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Slip and instability of coal-rock parting-coal structure (CRCS) subjected to excavation disturbance can easily induce coal-rock
dynamic phenomena in deep coal mines. In this paper, the failure characteristics and influencing factors of CRCS slip and
instability were investigated by theoretical analysis, numerical simulations, and field observations. The following main results are
addressed: (1) the slip and instability of CRCS induced by excavation are due to stress release, and the damage of the rock parting is
partitioned into three parts: shear failure zone, slipping zone, and splitting failure zone from inside to outside with slip; (2) the slip
and instability process of CRCS is accompanied by initiation, expansion, and intersection of shear and tensile cracks. The
development of the cracks is dominated by shear behaviour, while the tensile crack is the main factor affecting fracture and
instability of CRCS; and (3) slip and instability of CRCS are characterized by stick-slip first and then stable slip, accompanied with

high P-wave velocity and rockburst danger coeflicient based on microseismic tomography.

1. Introduction

The diversity of sedimentary components and environments
in different geological periods caused rock parting embed-
ded in coal seams [1, 2]. The rock parting fabricates
structural interfaces (discontinuities) between the coal and
rock, which significantly changes the structure and me-
chanical properties of the coal. The potential slip and
fracture of the discontinuities may trigger the dynamic
instability of the coal-rock parting-coal structure (CRCS).
On one hand, the slip and fracture along the weak dis-
continuities of coal-rock can be triggered due to excavation
disturbances [3-7]. On the other hand, there exists asyn-
chronism characteristics of crack development in CRCS due
to strength differences between coal and rock parting, the

inharmonious development of cracks will cause the parti-
tioned destruction of CRCS, and the local destruction and
instability are thus induced [8].

At present, the deformation and failure characteristics of
compound samples (coal-rock or rock-rock) have been
fruitfully investigated in laboratory [9-13]. Some researchers
found that the slip and instability of coal-rock combinations
may be due to shear failure [14-19]. However, these studies
mainly focused on the fracture of two-body structure, for
example, “roof-coal” or three-body structure, for example,
“roof-coal-floor,” without considering the influence of rock
parting on slip and instability of CRCS. Field observations
are also limited by geological and mining factors, which is
difficult to directly reflect the process of crack development
and slip of CRCS.
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Recently, numerical simulation has a wide range of
applications in the field of rock mechanics. The Universal
Distinct Element Code (UDEC) is a two-dimensional dis-
crete element program dealing with discontinuous media. It
can be used to study the progressive failure of rock slope and
evaluate the effects of joints, cracks, faults, and layers of rock
mass on underground engineering and rock foundation. For
example, Alzo’ubi reproduced typical rock slope failure (i.e.
toppling and buckling) using the UDEC-GBM method
[20, 21]. Gao et al. improved the Voronoi logic and got the
UDEC-Trigon block model of more realistic to model
fracture patterns and simulated the process of crack de-
velopment around roadways [22, 23]. Zheng et al. studied
the mechanisms of flexural toppling failure in anti-inclined
rock slopes using UDEC-Trigon method [24]. Lu et al. in-
vestigated the slip-instability process of coal seam roadway
with rock parting under dynamic loading using the UDEC-
Trigon block model [25].

In summary, the UDEC-Trigon numerical simulation
can intuitively reflect the process of crack development and
slip of coal-rock structures, which makes up for the defi-
ciency of field observation. In this paper, the micro-
mechanical parameters of coal and rock parting were first
calibrated by numerical simulations. Then, the coupling
method of Trigon and rectangular blocks was used to in-
vestigate the effects of excavation and mining on slip and
instability of CRCS. Finally, the results obtained from nu-
merical simulations were verified by field observations in the
7301 working face of the Zhaolou coal mine (ZCM). The
research results help us to understand the instability process
of coal seam with rock parting, which is of great significance
to prevent the occurrence of rockburst in advance.

2. Research Background

2.1. Introduction of the 7301 Working Face. The 7301 working
face with buried depth of 962 to 1037 m is the first fully
mechanized top-coal caving face in the #7 mining area of
ZCM, with strike and slope lengths of 1678 and 230m,
respectively. The working face is characterized by strong
rockburst danger. Its east is neighbour to the goaf of the 1303
working face, with the nearest distance of 55 m, the south is
the designed 7303 working face, the west is the centralized
tailentry of the #7 mining area, and the north is the
boundaries of the #3 and #7 mining areas, as shown in
Figure 1.

2.2. Geological Conditions. The mining seam is the 6.8 to
9.0m thick 3# coal with 1° to 13° dip angle and average
uniaxial compressive strength (UCS) of 16 MPa. A wedge-
shaped rock parting layer at the east part of the 7301 working
face bifurcated the 3# coal into 3,ppe# and 3joye,# seams.
Both thicknesses were 4.4 to 5.4 m with the average of 4.9
and 1.3-2.6 m with the average of 1.8 m, respectively. With
extension inward into the cut and middle part of the 7301
working face, the thickness of the rock parting gradually
reduced, as shown in Figure 1. Table 1 shows the physical
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and mechanical properties of the rock parting, roof, and
floor.

2.3. Mechanical Analysis of CRCS in the 7301 Working Face.
It is known that both driving and mining will cause the
stress change and redistribution of surrounding coal and
rock mass, but the effects of both actions on stress dis-
turbance are different. The roadway excavation is a process
of gradual stress release [26], while the mining is a pro-
gressive advancing of front abutment stress [27, 28]. If
vertical stress acting on coal-rock interface increases (or the
horizontal stress reduces), the original stress equilibrium
state will be broken, resulting in failure mode change of
coal-rock mass.

The mechanical model of CRCS (two interfaces between
upper/or lower coal and medium rock parting have same
stress condition) is shown in Figure 2. The maximum
principal stress and the minimum principal stress are o, and
03, respectively, o, is shear stress along the interface, and
0,, is normal stress along the interface. The angle between
the interface and the horizontal surface is 8. The friction
angle of the interface is ¢ ;, and the cohesion is c. The normal
stress and shear stress of the interface can be expressed as
follows:

0,-0
Oy = %sin 2 6, (1)
_0,+0; 0]-03
0,y = T+Tcos 29. (2)

According to the Coulomb-friction law, there exists a
limit of shear strength for any interface.
Tf=0,,  tan ¢ +c. (3)
Equation (2) is introduced into equation (3). When
0,y =Ty, the criteria for determining the slip initiation of
the interface are as follows:

( ) 2c
0y = 03)gip =
bl (1 —tan ¢ cot 8)sin 24
2t @
an
+ L] 3.
(1 —tan ¢ cot S)Sin 26
In equation (4), when &=90" or & — 95
(0, — 03) — 0.
Then,
90°
Q<8<
! (5)

(1 —tan ¢ cot 6)sin 248>0.

Therefore, 0, and o, are monotonically increasing linear
functions, as shown in Figure 3.
When the interface slips,

(01— 03)2 (0 = 03)g;pr (6)

Then,
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FIGURE 1: Plane sketch of the 7301 working face.
TaBLE 1: Physical and mechanical properties of the rock parting, roof, and floor.

Material Lithology Thickness (m) UCS (MPa)
Rock parting Mudstone 0.7-1.6 (average=1.1) 30-35
Immediate roof Medium sandstone and mudstone 0-3.48 (average =2.93) 35-40.5
Primary roof Fine sandstone 7.7-12.9 (average = 9.61) 70.7-85.4
Immediate floor Mudstone and siltstone 0-11.76 (average =10.85) 28.6-44.2
Primary floor Siltstone 10.3-11.9 (average =11.03) 60.1-71.6

o oD &)

@9

FiGURE 2: Mechanical model of CRCS.
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From Figure 3, when the basic mechanical parameters of
the interface (¢4, 9, and c) are kept unchanged, the increase
of g, or the decrease of 0; can promote the slip of interface.
To investigate the influencing effects of ¢, and o5 on slip and
instability process of CRCS, the UDEC numerical simula-
tions were conducted.

3. Calibrations of Micromechanical
Parameters of Coal and Rock Parting

The coal-rock and rock parting samples were cored from the
headentry and tailentry of the 7301 working face. According
to the standard of uniaxial compressive test of the Inter-
national Society for Rock Mechanics (ISRM), the coal-rock
and rock parting were processed to cylindrical samples with
the diameter of 50 mm and the height of 100 mm. The size of
numerical simulation model is consistent with that of the
samples tested in laboratory. It was placed between two
platens, the top platen moved down by displacement-control
method with constant loading rate, whereas the bottom one
was fixed. The vertical force was recorded by the monitoring
line set in the bottom platen.

3.1. Effects of Block Size. For the UDEC models, an elastic
and variable triangular unit assembly (block) was used to
model the coal-rock and rock parting. The triangular
units are bonded by contact, and the damage of coal and
rock parting is described by shear or tensile failure of the
contact between them. The contact obeys the Coulomb-
slip model with residual strength. The elastic blocks do
not generate damage, and the development of cracks
occurs only at the contact between blocks. Thus, the block
size determines the crack scale and the corresponding
development characteristics. Figure 4 shows the crack
development of the models with average block edge
length of 6, 4, and 2mm and an coal sample tested in
laboratory.
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In Figure 4(a), the cracks are mainly located in the upper-
left corner and the middle-right side of the sample, which are
characterized by external tensile failure and internal shear
failure. From Figure 4(b), the cracks propagate along the
middle line of the sample, characterized by middle shear
failure and significant tensile failure along two lateral sides.
From Figure 4(c), the internal cracks of the sample connect
with the marginal fissures. The dominant tensile cracks on the
left side manifest splitting failure (the fracture along the
loading direction), and the dominant shear cracks on the right
side show shear failure. Figure 4(d) shows the failure char-
acteristics of coal sample under uniaxial compression in
laboratory. The splitting failure generates on the left side and
shear cracks form on the right side, which is basically con-
sistent with crack development and failure characteristics
shown in Figure 4(c). Therefore, the smaller block size can
meet laboratory results. However, the operation time of the
model will be significantly increased if the block size is too
small. Thus, the block size should be reasonably chosen
according to the criterion that it does not obviously affect
failure mechanism of coal and rock mass.

3.2. Effects of Loading Rate. The loading rate has an im-
portant influence on the failure characteristics of numerical
model [29]. The smaller the loading speed, the more stable
the model damage. However, smaller loading rate will sig-
nificantly increase the operation time of the model. Thus, it is
necessary to select the appropriate loading rate. Figure 5
shows the axial stress versus vertical strain with four dif-
ferent loading rates of 0.02, 0.05, 0.08, and 0.15m/s, re-
spectively. It is important to point out that the unit of m/s is
the default velocity format in UDEC software. The true
loading rate can be interpreted by multiplying the platen
velocity by mechanical timestep, which is about
6.215x 10 ®s/step in these models, and thus the actual
loading rate is 1.2-9.3 x 10~ mm/step.

From Figure 5, the similar stress-strain curves were
produced by four different loading rates before peak
strength, and the post-peak behaviour was obviously dif-
terent. With the increase of loading rate, the unstable failure
of the models becomes more significant. In order to reduce
error and make the operation time acceptable, the loading
rate of 0.05m/s was chosen.

3.3. Calibration Process. The calibration adopted an elastic
block model with an average side length of 2mm. The
contact obeys the Coulomb-slip model with residual
strength. The micromechanical parameters of block and
contact surface cannot be directly obtained through labo-
ratory tests. The calibration is mainly based on the com-
parisons between simulation results and macromechanical
parameters obtained in laboratory. Then, the micro-
mechanical parameters are modified using the trial and error
approach until the simulation results are in good agreement
with the laboratory results.

3.4. Rationality Analysis of Micromechanical Parameters.
The main variables include stress, strain, and joint failure
modes. Calibration curves of coal and mudstone (rock
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FIGURE 5: Axial stress versus vertical strain with different loading
rates.

parting) subjected to uniaxial compression by tests in lab-
oratory and numerical simulations are shown in Figure 6.
The micromechanical parameters of coal and mudstone after
calibrations are given in Table 2.

Crack initiation stress or threshold is defined by the
onset of stable crack growth. The crack starts to appear
systematically when stress is higher than the crack initiation
stress [30, 31]. From Figure 6, the coal and mudstone
samples produced initial crack with stress value equal to
50.33% and 59.75% of UCS, respectively, indicating tensile
fracture. Thus, the stress value can be taken as initial
threshold of sample damage. The crack damage stress is
defined as the stress where a drastic increase of crack activity
is observed [32-34]. The number of cracks in coal and
mudstone samples developed rapidly after shear cracks

(d)

Influencing effects of block size on crack development: (a) 6 mm, (b) 4 mm, (c) 2mm, and (d) physical test.

appeared. Therefore, the stress value of initial shear cracks
can be used as the threshold of crack damage, which was
95.33% and 92.92% of UCS, respectively. Previous studies on
the law of coal fracture development have been reported
[35-37], and it was clarified that the thresholds for crack
initiation and damage were 40% to 60% and 70% to 90% of
UCS, respectively. The UCS and elastic modulus of coal and
rock by tests in laboratory and numerical simulations are
shown in Table 3. The errors of UCS were 1.36%, 1.77%,
2.13%, and 1.48% and that of elastic modulus were 3.95%,
4.37%, 10.10%, and 7.31%, respectively, indicating the good
agreement between laboratory tests and simulations. Si-
multaneously, it was proved that the microparameters in
Table 2 can better reflect the macromechanical properties of
coal and rock parting, and the microparameters are feasible.

4. Slip and Instability Simulations of CRCS

4.1. Modelling. The numerical model of roadway excavation
and mining of the 7301 working face is shown in Figure 7.
The length and width of the model are 150 and 78 m, re-
spectively, with the buried depth of 1000 m. The vertical
stress is applied to the upper boundary of the model to
simulate overburden, the horizontal displacement is con-
strained along the lateral boundaries, and the vertical and
horizontal displacements are fixed at the bottom boundary.
The UDEC-Trigon block was used to simulate the slip and
instability process of the interface. The surrounding part of
the model was divided into rectangular blocks which can
better simulate the process of roof fall.

The Fish function “ZONK-FIS” in the UDEC was used to
simulate stress release process by excavation. The simulation
was divided into 10 stages, and 10% of the original stress was
released at each stage until the stress was 0. The model was
run in enough steps to reach the configured unbalanced
force (le—5) at each coeflicient. The “cable,” “bolt,” and
“structure” elements in the UDEC were adopted in roadway
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FIGURE 6: . Results of uniaxial compressive tests and numerical simulations of coal and mudstone: (a) coal and (b) mudstone.

TABLE 2: Joint parameters of the model.

Block properties

Content properties

Mineral Density E k, k, Coh.  Fri. Ten. strength  Res. coh. Res. fri. Res. ten. strength
(GPa/m) (GPa/m) (GPa/m (GPa/m) (MPa) @) (MPa) (MPa) ©) (MPa)
Fine 2400 152 32426 129704 46 32 22 0 25 0
sandstone
Siltstone 2600 9.62 21258 8503.2 33 30 1.8 0 26 0
Coal 1400 4.06 5876 2350.4 2.7 24 1.0 0 20 0
Mudstone 2400 7.80 14488 5795.2 6.4 30 34 0 24 0
TaBLE 3: Comparisons of UCS and elastic modulus of coal and rock between experiments and simulations.
. UCS (MPa) E (GPa)
Mineral . ) . Error (%) ) . . Error (%)
Experiment Simulation Experiment Simulation
Fine sandstone 78.62 77.55 1.36 152 14.6 3.95
Siltstone 38.96 39.65 -1.77 9.62 9.20 4.37
Coal 5.48 5.36 2.19 4.06 3.65 10.10
Mudstone 14.80 14.58 1.48 7.80 7.23 7.31

support during mining process. The rock bolts and cables
were represented as a built-in “Cable” element, and the
structure was represented as a built-in “Beam” element [38].
The parameters of the “Cable” and “Beam” elements are
given in Table 4. The mining was divided into eight stages
with each of 10m. The mining of the next stage will be
carried out until static balance of the previous stage.

4.2. Results and Analysis

4.2.1. Rock Parting Slip Triggered by Roadway Excavation.
(1) Fracture and slip of rock parting: a line-monitoring
horizontal displacement was set with the interval of 0.5 m,
and a total of 30 points were set for each line. The horizontal
displacement value of each point is shown in Figure 8. The
black vertical line in middle part represents the rock parting

sandwiched between top and bottom coal blocks. The dif-
ference of horizontal displacements of the monitoring points
indicates the fracture level of rock parting, and the difference
of the points on both sides of the interface indicates slip. The
fluctuation of horizontal displacement indicates the fracture
of blocks. For the line of the 118 m, the fluctuating dis-
placement in the rock area indicates obviously shear failure.
Meanwhile, the horizontal displacement of the rock parting
is larger than that of coal blocks, which indicates that ob-
vious shear fracture and slip along the interfaces generate in
the rock parting. However, for the lines of 118.5, 119, and
119.5m, there are obvious differences of horizontal dis-
placement at the interfaces, while that of the rock parting are
approximately equal, indicating only slip without obvious
fracture. For the line of 120 m, the horizontal displacements
of coal and rock parting along the interfaces are basically
same, which is contrary to that of the lines of 118.5, 119, and
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FIGURE 7: Numerical model of roadway excavation and mining activities.

TaBLE 4: Support element properties in the model.

Property Value

Elastic modulus (GPa) 120

Cable Tensile yield strength (kN) 260
Stiffness of the grout (N/m?) 6.3¢9

Cohesive capacity of the grout (N/m) 6e6

Elastic modulus (GPa) 120

Tensile yield strength (kN) 500

Beam Compressive yield strength (kN) 500
Interface normal stiffness (GPa/m) 13.5

Interface shear stiffness (GPa/m) 13.5

119.5 m. It is proved that the rock parting between the lines
of 119.5 and 120 m generates reversed splitting failure. Thus,
the failure of the rock parting is characterized by “shear
fracture-slip-reversal splitting failure” from inside to out-
side, as shown in Figure 9.

(2) Crack evolution in CRCS: the process of crack ini-
tiation, propagation, and connection in CRCS after roadway
excavation is shown in Figure 9. With the gradual release of
the horizontal stress, cracks in coal and rock parting increase
gradually. When the initial horizontal stress is reduced by
50%, the shear cracks first develop in the bottom coal block.
When 60% is reduced, shear cracks begin to appear in the
upper coal block and along the interface. Meanwhile, the
rock parting begins to slip. When 70% is reduced, the side at
bottom corner of the roadway generates slip and fracture.
When 80% is released, shear cracks develop rapidly along the
interface in vertical direction. Simultaneously, the rock

Roadway Height (m)

30 T T T 1
0 0.02 0.04 0.06 0.08
Horizontal displacement (m)
—— 118 m 119.5 m
—=— 118.5m —— 120m
—— 119m

FiGuRre 8: Horizontal displacement of vertical monitoring points in
coal and rock parting.

parting of the lower interface also generates tensile failure in
the process of slip and fracture of bottom coal. When 90% is
reduced, the dominant shear cracks along the interfaces
develop rapidly. When the horizontal stress is 0, the tensile
cracks develop rapidly, and shear cracks connect, coalesce,
and form macro cracks. The ratio of shear to tensile cracks is
about 8.5:1. Therefore, it can be extrapolated that the
fracture of the rock parting is dominantly characterized by
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FIGURE 9: Crack evolution process in CRCS during horizontal stress release.

shear cracks while failure and instability of CRCS is mainly
contributed to tensile cracks.

(3) Horizontal stress, shear stress, and shear displace-
ment: the variations of horizontal stress, and shear stress and
shear displacement of upper and lower interfaces by
roadway excavation are shown in Figure 10.

From Figure 10, roadway excavation is accompanied
with gradual release of horizontal stress, while shear stress
is characterized by first increasing and then decreasing.
When 40% of the initial horizontal stress is reduced, the
interface begins to slip. Before slip, the shear stresses of
upper and lower interfaces gradually increase with the
decreasing horizontal stress. Meanwhile, the total energy of
the CRCS is in process of release, while the energy in shear
direction gradually accumulates. With the decrease of the
horizontal stress, shear stress gradually increases to a peak
stress of 5.29 MPa. After slip, shear stresses of two inter-
faces reduce gradually with the decrease of the horizontal
stress, accompanied with the increase of slip velocity.
When the horizontal stress is equal to 0, the slip of upper
and lower interfaces reaches the maximum values of 0.067
and 0.058 m, respectively, with energy release of CRCS in
shear direction. For each stress release stage, shear stresses
of two interfaces obviously fluctuate, which is similar to the
stick-slip effect. After stick-slip, shear stress gradually
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FiGure 10: Horizontal stress, shear stress, and shear displacement
of upper and lower interfaces.

approaches to a steady state, followed by stable slip.
Therefore, it can be verified that the CRCS will produce
obvious stick-slip phenomenon due to excavation, and then
followed by stable slip.
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(4) Damage rate and energy dissipation: to further ex-
plain the slip and failure of CRCS in the process of stress
release due to excavation, the damage rate D is defined as
follows:

S
D = =2 % 100%, (8)
SO

where Sp, is the length of the damaged joint and Sy, is the total
length of the joint.

The damage rate and energy consumption by cracking in
CRCS during excavation are shown in Figure 11.

From Figure 11, the damage rate of CRCS is charac-
terized by stepped rise with the horizontal stress release. At
initial stage of stress release, the CRCS remains stable
without obvious cracking. When 40% of the initial stress is
reduced, the slip occurs along the interfaces between coal
and rock parting, and cracks begin to develop in the bottom
coal. With the releasing of the stress, cracks gradually de-
velop in the rock parting and top coal. When the stress is 0,
the damage rate of each sublayer reaches the maximum and
from bottom to top is 45.12%, 16.66%, and 44.67%, re-
spectively. Smaller damage rate of the rock parting is due to
the fact that its strength is higher than that of the coal. In
addition, the total energy consumed by damage varies
gradually with the stress release at each stage. Before 90% of
the stress release, the total energy consumption rises
gradually with the increase of stress release and decreases
gradually after 90%. When stress release is completed, the
increment of crack number is the largest, while the energy
loss forming cracks is obviously reduced, indicating the
rapid release of elastic energy in the CRCS and higher energy
consumption by cracking. When the stress is completely
released, both the elastic energy and energy consumption are
gradually reduced.

In general, excavation is a process of transforming stress
of surrounding coal-rock from three-dimensional state to
plane state, accompanied with gradual release of elastic
energy. With the release of stress and energy, the horizontal
stress 05 around the roadway decreases gradually, and then
shear stress along the interface between coal and rock
parking increases, thus causing slip of the interface. With the
stress release, the accumulated elastic energy is released
rapidly, which intensifies crack development in the CRCS.

4.2.2. Rock Parting Slip Triggered by Mining Activity. (1)
Roof caving: the starting date of mining activity of the 7301
working face is 4 June, 2019. Until July 12, the advancing
distances of the tailentry and headentry were 87.4 and
88.7 m, respectively. The limit of designed mining speed is
4m/d.

The first caving of the immediate roof occurred on 20
June, 2019, with the caving interval of 27 (tailentry) and
21.75m (headentry). The first caving of the primary roof
occurred on June 27, with the caving interval of 40.25 and
46 m at the tailentry and headentry, respectively. In addition,
two periodic caving of primary roof were observed and
recorded on July 5 and July 12. According to the pressuring
and advancing distance, it is verified that the periodic caving

w1
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FIGURE 11: Damage rate and energy consumption by cracking in
CRCS.

interval is about 21 m. Figure 12 shows the process of roof
caving.

From Figure 12, the immediate roof began to fracture
when the advancing distance reached 30m, and then reg-
ularly fall with mining. When the advancing distance was
50 m, the primary roof began to fall, and the second caving
occurred after continuous advancing distance of about 20 m,
indicating that the periodic caving interval of primary roof
was about 20 m. The aforementioned simulation results are
basically consistent with real roof caving process monitored
in the 7301 working face, indicating that the parameters used
the in simulations are reasonable.

(2) Fracturing and slipping process of CRCS: the process
of rock parting slip and roadway failure subjected to the
front abutment pressure by mining activity was reproduced,
as shown in Figure 13.

From Figure 13, the front abutment pressure of the 7301
working face gradually acts on the CRCS in the process of
advancing and cracks around the roadway initiate and de-
velop gradually, resulting in slip at the interface. When the
advancing distance of the working face reaches 30 and 40 m,
cracks cluster in the lower coal, and the number of cracks
gradually decreases from the lower coal to the upper coal.
The slippages between the upper coal and rock parking are
9.5 and 9.7 mm, respectively. When 50 m of the advancing
distance is reached, cracks around the rock parting gradually
converge and connect, and the crack density near the in-
terfaces is obviously higher than that in the coal and rock
parking. Meanwhile, the horizontal slippage increases to
14.9 mm, indicating obvious slip of the CRCS. When the
advancing distance reaches 60 m, cracks around the roadway
expand rapidly, and the horizontal slippage between the rock
parking and coal further increases to 30.6 mm. When the
advancing distance is 70m, the top coal side produces
obvious rib spalling, accompanied with the horizontal
slippage of 72.1 mm. When the advancing distance is 80 m,
cracks around the roadway coalesce rapidly, resulting in



10

Shock and Vibration

I""-:E':—"!-.-.".-.".-.- - imEnn

(b)

(d)

(e)

FIGURE 12: . Simulations of the roof caving process: (a)

obvious deformation and failure. The horizontal slippage
reaches 200 mm. Therefore, it can be verified that the in-
crease of vertical stress can promote the slip and instability of
CRCS.

(3) Vertical stress, shear stress, and shear displacement:
the variations of vertical stress, shear stress, and shear
displacement of upper and lower interfaces along with
mining of the working face are shown in Figure 14.

From Figure 14, the vertical stress rises obviously when
the advancing distance is 50 m. Meanwhile, the front
abutment pressure begins to act on the CRCS. Subsequently,
each mining stage causes the increase of the vertical stress,
accompanied by gradual increase of shear stress and shear
displacement of upper and lower interfaces. In addition, the
variation of the vertical stress is almost consistent with that
of the shear stress. When the advancing is 80 m, both the
vertical stress and shear stress reach the peak. Wang et al.
pointed out that mining will cause the increase of front
abutment pressure of a working face and thus shear stress
along the interface will correspondingly rise, thereby trig-
gering slip and instability of CRCS [39]. In the process of
rock parking slip, the shear stress fluctuates and gradually

®

30m, (b) 40m, (c) 50m, (d) 60m, (e¢) 70m, and (f) 80 m.

reaches equilibrium. Therefore, the vertical stress concen-
tration in a coal seam containing rock parking will inevitably
induce the additional shear stress along interfaces. Once the
shear stress reaches or exceeds the threshold of slip, slip and
instability will be inevitably induced, accompanied by
transforming from stick-slip to steady-slip.

4.2.3. Case Verification. (1) Source clustering effect in the
rock parting zone: the three-dimensional monitoring pat-
tern of the seismological observation system (SOS) used a
total of 16 geophones installed in underground roadways in
the ZCM, and more than four geophones were arranged
around the 7301 working face, which can locate the seismic
sources with acceptable accuracy. Figure 15 shows the plane
distribution of seismic sources in the 7301 working face
during initial mining.

From Figure 15(a), the sources are obviously clustered in
four zones, labelled as A, B, C, and D, respectively. The
source (E>10%]) concentrations of zones A and B were
generated by slip and fracture of the interfaces accommo-
dated between the rock parting layer and #3 coal, indicating
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FIGURE 15: . Plane distributions of seismic sources in the rock parting area of the 7301 working face: (a) June 4-23 and (b) June 24-July 15.

that the vertical abutment pressure formed by mining caused
obvious slip and fracture when advancing near the rock
parting zone. The source (E> 10° ]) concentrations of zones
C and D were closely associated with the F7108 and F7109
fault activation with small throw induced by mining dis-
turbance, whereas the sources did not obviously cluster
around the FX6 fault. Based on Figure 15(b), the feature of
the sources distribution did not obviously change along with
mining of the working face, clustering in four zones, labelled
as A, B, C, and D, respectively. In addition, some sources
(E>10’]) were located in gob, associated with the overlying
roof strata fracture. Interestingly, the concentration zones of
the sources were strictly consistent with the intruded zones
of the rock partings in the 7301 working face, indicating that
the interfaces between the #3 coal and rock partings gen-
erated slip and fracture during mining near the bifurcation
zone.

(2) Passive inversion of the P-wave in the rock parting
zone: the inversion of P-wave velocity in the rock parting
based on the seismic events recorded from June 4 to July 15,
2019, is shown in Figure 16.

From Figure 16, the high P-wave velocity is significantly
located in the rock parting zone, demonstrating static high
stress concentration based on the relationship between
P-wave velocity and the imposed stress of coal and rock
[40, 41]. The stress concentration in the zone was caused by
bifurcation of the 3# coal generated by the rock parting layer,
whereas the fault F7109 and FX6 did not cause static stress
concentration, which may be associated with the fracturing
of coal and rock. Therefore, the high stress was associated
with the discontinuities between the #3 coal and rock
parting. The discontinuities subjected to dynamic stress
disturbance along with the advancing to the rock parting
zone generated slip and fracture, and therefore a large
number of sources inevitably clustered in the zone, indi-
cating high rockburst danger.

(3) Active inversion of rockburst danger index in the
rock parting zone: active P-wave tomography was performed
for evaluating rockburst danger in the rock parting zone
before mining of the 7301 working face. The detection range
was around 404 m ahead of the open cutting. A total of 58

0.0

F1GURE 16: . Cloud chart of P-wave velocity distribution in the rock
parting zone.

blasting sources were implemented in the headentry, and 22-
channel receiver was set in the tailentry. The diameter of the
blast hole was 42 mm, the depth was 2m, and the spacing
was 7 m. The spacing of the receiving substation was 18 m,
and the #1 blast hole and first substation was arranged in the
headentry and tailentry 5m ahead of the open cutting, re-
spectively. The distribution of rockburst danger index ¢
calculated by P-wave velocity is shown in Figure 17.

The rockburst danger index in the rock parting zone is
higher associated with high static stress. With approaching
to the rock parting zone, the dynamic stress disturbance is
more and more significant. When the front abutment
pressure triggering fracture and slip of the rock parting
increases, the corresponding rockburst danger index rises. In
summary, the inversions of P-wave velocity and rockburst
danger index are consistent with the simulation results.

In conclusion, the stress unloading during excavation
can enhance the impact risk of coal seam with rock parting.
The decrease of horizontal stress and the increase of vertical
stress can accelerate the slipping instability of coal and rock
parting along the interface surface. This is also the main
reason for frequent impact disaster in the area of excavating
coal seam with rock parting. Therefore, in the process of
excavation, the unloading speed of horizontal stress and the
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rising speed of vertical stress should be reduced as much as
possible to make the process of stress redistribution more
stable (for example, timely support, increasing support
strength, and early grouting reinforcement), which will
greatly reduce the possibility of impact disaster accidents.

5. Conclusion

(1) Horizontal stress release caused by excavation will
easily trigger the slip and instability of CRCS, and the
damage of rock parting is partitioned into three
parts: shear failure zone, slipping zone, and splitting
failure zone from inside to outside. The ratio of shear
to tensile cracks is about 8.5:1. The fracture of the
rock parting is dominantly characterized by shear
cracks while tensile crack is the main factor causing
failure and instability of CRCS. The CRCS slip first
shows obvious stick-slip and then followed by stable
slip.

(2) The vertical stress concentration by mining activity
in a coal seam containing rock parking will induce
the additional shear stress along the interfaces. Once
the shear stress reaches or exceeds the threshold of
slip, slip and instability will be inevitably induced,
accompanied by transforming from stick-slip to
steady-slip.

(3) Both the horizontal stress release caused by exca-
vation and vertical stress concentration caused by
mining increase along the interfaces. Thus, the ex-
cavation and mining of a coal seam containing a rock
parking layer will easily induce slip and instability of
CRCS due to shear stress increase along the
interfaces.

(4) The interfaces subjected to mining disturbance along
with advancing to the rock parting zone generate slip
and fracture, and thus a large number of seismic
sources significantly cluster in the zone, accompa-
nied with high P-wave velocity and high rockburst
danger level due to stress concentration by passive

and active inversions. The inversions are consistent
with the simulation results.
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