen as the damping form. The
damping ratio for rock falls between 2 and 5%. Thus, 5% of
the critical damping is adopted for this study (Sainoki and
Mitri 2017; ABAQUS 2003).
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4 Analysis and Determination of Fault
Parameters

In the numerical analysis of faults, the proper simulation of
the fault behavior is obviously one of the most important
factors for ensuring the validity of the simulation results. In
this section, the effects of the fault parameters (friction angle
and stiffness) on the fault behaviors are investigated, and a
back analysis method based on field microseismic monitor-
ing data for the purpose of estimating the proper parameters
is introduced.

4.1 Effect of Fault Parameters on the Shear
Displacements of the Fault

Figure 11a and Table 2 show the shear displacements (D)
at different heights along the fault with respect to the fault
friction angle (¢;) when the working face has been mined
to the fault (L=0). The monitoring line is arranged on the
fault at y=225 m. Note that the monitoring points at differ-
ent heights along the fault are marked with H, the maximum
shear displacement of each scenario is marked with D_,,
and the area where D is greater than 90% of D,,, is rec-
ognized with a large shear displacement area and marked
with red in Fig. 11a. The ¢; of the fault has a significant
effect on the fault-slip behavior, and D and D,,,,, show neg-
ative correlations with ¢;. In the case of ¢;=30°, a large
shear displacement occurs 24-40 m above the coal seam
roofline (24 m <H <40 m), and D,,, is 0.29 m. When the
fault position is 80 m above the coal seam, there is almost
no slip and it remains stable. When ¢; is decreased to 15°,
D, increases dramatically to 0.66 m, and the area with a

)
-
I
S

100 &
80 I
60 |

40

| Area with large shear

displacement
20 r

max

Distance from coal seam roof H (m)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Shear displacement D (m)

Table 2 Effect of the friction angle (¢;) on the shear displacement of
the fault (D)

(pf(") D,,.x (m)/H (m) Area with large
shear displacement
(m)

15 0.66/56 36<H<ZT76

20 0.53/48 32<H<64

25 0.42/36 28<H<LS52

30 0.29/32 24<H<40

large shear displacement extends higher to 36 m<H <76 m.
The shear displacement of the entire fault is considerably
increased with the reduction of ¢;.

It is commonly recognized that faults have a low stiffness
due to the cracks and fractures produced by past shear move-
ments, but the degree to which the stiffness of the rock mass
within the faults decreases is dependent upon a number of
factors. Therefore, the fault stiffness parameter is very dif-
ficult to determine (Sainoki and Mitri 2017). As mentioned
by Ivins and Lyzenga (1986), the fractures and cracks within
faults could decrease the shear modulus of the rock mass by
up to one-fifteenth. According to the study on the dynamic
behavior of mining-induced fault-slips by Sainoki and Mitri
(2014b & 2017), the shear and normal stiffnesses of the fault
do not have a significant influence on the fault shear dis-
placement under the assumption that the shear and normal
stiffnesses of the fault are 10%, 20% or 30% of the shear
modulus of the surrounding rock mass. It can be seen from
the distribution of MS events presented in Sect. 2.2 that the
MS events primarily occurred in the siltstone region. There-
fore, to investigate their effect on the shear displacement, the
shear stiffness and normal stiffnesses of the fault are set as

o
-
[543
<

[y
3
=]

L
=

60

40 r

20

Coal seam

Distance from coal seam roof H (m)

ault

0 0.1 0.2 0.3 0.4 0.5 0.6
Shear displacement D (m)

Fig. 11 Effect of the fault parameters on the shear displacement of the fault. a Friction angle (¢;). b Shear stiffness and normal stiffness
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Table 3 The shear stiffness and normal stiffness of the fault a r 45E+12
Fault-to-rock stiffness ratio Shear stiffness (GPa) Normal =150 [ 4-0E+12 7
(%) stiffness | 356412 é
(GPa) =
F 3.0E+12
5 0.14 0.34
F 2.5E+12
10 0.27 0.67 .
20 0.54 1.34 [ 20kad2,
30 0.81 2.01 F 1.5E+12 2
F 1.0E+12
F 5.0E+11 ©
5%, 10%, 20% and 30% of the stiffness of the siltstone, as

shown in Table 3.

Figure 11b shows the effect of the stiffness of the fault on
the shear displacement when L=0 m, and it can be seen that
the stiffness is positively correlated to D. D, =0.53 min the
case where the fault-to-rock stiffness ratio is equal to 30%,
and then it is slightly reduced to 0.47 m as the ratio is reduced
to 5%. Although the stiffness’s effect on the shear displace-
ment is not significant, an overall change in D from H>20 m
of the fault can be observed with the change in the stiffness.

From the above analysis, it is known that D is mainly
affected by the friction angle of the fault, essentially unaf-
fected by the stiffness, and shows a negative correlation with

@y

4.2 Effect of Fault Parameters on the Seismic
Moment

The seismic moment (M) can be calculated from Eq. (3),
which is obtained by summarizing the seismic moments
(M,) of each structural plane element i. As the panel contin-
ues to be mined, the M|, values in the process of mining the
panel through the fault are accumulated to obtain the cumu-
lative seismic moment (M,). Figure 12 shows the cumulative
seismic moment (M) along the entire fault and its spatial
distribution with respect to the fault friction angle (¢y).

My=GAD =G ) ad, 3)

Figure 12a shows the evolution of M_ with retreat mining
starting at L= 60 m and passing the fault at L=—40 m. Note
that M, is the cumulative seismic moment along the entire
fault, which describes the magnitude of the mining-induced
seismicity. As seen, the friction angle (¢;) of the fault has
a significant influence on M in the following two aspects:
(1) M, is inversely proportional to ¢y, and the maximum
M, in the case @;=15° is 3.9x 10'> N m, which is more
than four times the value when ¢;=30° and (2) a fault with
a low @; will be more susceptible to mining, as M can be
detected when the face is still far from the fault. In the case
of ¢;=15°, the reading of M_ begins at L=50 m. As ¢;
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Fig. 12 Effect of the friction angle on the cumulative seismic moment
and the distribution of the seismic moments. a Cumulative seismic
moment (M,). b Distribution of the seismic moments (M,))

increases to 30°, the initiation of the seismicity is delayed
to L=30 m.

Figure 12b and Table 4 show the distribution pattern of
M, occurring along the fault with respect to ¢. It can be
seen that in addition to the magnitude of M, ¢; also greatly
affects the distribution pattern of the seismic moment (M)
along the fault. In the case of @;=15°, 74.2% of M, occurs in

Table 4 Effect of the friction angle on the spatial distribution of the
seismic moments

Regions of the fault Seismic moment ratio MM, (%)

p=15° =200 =250 @=30°
FI (-60m<H<O0m) 7.2 7.2 7.1 11.8
F2: (Om<H<28m) 18.6 252 30.7 38.6
F3: 28 m<H<56m) 249 317 353 382
F4: (56 m<H<84m) 259 239 20.2 11.4
F5: (84 m<H<112m) 234 12.9 6.7 0




Dynamic Analysis of the Rock Burst Potential of a Longwall Panel Intersecting with a Fault 1747

the regions of F;, F, and F5, and approximately one-fourth of
the M, is in each region. Such results indicate that the fault-
slip behavior at the fault in the high roof has a more active
response to mining, thereby causing a high magnitude of
M. With the increase in ¢y, the M, that occurs at Fs is dra-
matically decreased and is completely eliminated when ¢
reaches 30°, and the same tendency can be found for M, in
F,. In the meantime, M,, in F, and F; increases significantly
with ¢y When ¢;=15°, 18.6% and 24.9% of the total M,
occurred in F, and F;, respectively, and the numbers reach
38.6% and 38.2% as ¢; increases to 30°, with most of the M,
concentrated within 0 m < H <56 m of the fault. The fault in
the coal seam and the floor is less sensitive to mining, as M|,
in F, is unnoticeably changed.

According to Fig. 11, the shear displacements of the fault
significantly decrease with an increase in ¢y, especially in
the high roof area (F5). As is known from Eq. (1), M, is
positively correlated with D, which explains the decrease
of M, in F5 with an increasing .
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Fig. 13 Effect of the fault stiffness on the cumulative seismic moment
and the distribution of the seismic moments. a Cumulative seismic
moment (M,). b Distribution of the seismic moments

Figure 13 shows the cumulative seismic moment (M)
of the fault and its distribution pattern of M|, with respect
to the stiffness of the fault. The stiffness of the fault greatly
affects the fault’s behavior in a positive correlation manner
in terms of the slip-induced seismic moment. Taking the M,
data at L=0 as an example, when the fault-to-rock stiffness
ratio decreases from 30 to 5%, M increases from 6.2 X 10"
to 2.8 x 10'> N m. Different from the effect of @y, the stiff-
ness of the fault only affects M, in terms of its magnitude;
the sensitivity of the fault to mining does not change because
the starting point and increased tendency of M, show no rel-
evance to the ratio. Additionally, Fig. 13b shows no notable
effect of the fault stiffness on the distribution pattern of the
seismic moment.

In summary, the friction angle significantly affects the
shear displacement, magnitude and distribution of the seis-
mic moment. Because the strength of the faults is a function
of the normal stress, the friction coefficient of the fault sur-
face, its waviness and dilation characteristics, etc. (Kaiser and
Cai 2012), these results indicate that when a fault is smooth
with fewer asperities, a thicker filling or a higher weathering
degree, the fault will be low in ¢;, which makes it more sen-
sitive to mining-induced stress, and it tends to slip in shear.
If fault-slip occurs, more intense seismicity will be induced
(Barton and Choubey 1977; Barton 1973; Meng et al. 2018).
The results agree with those of the previous study by Sainoki
(2014b). The fault stiffness has a great effect on the magni-
tude of the seismic moment but less of an effect on the shear
displacement and the distribution of seismic moments.

Therefore, for a numerical analysis based on a specific
case, it is better to calibrate the fault parameters instead of
using a simple assumption. Otherwise, the simulation of the
fault behaviors is difficult to verify. In the following section,
a back analysis method based on MS monitoring is intro-
duced to determine the proper fault parameters.

4.3 Determination of the Fault Parameters Based
on Back Analysis

According to the previous sections, the fault-slip behaviors
due to mining activities, i.e., the shear displacements and
the seismic moments, are affected by the fault parameters
(s and the stiffness), although the effect varies. It can be
concluded that the fault parameters are fundamental to
describing the mechanical behaviors of the fault-slip in
numerical modeling. Therefore, it is essential to calibrate
the fault parameters before the numerical analysis to ensure
its validity. Because it is quite challenging to measure the
shear displacement of a fault on-site (Wang et al. 2017), the
M, released by the fault-slip can be obtained by MS moni-
toring (as introduced in Sect. 2.2). Therefore, the M, based
on field monitoring can be employed as a practical indicator
in the back analysis or calibration of the fault parameters.
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Fig. 14 Flowchart of the back analysis of the fault parameters

In this study, a trail-and-error back analysis is conducted to
determine ¢; and the stiffness of the fault by comparing M, and
the distribution of M, in the simulations to those obtained from
field monitoring, with a flow chart of the back analysis shown
in Fig. 14. First, MS monitoring data of the panel should be
collected and statistically analyzed, and a mine-wide 3D model
should be built according to the geological and geotechnical
information of the panel. According to Sect. 4.2, the distribu-
tion of the seismic moment is a distinguishing and effective
parameter for back-analyzing ¢y, so ¢, can be preliminarily
determined by trial-and-error simulations with different ¢; by
comparing the distribution pattern of M, to that of the field
monitoring when L=0 m. Figure 15a shows a comparison of
the spatial distribution of M, for different ¢; and the spatial
distribution of M, for field monitoring. Through an analysis
of variance, when ¢; is 20°, the squared coefficient of cor-
relation is the highest, 0.92. Then, the fault stiffness can be
determined by M at L=0 m. After the preliminary determina-
tion, a calibration analysis with the preliminarily determined
parameters is required. If the M, evolution during the retreat

@ Springer

mining from the numerical analysis shows good agreement
with the field monitoring data, the employed fault parameters
could be recognized as a set of valid parameters. Figure 15b
shows the evolution of M, with different stiffnesses when the
@ of the fault is 20°and the evolution of M, is monitored in the
field. Through an analysis of variance, when the ¢; of the fault
and the ratio of the stiffness of the faulted rock mass are 20°
and 30%, respectively, the squared coefficient of correlation is
0.98. Therefore, the numerical simulation results are in good
agreement with the field monitoring results.

5 Analysis of the Dynamic Response Due
to a Mining-Induced Fault-Slip

5.1 The Particle Velocity Evolution over the Mining
Operation

The propagation of seismic waves excites the particle veloc-
ity of the rockmass, and there is a strong correlation between
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Fig. 15 Comparison of numeri- a
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the particle velocity and rockmass damage (Brinkmann 1987;
Hedley 1992; Weng et al. 2017; Wu et al. 2019). Strong min-
ing seismic events are the source of the very high values of
the peak particle velocity (PPV) recorded in the near-wave
field. The high value of the PPV can exert a high dynamic
load on the support and underground excavation. As a result
of the significant increase in the dynamic load, rock burst
phenomena are observed in the excavations. Mutke et al.
(2009, 2015) conducted a statistical analysis of 120 rock burst
events in the Upper Silesian Coal Basin from 1988 to 2006.
90% of the rock bursts took place after those tremors that
produced a peak particle velocity (PPV) with a value from
0.05 to 1.0 m/s, and the distance between the inducing tremor

0 10 20 30 40 50 60 70

and the damaged areas did not exceed 100 m. An empirical
criterion for the potential rock burst hazard has been devel-
oped based on a database of rock bursts.

(a) Lack of hazard: PPV <0.05 m/s.

(b) Low hazard: 0.05<PPV<0.2 m/s.
(c) Medium hazard: 0.2 < PPV <0.4 m/s.
(d) High hazard: PPV >0.4 m/s.

It should be emphasized here that the local state of the
static stresses constitutes a very important factor having an
essential influence on the probability of occurrence of a rock
burst as a result of the dynamic stresses caused by a mining
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tremor. Local faults, the geological structure, the mining
conditions, supports and remains in the referred to seam
cause local areas with increased static stresses. Such places
are much more prone to rock bursts at relatively small values
of PPV. Thus, the particle velocity due to the fault-slip is an
important indicator for evaluating the induced seismic waves
in the dynamic analysis (Sainoki and Mitri 2014a, 2016).
Figure 14 shows the particle velocity distribution after
the seismic waves are triggered by fault-slip when the work-
ing face is 40 m, 20 m, 10 m and —20 m from the fault
(L=40 m, 20 m, 10 m and —20 m, respectively), and no
fault-slip is detected when L>40 m. According to Fig. 16,
when L=40 m, the fault-slip only occurs at a high level
of the fault, and the intensity of the fault-slip is not strong
because the detected particle velocity is low in both its
magnitude and distribution extent. As the face advances
toward the fault, almost all of the fault above the coal seam
has slipped in the case of L=20 m. The seismic moments
released are significantly increased, resulting in a signifi-
cant increase in the vibration velocity of the rock mass near
the fault above the coal seam. The fault-slip continuously
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.
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(s/ux) £3100[9A ddBIBY
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extends to the seam and the floor when L=10 m, and seis-
mic waves with a high particle velocity can be observed sur-
rounding the working face. Under such circumstances, the
working face may experience severe dynamic loading and
have a great potential of dynamic hazards (e.g., rock burst).
After the working face has mined past the fault, the particle
velocity significantly decreases, as well as the distribution.

The longwall mining operation induces a series of inten-
sive stratum movements and stress readjustments (Peng
2008). The high concentrated stress ahead of the working
face is often referred to as the peak abutment stress ((rp),
which is a paramount parameter for the operation planning
and support design. ¢, is usually located tens of meters
ahead of the face. With its inherent high stress, the coal
under o, would be more sensitive to seismic waves than
coal elsewhere. Under the impact of a certain seismic wave,
coal with a high stress may fail in a violent manner and
eject to the working face, resulting in rock burst hazards and
endangering personnel and machinery. In this section, the
peak particle velocity (PPV) at point o, is recorded with the
retreat mining, as illustrated in Fig. 17.
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Fig. 16 The distribution of the particle velocity with respect to the retreat-mining of the working face
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Fig. 18 PPV evolution with retreat mining

The recorded PPV evolution with the retreat min-
ing is shown in Fig. 18. As seen, the PPV at point o, is
minor before the working face reaches 40 m from the fault
(L>40m). The PPV first increases exponentially to 1.01 m/s
when 40 m > L>20 m and then gradually reaches its peak
(1.09 m/s) at L=10 m. The PPV begins to decrease after
the working face is less than 10 m from the fault and then
sharply decreases to 0.22 m/s after the face has been mined
through the fault. According to Brinkmann (1987), a PPV
of approximately 1 m/s is sufficient to induce a rock burst,
resulting in a severe deformation of the roadway or rock fall.
When the working face is mined through the fault, the PPV
is less than 0.22 m/s, a significant reduction. By analyzing
the PPV when the working face is at different positions, it
can be seen that the PPV is affected by the fault-slip, and
the potential of a rock burst is significantly increased when
the distance between the working face and the fault is less
than 30 m. Monitoring and prevention measures for rock

burst hazards should therefore be strengthened under these
conditions.

5.2 Evolution of the Abutment Stress
with the Mining Operation

As described above, if the surrounding rock masses are in
critical conditions under high stress, dynamic waves may
break the original stability and trigger dynamic rock fail-
ure, e.g., rock burst. Figure 19 shows the stress fluctua-
tion of o, after a dynamic analysis is initiated at a differ-
ent phases of mining. It can be seen that the response of
the stress to dynamic loads varies with L. Before L reaches
20 m, there is no noticeable stress fluctuation. However,
when 20 m> L >0 m, great stress fluctuations are induced
by the dynamic load. The maximum fluctuation of o, gradu-
ally increases as the face approaches the fault, with values
of 2.6 MPa, 5.7 MPa and 10.6 MPa for L=20 m, 10 m, and
0 m, respectively. In all three cases, o, drops after the stress
fluctuation, which indicates that the rock masses fail and
can no longer sustain high stress after the dynamic load.
Failures of highly stressed rock masses will release a great
amount of stress and energy, which increases the rock burst
potential. After the face has passed the fault, the curves of
o, return to stability.

6 Discussion

Based on the analysis for the case of a panel intersection
with a fault (presented in Sect. 5), the rock burst potential
under such a circumstance could be analyzed with three
parameters, i.e., Ops PPV and the maximum fluctuation of Ops
as shown in Fig. 20. When the face is far from the fault, all
three parameters remain steady (class-II). o, could be high or
low depending on the depth and other geological conditions.
If the stress state is high, regular MS monitoring and destress
measures should be taken. As the face approaches the fault,
the three parameters significantly increase; o, increases due
to the existence of the fault, and the mining-induced stress
redistribution may initiate the fault-slip and induce seismic
waves, which propagate though the rock masses as dynamic
loads. As previously introduced, a high PPV indicates that
the rock masses are sensitive to the dynamic load and may
consequently cause a rise in the stress fluctuation. Under
such circumstances, the rock burst potential can be classi-
fied as a high potential (class-I), which means that effec-
tive rock burst control measures must be applied. Generally,
there are three types of rock burst prevention and control
methods: (1) alternative mining methods; (2) ground pre-
conditioning, such as destress blasting and slotting (Zhao
et al. 2018; Konicek et al. 2013); and (3) rock support with
a good energy-absorbing capacity (Li 2010; Mazaira and
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Fig.20 Rock burst potential with respect to the retreat-mining activi-
ties

Konicek 2015; Fu et al. 2019). For the case with a given
mining method and geological conditions, proper applica-
tions of the other methods are required in areas with a high
rock burst potential.

After the face has been mined past the fault, the three
parameters significantly drop, among which the PPV and
maximum stress fluctuation are reduced to nearly zero and the
rock burst potential also becomes relatively low (class-11II).

The criteria for the rock burst potential analysis under
such geological conditions vary from case to case. L, the
distance between the face and the fault, could be used as a
practical and effective indicator for field rock burst control.
The work of this study lays the foundation for studies on
fault-slip burst potential analyses as future research, such as
arock burst potential identification system that may include,
but is not limited to, the aforementioned parameters.

7 Conclusion

A case study on the rock burst potential of a longwall panel
intersecting with a fault is performed. The on-site microseis-
mic (MS) monitoring data indicates that when the working
face is mined to the vicinity of the fault, the frequency and
energy level of MS events are obviously increased. The MS
events are mainly concentrated near the fault, and the height of
the rock layer where the MS occurs is significantly increased.
A numerical model of a longwall panel intersecting with
a fault is generated by means of FLAC3D software, and the
influences of the fault parameters on the fault-slip behavior are
analyzed. The friction angle (¢;) significantly affects the shear
displacement and the magnitude and distribution of the seismic
moments. The fault stiffness has a great effect on the magnitude
of the seismic moment but less of an effect on the shear dis-
placement and the distribution of the seismic moments. Based
on the influences of the fault stiffness and ¢; on the seismic
moment, reasonable fault parameters can be determined.

A dynamic numerical analysis shows that the fault-slip
seismic moment has an obvious effect on the PPV and peak
abutment stress (op) ahead of a working face that is being
mined through a fault. The rock burst potential could be
analyzed with o}, the PPV and the maximum fluctuation of
op to evaluate the influence of the seismic moment released
by the fault-slip. As the working face approaches the fault,
op, the PPV and the maximum fluctuation of op significantly
increase and the rock burst potential significantly increases,
so the coal and rock mass may be damaged from the seismic
moment released by the fault-slip. After the working face
has been mined past the fault, the three parameters drop
significantly, with the degree of danger of a rock burst being
obviously reduced. The rock burst potential changes with
the mining activities, so corresponding measures must be
applied to prevent and control the rock burst events. This
study contributes to deepening our understanding of the
fault parameters in numerical simulations and the dynamic
responses and the rock burst potential of surrounding rocks
due to mining activities, as well as providing a back-analysis
calibration method for the fault parameters.
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