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Abstract: Dynamic impact of entry roof is a widespread and serious dynamic damage problem in deep
underground engineering. In this study, the displacement back analysis method based on numerical modeling
and field observations is conducted to investigate the underlying dynamic impact mechanism of entry roof. A
Mohr-Coulomb strain softening model is adopted to describe the energy release characteristics of rock mass, and
the initial mechanical values of rock mass are estimated by the Geological Strength Index (GSI) system. A back-
analysis algorithm for optimizing mechanical values of rock mass is proposed and implemented with ABAQUS,
and a static and dynamic coupling analysis approach is developed for longwall mining simulation based on the
“Dynamic/Implicit” solving mode. The variations of the acceleration distribution in main roof, the strain energy
release process in barrier coal pillar and the mining-induced stress evolution during longwall mining process are
obtained and analyzed. The mechanism of the entry roof shock in the under-gob mining situation is inferred and
explained based on the numerical simulation results and the overlying strata structure theory. The displacement
back analysis method shows excellence performance and feasibility to determine the mechanical parameter
values for rock mass and reappear the entry roof shock phenomenon. The entry roof shock accident is very
correlated with the strain energy release of the barrier coal pillar, indicating that the instantaneous instability of
coal pillar triggers the entry roof shock accident. Affected by the under-gob mining activity, the fractured main
key hard strata slip, causing the V-shaped strata blocks above the coal pillar in the upper coal seam to suddenly
fall over and generating a dynamic impact onto the coal pillar in the lower coal seam. Subjected to the static-
dynamic coupling load, the coal pillar in the under-gob panel bursts and collapses with the entry roof shocking
and subsiding.

Keywords: displacement back analysis; entry roof shock; coal burst; strain energy release; under-gob
longwall mining

1. Introduction

Rock burst and rock roof shock are serious mining safety problems in many countries in recent half a
century [1][2]. Coal pillar burst (a kind of rock burst) and entry roof shock at longwall panel in coal mine
usually induce a sudden release of elastic energy accumulated in coal-rock mass around the entry, which causes
serious damage to the supports, even ground surface subsidence and local earthquakes [3]. In 1997, a 3.9-
magnitude quake happened in Crandall Canyon coal mine in Utah state, US, which was induced by a coal pillar
burst[4][5]. China is the largest coal production country, in which coal bursts are regarded as the greatest hidden
danger for more than 140 coal mines [6]. There are more than 600 coal burst events occurred and caused more
than 300 fatal injuries from 2006 to 2013 [7]. It is reported that more than 85% of coal bursts happen around the
gateroad in longwall panel, especially in the gob-side entry [8][9][10].

Analysis of the coal burst mechanism, prediction and assessing of coal burst are significant premises for
future targeted prevention [11]. Many researchers studied the coal burst mechanism of longwall mining by field
micro-seismic monitoring, numerical simulation, and rock mechanics experiments in the past 60 years. A variety
of hypotheses about rock burst (or coal burst), such as the energy release theory [12], the system stiffness theory
[13], the static and dynamic strength theory [14], the fold catastrophe theory [15] and the deformation instability
theory [16] were proposed. Jiang et al. [17][18] classified the coal bursts into three categories according to the
geological conditions: coal material failure, coal burst induced by hard roof and induced by tectonic structures.
He et al. [19] analyzed the critical damage factor of coal and suggested that the high static stress environment
provides high strain energy for coal sudden failure, and the dynamic impact mainly induces sudden failure of
coal-rock under high static loads. Dou et al. [20] and Li et al.[21]put forward a stress concentration theory for
explaining coal burst, in which an over-stress state is generated from a combination of static and dynamic load
concentration. The dynamic stress concentration is formed by the sudden collapse of the hard and thick
overhanging strata, which generates a shock wave onto coal pillars.

In China northwest coal mines, the longwall mining parameters, especially the working face length, the
mining advancing speed and the mining height, become greater over the past 10 years due to the good
geological conditions and the high-level mining mechanization and automation technology [22]. The high-
intensity mining activity causes new problems of mining-induced pressure appearances and dynamic disasters,
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especially the under-gob coal pillar burst and entry roof shock. According to the coal industry regulations in
China and the economic mining experiences, in general, if a coal mine has two coal seams and the distance
between the two coal seams is relative far (e.g. more than 30 m), the upper coal seam should be extracted before
the lower coal seam mining. Therefore, the rock roofs above the upper coal seam undergo twice effects of
mining activities. After the upper coal seam is mined by longwall mining method, a lot of gobs are generated,
and the overlying strata will fracture, move down, and form discontinuous roof structures. When mining in
lower coal seam, the balance state of the upper coal seam roof structures will be broken and changed to reach a
new balance state. During this process, the reactivation of the upper coal seam roof structures, such as sudden
collapse, plays a significant role in affecting the stability and stress distribution of the lower coal seam roofs.
Consequently, it is of importance to study the under-gob mining-induced roof movement, energy release and the
mechanism of lower coal seam roof shock.

Numerical simulation is a good way to reappear entry shock accident and study its mechanism. However,
it is usually difficult to evaluate and determine the mechanical model and parameter values for describing the
deformation behavior and energy release characteristics of rock mass. The mechanical property of rock samples
tested in laboratory cannot directly used in numerical simulation of underground mining because of the large
difference between rock samples and the jointed rock mass [23]. Hoek et al.[24][25][26]proposed the GSI
(Geological strength index) system for rock mass parameter determination. The GSI value of rock mass can be
quantified based on RQD (Rock Quality Designation) method, RMQ (Rock Mass Quality) method, RMR (Rock
Mass Rate) or RMi (Rock Mass index) method[27]. The mechanical values of rock mass determined by GSI
system usually are close to the real values of rock mass at engineering scale, but there may still be some errors,
which make the mechanical behavior and deformation behavior of rock mass can not be satisfied at the same
time. Subsequently, Hoek and Brown [28] pointed out that the mechanical values of rock mass determined by
GSI system should better be adjusted by computer back analysis. That is also important for modeling the coal
burst and entry roof shock problems which is accompanied by strain energy release. For numerical simulation of
strain energy release, the deformation and strength behaviors of rock (or coal) mass are very critical for
calculating the strain energy density which is the integration of stress on displacement. Essentially, the
transformation methods of geological body mechanical property between different scales, such as the GSI
system, back analysis [29], fractal theory [30], can be regarded as the renormalization method [31] in Quantum
Field theory which is used to find fixed points of scale transformation.

In this study, the displacement back analysis method based on numerical modeling and field observations
of surface subsidence is conducted to investigate the entry roof shock accident and the coal pillar burst at
longwall panel No. 42105 in Buertai coal mine. A Mohr-Coulomb strain softening model is adopted to describe
the energy release characteristics of rock mass, and those initial mechanical values of rock mass are determined
by laboratory test results and GSI system. A back-analysis algorithm for adjusting the mechanical values of rock
mass is proposed and implemented with ABAQUS, and a static and dynamic coupling analysis approach is
developed for longwall mining simulation based on the “Dynamic/Implicit” solving mode in ABAQUS. The
variations of the acceleration distribution in main roof, the strain energy release process in barrier coal pillar and
the mining-induced stress evolution during longwall mining process are obtained and analyzed. Finally, based
on the numerical simulation results and the overlying strata structure theory, the mechanism of the entry roof
shock in the under-gob mining situation is inferred and explained. By presenting a complete case of back
analysis, this study is of significance to develop the application of displacement back analysis in underground
longwall mining-induced accident investigation and deepen the understanding of entry roof shock mechanism
induced by mining under gobs.

2. Field investigations on entry roof shock

Buertai coal mine of the Shendong Coal Mining Group is located in Erdos basin in Inner Mongolia
province, China. It is a typical coal mine with large mining parameters and multiple coal seams, of which it
produces 20 M tons per annum using longwall mining method, the longwall mining advancing speed reaches 18
m/d, the length of working face is more than 230 m, and the average mining height is 6.02 m. Buertai coal mine
has two flat coal seams. The upper and the lower coal seams are numbered as No. 22 and No. 42 respectively, as
shown in Fig. 1. Coal seam No. 22 was extracted before coal seam No. 42. The average thicknesses of coal
seams No. 22 and No. 42 are 3.12 m and 6.02 m, respectively. Coal seam No. 42 mainly is hard coal, and its
average uniaxial compression strength tested by coal samples is 31.2 MPa. The strata between the two coal
seams mainly are fine sandstone and sandy mudstone (Fig. 1(b)). The average distance between the two seams is
61.81 m. The average depths of coal seams No. 22 and No. 42 are 324.14 m and 391.97 m respectively.

As shown in Fig. 2(a), the entry roof shock accident happened around the gob-side entry (named No.
42105-G) in longwall panel No. 42105 in Buertai coal mine. The panel No. 42105 is in the side of the gob No.
42104, and is under the gobs No. 22104 and No. 22015. The panel No. 42105 is 230 m in working face length
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and 5200 m in mining advancing direction. The width of the coal pillar No. 42 which is between the panels No.
42105 and No. 42104 is 30 m. The widths of the coal pillars between the gobs No. 22013 and No. 22104 (named
No. 22) and between the gobs No. 22104 and No. 22105 are 80 m and 20 m, respectively.
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Fig. 1 The location of longwall panel No. 42105 and the rock layer distribution between coal seams No. 22 and
No. 42 in Buertai coal mine; (a) the top view of longwall panels; (b) the rock layer distribution between coal
seams No. 22 and No. 42; and (c) the sectional drawing along A-Ain (a).

Fig. 2 shows the location of the roof shock accident and the hydraulic single props break situation at the
accident site. When working face No. 42105 advanced about 239.75 m, a roof shock happened in 10-60 m ahead
of the working face in the entry No. 42105-G. More than 120 hydraulic single props were bent or broken off,
and fell down instantly with a huge roar coming from the roof (Fig. 2(b) and (c)).

After this shock phenomenon, it was found that the coal pillar No. 42 behind the longwall working face
(B zone in Fig. 2(a)) bloated and bumped about 0.5-1.3 m, as shown in Fig. 2(d). This fact indicates that the
entry roof shock may be correlated with the coal pillar failure.
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Fig. 2 (a) the location of the entry roof shock in a top view; (b) and (c) the photos of failure situation of
hydraulic single props in the roof shock zone; (d) a schematic of bump of coal pillar No. 42 at B zone shown in

@).

3. Numerical simulation procedures

3.1 Numerical model

A 3-D numerical model is created by ABAQUS, as shown in Fig. 3. In fact, the lengths in mining
advancing direction are more than 5000 m for those longwall panels, but it has to be shortened as 800 m to make
sure that the entry roof shock place is in the middle of the model and to reduce the computation complexity in
the 3-D numerical model. Thus, the 3-D numerical model is 970 m in width, 1200 m in length (the mining
advancing direction) and 430 m in height. The top face of this model is flat and ignore the landform because the
altitude of the ground surface above panels No. 42014 and No. 42105 varies from +1370 m to +1380 m. This 3-
D model is meshed into about 930,000 C3D8 elements. The C3D8 element is a 3-D 8-node linear brick element
with 4 integration points. The boundary conditions without reflection are set around and at the bottom of the
model by the infinite element method in ABAQUS.

Fig. 3 The 3 D numerical model created by ABAQUS
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3.2 Mechanical models of rock layer, interface and gob
3.2.1 Rock layer mechanical model

Roof shock question involves the strain energy release process and energy transfer from elastic energy to
kinetic energy. The elastic energy in solid finite element is calculated based on stress and strain components.
Therefore, it is crucial to choose a relative accurate model to describe the energy release characteristics for
simulating roof shock phenomenon. Moreover, for the displacement back analysis process, the final output
parameter values are evaluated and determined by field observation data and numerical simulation results, thus,
the rock deformation behavior should also be considered seriously in the numerical simulation.

The initial mechanical parameter values of rock layers are listed in Table. 1 In table. 1, the rock layers
with ID of 4, 8, 12, 14 and 20 are relatively hard and thick. According to literature [32], the dilation angle can be
assigned as 1/3-1/2 of the value of friction angle. The E of the loess refers to its deformation modulus. In
ABAQUS, the strain softening functions, c(¢,),» (¢,) and 6, (¢,), are defined as table functions of &, (Dassault

Systemes Simulia Corporation.2014). c and ¢ are linearly reduced with increasing the plastic strain. When the
plastic strain reaches 5x107, ¢ and ¢ decrease by 75%. The decrease slopes of ¢ and ¢ are modified by the
displacement back analysis. After 5x10°, ¢ and ¢ remain unchanged as the 25% of their initial values to
describe the rock’s residual strength.

Table 1 Initial parameter values of rock layers

Rock layer ID Type  plkg/m®*  E/GPa v pl° ¢/MPa wl° 5,IMPa
1 Loess 1642 2.8 0.42 18.00 0.003 8 0.0035
2 Fine Sandstone 2622 11 0.28 30.50 6.04 12 0.42
3 Sandy mudstone 2511 2.2 0.25 26.70 8.28 9 1.11
4 Mid-grain 2650 9.6 0.27 3236 7.92 10 4.24

sandstone ) ) ' ' )
5 Coarse sandstone 2482 0.7 0.25 32.60 3.96 12 0.10
6 Sandy mudstone 2565 15 0.22 21.80 18.06 9 1.70
7 Coarse sandstone 2503 12 0.27 25.09 6.87 12 0.62
8 Sandy mudstone 2418 8.9 0.31 25.86 16.99 10 3.20
9 Mid-grain 2387 46 0.28 32.36 5.81 12 1.06

sandstone
10 Siltite 2531 7.2 0.26 30.85 8.72 10 0.77
11 Fine Sandstone 2575 12 0.26 21.02 6.24 8 0.49
12 Mid-grain 2486 4.9 0.24 3236 6.05 12 3.50

sandstone ' ' ' ' '
13 Sandy mudstone 2323 4.8 0.24 24.28 14.96 9 2.24
14 Siltite 2439 11.7 0.29 27.67 10.60 10 2.55
15 Coarse sandstone 2276 14 0.26 34.23 3.31 12 1.82
16 Sandy mudstone 2547 6.5 0.26 26.40 8.76 10 131
17 No.22 coal 1348 11 0.24 26.84 2.26 11 0.8
18 Sandy mudstone 2466 4.0 0.25 24.90 8.72 10 1.61
19 Fine Sandstone 2490 3.2 0.26 30.10 6.42 13 2.82
20 Sandy mudstone 2427 7.1 0.25 33.70 16.10 12 3.76
21 Fine Sandstone 2533 5.0 0.25 31.50 4,76 14 1.34
22 Sandy mudstone 2442 53 0.26 31.80 4.63 13 1.88
23 No.42 coal 1372 2.2 0.25 31.00 13.6 12 14
24 Fine Sandstone 2605 6.1 0.26 20.18 26.91 9 4.61

3.2.2 Mechanical model of rock layer interface

The Coulomb friction model is adopted to represent the tangential behavior of rock layer interfaces in
ABAQUS, as shown in Fig. 4. The interface normal behavior is assumed as hard contact with an initial tensile
strength. The interface shear stiffness is calculated by a penalty method, as a result, ABAQUS has to allow a
very small elastic slip distance which is less than 0.05% of the element characteristic length when the interface
shear stress is lower than shear strength [33]. Generally, the tensile strength of rock layer interface is
significantly weaker than that of rock, and is difficult to be measured exactly in laboratory or in situ. The initial
tensile strength is set as 0.01 MPa, and the initial friction coefficient, [, is assigned as 0.30.
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Fig. 4 The mechanical model of rock layer interface;(a) the tension and friction models;(b) the schematic of
penalty shear stiffness and micro-slip in static friction stage.

3.2.3 Gob compression model
The gob compaction process should be considered in longwall mining simulation, which significantly
affects the overlying rock layer subsidence. The gob compression model adopted in this study is proposed by
Salamon in 1991 [34]. In this model, the vertical stress ¢, in the gob increases with the vertical strain ¢,
increases, according to the equation:
E n&
gobev
Oy = 1)
Egob ~ &y
Where Egq, is the gob initial deformation modulus, &yop is the limiting vertical strain.

The initial values for the two parameters are assigned as Ey, =3.5 MPa and &yop =0.5 [35]. The gob is
simulated as non-linear elastic materials to describe its gradual compaction feature by implementing Equation
(21) into ABAQUS. The gob bulk modulus is continually increased as a function of &, within the gob space.

For each 3D solid element in the gob, the bulk modulus, K, can be obtained by [36]:

1.75
K=—— 2
0.5—-¢g, @

Where ¢, is the vertical strain component of the element in the gob zone.

With longwall working face advancing, the caving zone, fractured zone and continuous deformation zone
are generated above the coal seam, as shown in Fig. 5. The height of the caving zone decreases as the caved
rocks filled in gob are gradually compressed. Therefore, the initial height of the gob zone is determined by the
initial height of caving zone. According to the official investigation in China, the final compressed height of
caving zone can be calculated as:

L __100M

=———" 425 3
¢ 2.1M +16 ®)

Where h,' is the final compressed height of caving zone, m; M is the coal mining height, 6.02 m for
Buertai coal mine. According to Equation (23), the final compressed height of caving zone is from 18.52 m to
23.52 m for Buertai coal mine.

The expansion factor of the caving zone can be defined as:

Ke =1 O]

Where k. is the expansion factor of the caving zone; H, is caving zone height, m; H; is the total thickness
of the immediate roof layers before caving, m.

With the caving zone being compressed, the expansion factor k. of the caving zone decreases. It is
assumed that the initial and the final expansion factor of the caving zone are 1.25(k.) and 1.05(k), respectively.
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The initial gob height (i.e. the height of gob zone) h¢'can be calculated by:

hi=—Sh/ )

According to Equation (25), h.' is from 22.05m to 28m. In this study, the initial gob height is finally

assigned as 25 m.
This gob deformation behavior is updated by implementing a user material subroutine USDFLD by

programming language “Fortran” in ABAQUS.
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Fig. 5 Schematic of caving zone and gob zone for longwall panel

3.3 Simulation technique of mining-induced intense shock

The “Dynamic/Implicit” solving mode, which uses the “standard” solver in ABAQUS, is adopted to
simulate the longwall mining process. The “Dynamic/Implicit” solving method is suitable for simulating
longwall mining processes due to its advantages of good convergence, and static and dynamic coupling analysis
[33]. In each longwall mining cycle, the excavation of coal mass is implemented as a quasi-static process to
obtain the stress and failure state of all elements, then the dynamic analysis will be implemented to calculate the
softening behavior of those previous critical failure state elements and the strain energy release process, as
shown in Fig. 6.

Quasi-static analysisby | Dynamic analysis by
Dynamic/Implicit mode ) g Dynamic/Implicit mode

Excavation of coal mass Stress and critical Softening behavior Convergence

The 1st - > Petential of : PR
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. A Petential of 7 L e 5
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Salamon gob model elements ) release tolerance

Fig. 6 Static-dynamic coupling solving technique for simulating intense shock problem

The matrix storage type of finite element equations is unsymmetric. The solution technique is full newton
method. A viscosity coefficient of the C3D8 element is set to 0.0001 to improve the non-linear analysis
convergence. According to ABAQUS documentation, the coefficient of critical numerical damping for rock
mass falls into 2%-5%, so the critical damping value is set as 5% [33].

The longwall panels No. 22013, No. 22104, No. 22105, No. 42104 and No. 42105 are mined sequentially.
The stress distribution in an elastic body is irrelevant with the loading or unloading paths, but the stress and
strain evolution in plastic body are significantly affected by the loading and unloading paths. Therefore, the
failure and deformation of the roof strata are influenced by the mining sequence, and it is essential to implement
the mining process in ABAQUS as the real mining process in coal mine as far as possible. Fig. 7 shows one
typical cycle in the numerical mining process. The advancing distance in each mining cycle should be less than
the main roof fracturing distance of 12 m to 32 m to avoid its influences on the fracture behavior and pressure
variation characteristics of the main roof. Consequently, the mining step length for one cycle is set to 5 m;
videlicet, the material property of gob zone is transferred to Salamon model at a speed of 5 m/cycle.
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Fig. 7 Schematic of the numerical longwall mining process in one cycle;(a) before this mining cycle; (b) after
new gob is filled with Salamon model materials.

4. Numerical simulation results and analysis

4.1 Ground surface subsidence result

There are two perpendicular observation lines arranged in the ground surface area above the longwall
panels No. 42104 and No. 42105, as shown in Fig. 8. Line A, on which there are 49 monitoring points numbered
from Al to A49, is parallel to the mining advancing direction, and is in the middle of the surface area mapped by
panel No. 42105. Line B including 30 monitoring points numbered from B1 to B30 is perpendicular to the
mining advancing direction. The horizontal distance between line B and the open-off cut of panel No. 42105 is
about 610 m.

Open-off cut

Fig. 8 The observation lines arrangement for ground surface displacement observations

The final displacement results calculated by displacement back analysis method compared to the field
observation data are plotted in Fig. 9. Fig. 9(a) and (b) are results for line A and line B, respectively. Through the
back analysis, the numerical subsidence values are close to the field observation results, which indicates the
final mechanical parameter values of the strata and gob are accurate enough to represent the underground
materials. The simulation results of the entry roof shock using the final parameter values are discussed in
Section 5.2-5.4.
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Fig. 9 The final surface subsidence displacement calculated by displacement back analysis;(a) line A; (b) line B
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4.2 The roof layer impact characteristics
The stress concentration factor and the energy accumulation degree [37] are widely used to evaluate rock
burst risks and predict rock burst. However, those two indexes cannot represent and describe the intensity of
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rock impact phenomenon. The strain energy in rock mass is dissipated and released as plastic deformation
energy, fracture energy for crack propagation and kinetic energy for inducing rock burst or rock shock [38].
Usually, the impact and shock happen instantaneously, which implies the energy transferring rate from strain
energy to Kinetic energy is extremely fast. The kinetic energy release speed is adopted to reflect and assess
whether the roof shock is happening.

For a rock micro unit dV, the kinetic energy converted from strain energy is defined as:
1 2
AE, = EpmA(Vm yav (6)

Where p, is rock density, kg/m®; A vy, is the velocity increment of the rock micro unit, m/s.

It is assumed that the rock micro unit is subjected to a constant resultant force inducing energy
conversion in a very short period A t. According to the Newton's second law, its acceleration is also constant in
A t. Consequently, the kinetic energy release speed f(t) can be calculated as:

=i — 1 1 2 _ 2
f(t)= AItILnOAEk /At = 5 pmdV Altl LnO[A(vm)/At] = phdva‘t @

Where t is time, s; a is the acceleration of the rock micro unit, m/s®>. According to Equation (27), the
acceleration a can be an index to represent the impact intensity and to describe the roof shock appearance.

Fig. 10(a), (b) and (c) are the acceleration contour section maps at working face No. 42105 when
working face No. 42105 advances at 235 m, 240 m and 245 m, respectively. The acceleration distribution along
with the mining advancing direction in the main roof which is 60 m above the entry No. 42105-G is drawn in
Fig. 11. From Fig. 10 and 11, the maximum acceleration values of the main roof when working face No. 42105
advances at 235 m and 245 m are less than 10 m/s?, whereas the max acceleration when advancing at 240 m
reaches 65.7 m/s?, which is greater dramatically than it at 235 m and 245 m. This result indicates that the roof
shock event is reappeared by numerical simulation successfully, and implies that the mechanical parameter
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Fig. 10 The acceleration contour section maps at working face No0.42105 when working face advances at (a)
235m, (b) 240m and (c) 245m.
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Fig. 11 The acceleration distribution along with the mining advancing direction of working face N0.42105 in the
main roof of coal seam No.42 above the entry N0.42105-G.

4.3 The coal pillar energy release characteristics

Fig. 12 shows the strain energy density variation before and after the roof shock when working face
No0.42105 is advancing at 240 m. The location of the peak strain energy density in coal pillar No. 42 occurs
behind the working face N0.42105 due to the high mining-induced stress in this barrier coal pillar. Before roof
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shock, the peak values of strain energy density in coal pillar No. 42 accumulates to an extremely high level of
1522 kJ/m®. After roof shock, it decreases to 1341 kJ/m?, indicating that the strain energy accumulated in the
coal pillar is released. Moreover, it is a remarkable fact that the red zone of high strain energy density in Fig. 12
changes from continuity (A zone in Fig. 12(a)) to discontinuity (B zone in Fig. 12(b)), which strongly
demonstrates that the strain energy in coal pillar No. 42 is released during roof shock.

A Coal pillar No.42 B Coal pillar No.42

Gob No.42104 Gob No.42104

Gob No.42105

Strain energy
density(kl/m3)
Strain energy

density(kJ/m3)

J

@ (b)
Fig. 12 The strain energy density variation when working face N0.42105 is advancing at 240m;(a) before roof
shock; (b) after roof shock.

The peak strain energy density in coal pillar No. 42 with working face N0.42105 advancing is shown in
Fig. 13. The strain energy density data in Fig. 13 are picked in the beginning of each numerical mining cycle. At
the beginning of mining, the peak strain energy density in coal pillar No. 42 is about 300 kd/m?, and it increases
with the mining process until it reaches the maximum value of 1467 kJ/m® at 240 m. Then it reduces by 34.36%
rapidly from 1467 kJ/m® at 240m to 963 kJ/m* at 250 m, implying the coal pillar experiences a sudden energy
release. After 250 m, the peak strain energy density goes up and down slightly around an average value of 1138
kJ/m?, and does not reappear sharp rise and fall, which suggests that the strain energy stored in coal pillar No. 42
tends to a stable state after 250 m. The above results indicate that the sudden drop of peak strain energy density
in coal pillar can be an indicator for confirming a coal pillar burst accident, and is strongly relevant to the entry
roof shock event. The continuous accumulation of strain energy density in barrier coal pillar is an effective
omen and a risk index of roof shock in longwall coal mining process.
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Fig. 13 The peak strain energy density variation with the mining process

4.4 The mining-induced stress evolution characteristics

The mining-induced stress evolution is useful to predict the fracture distance of the main key hard rock
layer. The observation path of mining-induced stress is set in the middle of the observed panel along the
working face advancing direction. In each numerical mining cycle for panels No. 22104 and No. 42105, the
maximum mining-induced stress on the observation path and the vertical stress at the gob center are recorded, as
shown in Fig. 14. With working face No. 22104 advancing, the maximum mining-induced stress on the
observation path fluctuates periodically. It is generally assumed that these periodic peaks around or above 24
MPa in Fig. 14(a) are caused by the periodic breaks of the main key hard rock layer above the mined coal seam.
Therefore, it can be speculated that the first fracture interval of the main key hard rock is about 180 m, and its
periodic fracture interval is about 100 m. The in situ vertical stress of coal seam No. 22 is about 8 MPa
according to its depth of 324.14 m, so the mining-induced stress concentration factor during panel No. 22104
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mining is from 1.78 to 3.23.

Comparing Fig. 14(a) and (b), it is notable that the maximum mining-induced stress variations of panels
No. 22104 and No. 42105 are significantly different as a result of the different mining conditions. The panel No.
22104 is mined under intact rock layer, whereas the panel No. 42105 is extracted under the gobs formed in No.
22 coal seam. When mining in panel No. 22104, the maximum mining-induced stress rises and drops sharply
around the peaks. However, with working face No. 42105 advancing, the maximum mining-induced stress goes
up gradually and declines rapidly. The in situ vertical stress of coal seam No. 42 is about 9.68 MPa according to
its depth of 391.97 m, and it can be calculated that the maximum mining-induced stress concentration factor is
from 1.65 to 2.56. Result suggests that the variation intensity of mining-induced stress in No. 42105 panel is
more mitigatory relatively compared to that in panel No. 22104, as the rock layers above the coal seam No. 22
had fractured due to the mining activities in panel No. 22104. Moreover, when mining in panel No. 42105, the
stress variation period is between 80 and 100 m, indirectly proving the fractured main key rock layer is
reactivated periodically induced by mining in panel No. 42015. When working face No. 42105 is advancing at
240 m, the maximum mining-induced stress reaches the highest value, indicating the fractured main key hard
layer slips down and may causes an impact onto the coal pillar No. 42.

The distance from the gob center to the open-off cut is a half of the distance from working face to the
open-off cut. That is, if the gob center is at 80 m, the working face is advancing at 160 m. According to Fig. 14(c)
and (d), the vertical stress at gob center gradually increases to the in situ vertical stress as a result of gob
compaction with working face advancing. The vertical stress at gob No. 22104 center stabilizes around 8 MPa
after working face No. 22104 advances at 180 m, and the vertical stress at gob No. 42105 center gradually
reaches 9.68 MPa after working face No. 42105 advances at 160 m. The complete compaction of gob No. 42105
occurs when the main key hard strata breaks and slips down according to Fig. 14(b). In summary, the roof shock
of entry N0.42105-G when panel No. 42105 advances at 240 m is closely related to the slip of the fractured

main key hard strata.
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5. 5 Mechanism of the entry roof shock
The evolution characteristics of the strata structure in Buertai coal mine can be inferred based on the
overlying strata structure theory [39] and the numerical simulation results. In fact, the fractured strata structure
induced by under-gob mining activities is very complex. To describe the entry roof shock mechanism more
clearly, the strata structure is illustrated in a geological section view which is perpendicular to the mining
advancing direction.
As shown in Fig. 15, according to the overlying strata structure theory, after the longwall panel on both
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sides of the coal pillar is mined, a V-shaped strata structure is formed above the barrier coal pillar which is
between the two gobs. The length of the rock beam in the V-shaped strata structure gradually increases with its
vertical distance from the coal pillar. Obviously, the coal pillar is subjected to high pressure originating from the
V-shaped strata structure and stores lots of strain energy.

In the under-gob mining situation of panel No. 42105 in Buertai coal mine, the V-shaped structure
evolution is plotted in Fig. 15(a)-(c). From Fig. 15, a V-shaped strata structure above the coal pillar No. 22 is
formed first, and then a series of stable and balanced rock beam chains are developed after panels No. 22103,
No. 22104 and No. 22105 are extracted. When mining in panel No. 42105, the balance states of those overlying
rock beam chains above coal seam No. 22 are broken. Especially, affected by the under-gob mining activity, the
slip of the main key hard rock layer causes the V-shaped structure above coal pillar No. 22 to suddenly lose its
support and fall over, which induces a dynamic impact on coal pillar No. 42. Consequently, subjecting to the
static and dynamic coupling load, coal pillar No. 42 bursts and collapses with the entry roof shocking and
subsiding, eventually causing the hydraulic single props destroyed (see Fig. 15(b) and (c)).

-— -
N 5

Al Coal pillar No.22| 1 panel N0.22104 ———— | Panel N0.22105 | —|
i i : T

— [ Panel No.42014 E———————Panel N0.42105

(@)
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Gob No.22103 - Gob No.22104 Panel No.22105
.

{ Panel N0.42014 E=———————| Panel N0.42105 =
I :

Strata slip induced by mining in
panel No.42105

(b)

V-shaped strata
No.42 structure
(©
Fig. 15 The ground structure evolution in the under-gob mining situation in the geological section view
perpendicular to the mining advancing direction; (a) after mining finished in panel No. 22103; (b) after mining

finished in panel No. 22104; (c) after mining finished in panel No. 42105.

Before mining in coal seam No. 42, the V-shaped strata structure above coal pillar No.22 is intact in the
mining advancing direction. When mining in panel No. 42104, this V-shaped structure periodically fractures due
to its floor rock caving, forming several triangular-prism-shaped rock blocks, as shown in Fig. 16. When mining
in panel No. 42105, those blocks of the V-shaped structure rotate and fall towards the V-shaped structure above
coal pillar No.42 as the supporting forces on its right side are relieved. Therefore, the blocks fall of the V-shaped
structure impacts onto the coal pillar No. 42. Under the combination of the dynamic loading and the high static
loading, the bump in coal pillar No. 22 and the roof shock around entry No. 42105-G happened.
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Gob No0.42104

Fig. 16 Schematic of the dynamic impact induced by the rotation of the fractured blocks in V-shaped strata
structure

6. Conclusions

In this study, the displacement back analysis method based on numerical modeling and field observations
is conducted to investigate the entry roof shock accident and the coal pillar burst at longwall panel No. 42105 in
Buertai coal mine. A back-analysis algorithm for determining the mechanical parameter values of rock mass is
proposed and implemented with ABAQUS, and a static and dynamic coupling analysis approach is developed
for longwall mining simulation based on the “Dynamic/Implicit” solving mode in ABAQUS. The least square
objective function is adopted to optimize the input mechanical parameter values in displacement back analysis
work. The variations of the acceleration distribution in main roof, the strain energy release process in barrier
coal pillar and the mining-induced stress evolution during longwall mining process are obtained and analyzed.
Based on the numerical simulation results and the overlying strata structure theory, the mechanism of the entry
roof shock in the under-gob mining situation is inferred and explained. Specific conclusions are drawn as
follows.

(1). The displacement back analysis method shows a good performance and feasibility to determine the
rock mass mechanical parameter values for accurately modeling longwall mining process and the entry
roof shock accident. According to the displacement back analysis results, the Mohr-coulomb strain
softening model shows a good description in rock mass deformation behavior and the process of strain
energy accumulation and release in coal pillar.

(2). The entry roof shock accident is very correlated with the strain energy release of the barrier coal pillar,
indicating that the instantaneous instability of coal pillar triggers the entry roof shock accident. The
continuous accumulation of strain energy in barrier coal pillar can be an effective omen and a risk index
for predicting entry roof shock in longwall mining process.

(3). According to the numerical results of mining-induced stress evolution and the overlying strata structure
theory, the coal pillar in lower coal seam is subjected to high pressure originating from the V-shaped
strata structure and stores lots of strain energy. Affected by the under-gob mining activity, the fractured
main key hard strata above the upper coal seam slip, causing the V-shaped strata blocks above the coal
pillar in the upper coal seam to suddenly fall over and generating a dynamic impact onto the coal pillar
in the lower coal seam. Subjected to the static-dynamic coupling load, the coal pillar in the under-gob
panel bursts and collapses with the entry roof shocking and subsiding, eventually causing the hydraulic
single props destroyed.
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