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Abstract

The fracture and movement of hard thick strata, particularly super thick hard key stratum, can induce strong mine
seismicity. The disturbance caused by mine seismicity can directly influence the stability of a roadway. To address this
problem, the numerical simulation software FLAC? was used to simulate strong seismicity by applying strong stress
waves on the bottom of hard thick strata. The stress, displacement, and plastic zone data of roadway surrounding rock
were extracted. The dynamic response laws of roadway surrounding rock under the disturbance were investigated. The
influence of boundary condition on the dynamic response of the roadway was studied simultaneously. Result indicates
that the increase in horizontal stress of the roof and vertical stress of the ribs result in the spallation damage of the roof
and the compression of the coal ribs under seismic influence. The convergence of the ribs is greater than that of the roof
and the floor, and rock bursts can easily occur in the ribs of the roadway. The significant influencing time for the ground
displacement of the roadway is 0.6 s. The convergence of two ribs of the gob-side roadway is 9.27 times as high as that
of the solid-coal roadway. The results are verified via a case study. The conclusions obtained in this study provide a
theoretical basis for the design of a roadway support on hard thick rock strata, which is significant to the safety of the

working face.
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1. Introduction

Coal is the main energy source in China[l]. With the
increasing energy demands, the intensity of coal mining
increases, and mining geological conditions and dynamic
disasters become more complicated and serious, particularly
when the working face is covered by tens or even hundreds
of meters of hard thick strata. A large suspension area will
appear under a hard-thick stratum after mining the working
face, which can induce strong dynamic phenomena,
including mine seismicity, rock burst, support break off,
water in bed separation, and gas inrush. These phenomena
can seriously threaten the safety of production because of the
special properties of hard thick strata, including high
strength, good integrity, and large initial breaking span. At
present, hard thick strata have been found in high positions
in many coal mines in China, which result in strong dynamic
disasters occurring during the mining process. The
production practice indicates that the fracture of hard thick
strata can induce mine seismicity, which can generate
different degrees of shock waves that can lead to dynamic
disasters, such as rock burst, coal outburst, and gas
outburst[2—6]. The fracture of a super thick hard key stratum
can induce strong mine seismicity, which can seriously harm
a wide range of roadways and working faces[7-11]. The
correct understanding of the effect of strong seismicity on a
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roadway is critical for maintenance and safe production.
However, determining the effect of strong seismicity on a
roadway via field measurement is difficult due to the short
period of a strong seismic action. Thus, this study focused
on the occurrence of huge thick magmatic rocks on the roof.
The mechanical response of roadway surrounding rock
under the strong seismicity caused by the highly positioned
magmatic rocks were simulated and analyzed using the
numerical simulation software FLAC?™. The change laws of
the stress field, displacement field, and plastic zone of the
roadway under different boundary conditions were studied.

2. State of the art

The dynamic disturbance effect of the overlying strata on the
stability of roadway surrounding rock has captured the
attention of many scholars, who conducted relevant studies.
Real-time microseismic signals can be collected using
microseismic monitoring technology, thereby providing the
basis for the dynamic response analysis of a gateway.
Baumgardt D.R. summarized the relationship between the
occurrence of a rock burst and the degree of a rock burst in a
mine in the United States. In this previous study, detailed
information about the blast, including the type and depth of
mining operation and the blasting delay pattern, was
reviewed and combined with a seismological analysis of the
event[12]. At present, numerical modeling is a state-of-the-
art technique that is widely used in rock mechanics
study[13—14]. Song Xi-Xian analyzed the effective rule of
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the side pressure coefficient for the stress distribution of a
gateway surrounding rock under static and dynamic loads by
using the numerical simulation software RFPA; the
influencing law of confining pressure on the destruction
form of roadway surrounding rock was obtained. This
previous study indicated that the lateral pressure coefficient
A played a decisive role in the stress field distribution of
roadway surrounding rock under static and dynamic
disturbances[15]. Hu Shao-Bin used the numerical
simulation software LS-DYNA to analyze the stability and
energy change rule of a coal and rock roadway system under
stress wave disturbance with different frequencies and
amplitudes; the amplitude and frequency response
characteristics of the dynamic disturbance were obtained in
the simulation. This previous study found that the distance
from the maximum reflection energy flow density peak
position to the free surface, as well as the perturbation
frequency, conformed to a power function relation[16].
Abdul-Wahed M.K. selected the Provence mine as research
object and used the combined methods of microseismic
monitoring and numerical modeling to effectively predict the
rock burst danger zone. This previous study showed that
such a coupling could be an efficient approach for detecting
areas subjected to rock burst hazards[17]. Jikun Liu studied
the spectral characteristics of microseismic signals in coal
rupture; this researcher determined that such signals
increased with the increase in compressive stress during
early coal rupture period and a huge amount of microseismic
signals was destroyed before the coal body. This previous
study demonstrated the advantage of applying a Hilbert—
Huang transform, which could extract the main features of
signals[18]. Hosseini N. studied the law of stress
redistribution in longwall mining. The results showed that
the state of stress redistribution around the longwall panel
could be deduced from the velocity images[19]. Chen Guo-
Xiang studied the response characteristics of the stress and
plastic zones of roadway surrounding rock under different
disturbances by using the numerical simulation software
FLAC™ and obtained the influencing law for rock burst
hazard on roadway sides. This previous study found that the
maximum vertical and horizontal stresses of the inner coal
wall increased more rapidly than the outer coal wall[20]. Lu
Ai-Hong simulated and analyzed the fracture process of
roadway surrounding rock under stress waves by using the
numerical  calculation  software = LS-DYNA.  The
characteristics of the formation and scope of the spallation
structure under the given intensity condition of stress waves
were obtained. The numerical simulation showed that the
formation of layer cracks and failure structures is closely
related to roadway depth H [21].

The aforementioned studies analyzed the influencing law
for disturbance on the stability of roadway surrounding rock
in terms of disturbance form, side pressure coefficient, and
discontinuity surface; however, the stability of roadway
surrounding rock under different boundary conditions was
not considered. When super thick hard magmatic rocks exist
in the highstand of a working face, the suspension roof area
is large during the mining process. The large-scale migration
of the broken key stratum can easily induce strong mine
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seismicity, which can damage the roadway and the working
face.

The remainder of this paper is organized as follows.
Section 3 proposes the engineering background of a
highstand magmatic rock and presents the numerical
calculation model and related parameters. Section 4 analyzes
the dynamic response of a mining roadway under strong
seismicity and verifies the results through case studies.
Section 5 summarizes the conclusions.

3. Methodology

A 44 m hard thick magmatic rock exists above mining area
104 in Yangliu Coal Mine in China. Mine seismicity occurs
frequently under the influence of mining, which threatens
the safety of the coal mining face and affect the stability of
the roadway. The degree of effect increases with the increase
in mine seismicity energy. The 10416 working face of
Huaibei Yangliu Coal Mine is used as an example to study
the dynamic response characteristics of gateway surrounding
rock under strong seismic disturbance.

3.1 Engineering background

The 10416 working face is located in mine section 104. In
the northeast, 106 is a coal mining entity; in the southwest,
10414 is a working face gob. The width of the mine section
protective coal pillar is 5 m, as shown in Fig. 1. The south
limb (open-off cut side) is bounded by the Xiaoshenjia fault
pillar, whereas the north limb (stopping line side) is bounded
by the east limb main roadway protection pillar. The
working face mines coal seam no. 10 of the Shanxi
Formation, which has an inclined length of 180 m and a
strike length of 1160 m. Coal seam no. 10 is buried at a
depth between —570 m and —610 m, and has a simple
structure. The average thickness is 3.2 m and the average
angle is 4°. The mine is temporarily identified as a high-gas
mine because of the high local gas emission. Approximately
17 faults occur in the working face, the largest fault throw is
10 m. The upper and lower roadways are supported by a
combination of bolts, beams, meshes, and bolt cables. The
material of the bolt body is ultra-strong sinisterly thread steel.
The specification of the roof bolts is ®20 mm x 2500 mm,
whereas that of the roadway bolts is ®20 mm x 2200 mm;
the strain row spacing is 800 mm. The specification of the
material of the bolt cables is ®17.8 mm x 6300 mm steel
strand, and the row spacing is 4000 mm.

Two layers of magmatic rocks are developed above
10416 working face, and bedding invasion occurs along coal
seam no. 5, roof and coal seam no. 7, roof. The average
thickness of the magmatic rock of coal seam no. 5, roof is
31.5 m, with an average distance of 163.1 m to coal seam no.
10. The average thickness of the magmatic rock of coal seam
no. 7, roof is 43.5 m, with an average distance of 104.1 m to
coal seam no.10. From the results of the rock mechanics test
conducted by ground drilling core, the magmatic rocks
exhibit high intensity, a unidirectional compressive strength
of 113.6 MPa, and a tensile strength of 25 MPa.
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Fig. 1. Layout of 10416 working face

3.2 Numerical calculation model

The numerical calculation model was built based on the
geological engineering condition of 10416 working face in
Yangliu Coal Mine using the numerical simulation software
FLAC™. The dynamic response characteristics of the
surrounding rock under strong disturbance and different
boundary conditions were studied through the analysis of

dynamic modules. The size of the model is 660 m (length) x
208 m (height), with a roadway of 5 m (width) x 3 m
(height), thereby simulating a coal seam depth of 600 m. A
vertical uniformly distributed load of 10.75 MPa is applied
on top of the model. The parameters of the mechanics and
the strata of the model are presented in Table 1.

Table 1. Parameters of mechanics and strata of model

Lithol Thickness/ Density mB:; "1( mSl:leaII;JS Cohesion Tensile F:ninm;(em
1thology iekness/m /(kg/m®) /(])v[::s /(I)Vlll]’a /MPa Strength /MPa /§
Packsand 20 2530 13.4x10° 7.6x10° 1.4 2.78 37
Mudstone 2 2340 9.8x10° 7.1x10° 0.5 1.55 39
Siltstone 4 2530 13.4x10° 7.6x10° 1.4 1.85 37
Gritrock 2 2540 14.7x10° 8.1x10° 10 2.8 26
Mudstone 3 2340 9.8x10° 7.1x10° 0.5 1.55 39
Gritrock 1 2540 14.7x10° 8.1x10° 10 2.8 26
Magmatic rock 44 3000 75x10° 47x10° 22 25 45
7, Coal 1 1350 10.5%10° 6.5%10° 1.2 0.9 23
Siltstone 2 2530 13.4x10° 7.6x10° 1.4 1.85 37
Gritrock 7 2540 14.7x10° 8.1x10° 10 2.8 26
Siltstone 2 2530 13.4x10° 7.6x10° 1.4 1.85 37
Mudstone 3 2340 9.8x10° 7.1x10° 0.5 1.55 39
8, Coal 2 1350 10.5%10° 6.5%10° 1.2 0.9 23
Mudstone 3 2340 9.8x10° 7.1x10° 0.5 1.55 39
Siltstone 3 2530 13.4x10° 7.6x10° 1.4 1.85 37
Mudstone 13 2340 9.8x10° 7.1x10° 0.5 1.55 39
Gritrock 4 2540 14.7x10° 8.1x10° 10 2.8 26
Mudstone 4 2340 9.8x10° 7.1x10° 0.5 1.55 39
Siltstone 2 2530 13.4x10° 7.6x10° 1.4 1.85 37
Mudstone 49 2340 9.8x10° 7.1x10° 0.5 1.55 39
Packsand 5 2530 13.4x10° 7.6x10° 1.4 2.78 37
Mudstone 3 2340 9.8x10° 7.1x10° 0.5 1.55 39
10 Coal 3 1350 10.5%10° 6.5%10° 1.2 0.9 23
Gritrock 26 2540 14.7x10° 8.1x10° 10 2.8 26

3.3 Modeling scheme

This study focused on shear stress wave, which was applied
to the gob side at the bottom of the magmatic rocks. The
strong mining seismicity source selected the distance M, was
1.0x10"” Nm. and dominant frequency f;was 50 Hz. The
power operation time was set as 1.0 s. A static boundary and
Rayleigh damping were adopted in the model. Meanwhile,
the model used plane strain analysis, whose criterion was
Mohr—Coulomb strength[22-23]. Gobs and working face
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roadways were simulated with an empty element. The model
diagram is shown in Fig. 2.

To analyze the response characteristics of mining
roadway surrounding rock under a dynamic disturbance,
monitoring points, which were used to monitor change in
stress and displacement, were set on the roof, floor, and two
sides of the roadway. The simulation processes were as
follows. 1) A uniformly distributed load is exerted on top of
the model to obtain the original rock stress field. 2) The right
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side of the working face is excavated, and stress balance is
calculated. 3) The roadway is excavated, and stress balance
is calculated. 4) A disturbance is exerted on the bottom of
the magmatic rocks in the model, and the dynamic
calculation time is set as 1 s.

HJHHHHHlllplllllllllllll

Overlying strata (32m)

i

Earthquake source

Magmatic rock (44m)

Roof (103m) Outside

Inside

A B E B BB X

Fig. 2. Model of numerical simulation

4 Result analysis and discussion

The stability of the roadway surrounding rock is affected by
the overlying strong seismicity, which leads to the
displacement of the roadway. Moreover, the stress state of
the surrounding rock is changed, which differs from the
boundary condition of the roadway.

4.1 Stress disturbance response analysis of the roadway
surrounding rock

Four displacement monitoring points, labeled A, B, C, and D,
were set at the midpoints of the roof, floor, and two sides of
the solid-coal roadway surrounding rock and gob-side
roadway surrounding rock, respectively. The side coal walls
between the two mining roadways of the same working face
are referred to as the inside, whereas the coal walls at the
other side are referred to as the outside.) Four stress
monitoring points, namely 1#, 2#, 3#, and 4#, were set 2 m
outside of the displacement monitoring points, as shown in
Fig. 3. The monitored dynamic response rules for the roof,
floor, and two sides are shown in Figs. 4 and 5.

1# @
2m

4#

2m

2m

2% @

Fig. 3. Schematic of the arrangement of monitoring points

As shown in Fig. 4, for the solid-coal roadway, the
influence of the aforementioned mine seismic disturbance on
the stress of the roadway surrounding rock is mainly
reflected as roof horizontal stress and inside vertical stress.
As shown in Fig. 4(a), when the influencing time of the
mine was 0.15 s, roof horizontal stress instantly reached the
maximum value of 21.52 MPa, disturbance amplitude was
reduced in the next 0.5 s, and horizontal stress fluctuated
around 9-16 MPa. Therefore, the roof strata were prone to
becoming loose and dislocating because of shear failure
under seismic disturbance of the mine, which would result in
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bolt breakage and support failure. The horizontal stress
levels of the two sides and the floor were less affected by
mine seismicity. Horizontal stress changes exhibited an
entirely different trend compared with that of the roof. Stress
level was low, and a steady state was basically reached after
a disturbance of 0.4 s.

As shown in Fig. 4(b), the vertical stress levels of the
two sides were significantly higher than those of the roof
and the floor. Moreover, the vertical stress level of the inside
was higher than that of the outside.
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19 Roof — Foor
< 16 T
S B¢
2 10
57 ek
7] 4 WW/\/
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(b)Vertical stress
Fig. 4. Stress response curve of the solid-coal roadway surrounding rock

When the influencing time of mine seismicity was 0.11 s,
the inside vertical stress reached a maximum value of 19.18
MPa, thereby resulting in a sharp compression of the inside.
Then, the vertical stress of the coal wall was reduced rapidly,
and the deformation of the coal mass rebound. The risk of
rock burst would increase significantly in the process of coal
mass compression—rebound, which might easily cause
sudden stability failure of the roadway. Vertical stress
amplitude was reduced after a disturbance of 0.4 s, and
vertical stress fluctuated at approximately 10-16 MPa. The
trend of the outside vertical stress was similar to that of the
inside; however, the value decreased markedly. The vertical
stress levels of the roof and the floor were low, and they
basically reached a steady state after a disturbance of 0.4s.

Therefore, the dynamic response characteristics of the
surrounding rock under seismic disturbance of the mine
differed from those of the roof, floor, and two sides of the
solid-coal roadway. Stability failure is prone to occur in the
roof and the inside of the roadway.

As shown in Fig. 5, for the gob-side roadway, the
influence of the aforementioned mine seismic disturbance on
the stress of the roadway surrounding rock is mainly
reflected as roof horizontal stress and outside vertical stress.
Under the dual influence of gob-side abutment pressure and
mine seismic disturbance, the stress level of the gob-side
roadway was generally significantly higher than that of the
solid-coal roadway.
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(b) Vertical stress
Fig. 5. Stress response curve of the gob-side roadway surrounding rock

As shown in Fig. 5(a), the horizontal stress of the gob-side
roadway roof was at a high level, and it reached a maximum
value of 55.28 MPa, which was 2.57 times that on the solid-
coal roadway roof after a disturbance of 0.36 s, and then it
decreased. However, it continuously increased when mine
seismicity lasted for 0.56 s. Therefore, the risks of shear
failure and bolt breakage for the gob-side roadway were
higher than those for the solid-coal roadway.

As shown in Fig. 5(b), the vertical stress level of the
outside was higher than that of the inside. However, the
vertical stress of the outside changed gradually compared
with that of the inside. It fluctuated at approximately 17.69—
23.35 MPa, and reached its maximum value when mine
seismicity lasted for 0.53 s.

The mechanical responses of different parts of the
roadway surrounding rock under dynamic disturbances
significantly differed from those shown in Figs. 4 and 5.
Furthermore, the sensitivity of the changes in vertical stress
and horizontal stress of the roadway surrounding rock
differed from each other, thereby showing that dynamic
disturbance significantly affected the increase in horizontal
stress of the roof and vertical stress of the sides. When the
boundary conditions of the roadway varied, the response
characteristics of the roadway surrounding rock exhibited
considerable differences. The roof horizontal stress of the
gob-side roadway was significantly larger than that of the
solid-coal roadway. Moreover, the vertical stress of the
section coal pillar along the gob-side roadway was under a
state of stress concentration, which contributed more
significantly to the risks of stability failure and rock burst
than the solid-coal roadway under the disturbance.

4.2 Displacement disturbance response analysis of the
roadway surrounding rock

As shown in Fig. 6, the surrounding rock deformation of
different boundary conditions and parts of the roadway
surrounding rock varied under dynamic disturbance.
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As shown in Fig. 6(a), for the gob-side roadway, the
displacement of the inside was 24.54 mm, which was
slightly larger than that of the outside. The displacement of
the roof changed constantly with small-amplitude vibrations.
Meanwhile, the floor was in a relatively stable state, and
displacement was not basically affected by disturbance. In
general, the surrounding rock deformation of the solid-coal
roadway is small, which is consistent with the stress level of
the solid-coal roadway.

As shown in Fig. 6(b), for the gob-side roadway, the
stress concentration degree of the roadway surrounding rock
was high, which resulted in a larger convergence of the roof
and the two sides. Under the dual influencing factors of
stacked stress and poor stability of the coal pillar, the
maximum convergence of the outside was 250.53 mm,
which could easily contribute to roadway caving and bolt
instability. Although the wall caving of the inside was not as
serious as that of the floor, the convergence of the inside
also reached 139.58 mm, and the risk of instability was
present. The subsidence of the floor reached 91.81 mm, and
bed separation occurred, which could easily cause a roof
caving accident. Accordingly, the support of the roof and the
two sides of the gob-side roadway should be strengthened to

increase shock resistance, and thus, avoid roadway
instability and rock burst accidents caused by mine
seismicity.

In conclusion, the convergence of the sides is

considerably larger than that of the roof and the floor; the
displacement reached a steady state after a disturbance of 0.6
s. The stability of the surrounding rock along the gob-side
roadway was poor. The risk of rock burst increased
significantly in the sides of the gob roadway under the
disturbance.

4.3 Verification of the engineering case
The 10416 working face is covered by hard thick magmatite.
Overburden stability is influenced by mining, and
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microseismic events will occur, thereby affecting the
stability of the working face and the roadway. The Yangliu
Coal Mine has introduced an SOS microseismic monitoring
system, which can monitor the microseismic events of the
entire mine. In the process of face mining, the roadway
convergence monitoring points are arranged on the roadway,
and the deformation of the roadway is monitored.

During the mining period of the 10416 working face, the
seismic activity of the mine is strong, which exerts a certain

seismicity occurred 385 times during the mining period in
November 2012. Fig. 8 shows the distribution planar graph
of microseismic events, in which energy is equal to or
greater than 10° J. As shown in Fig. 7, microseismic events
are mainly concentrated at the center of the gob, which is
formed by the mining of the 10416 working face near the
10414 gob side and above the adjacent gob. This result
shows that the preceding simulation analysis is in accord
with the actual situation on site.

influence on the stability of the mining roadway. Mine
/ \// \
RSN

@ 1000005 XX 1000005>E; ¥00005 F  100003>E; 10005

Fig. 7. Distribution planar graph of the microseismic events in Yangliu Coal Mine in November 2012

During the mining period in November, two monitoring
points, which were used to record convergence of roadway
deformation, were individually set on the wind lane (along
the gob roadway) and the conveyor roadway 70 m ahead of
the working face. Monitoring point 1” was used to monitor
the wind lane, whereas monitoring point 2° was used to
monitor the conveyor roadway. The convergence conditions
for roadway deformation are shown in Fig. 8.

2#Sj\des

_a

-

2*Roof and floor

11/1 11/6 11/11 11/16 11/21

Date/(Month/Day)
Fig .8. Convergence of the roof—floor and sides of the roadway

1126 12/1

As shown in Fig. 8, the convergence of the two sides is
larger than that of the roof and the floor. The convergence
amplification of the two sides was large, whereas the
convergence change of the roof was relatively flat, thereby
indicating that the combined action of mine seismicity and
mining-induced stress had a more evident effect on the sides
of the roadway. This finding is consistent with the analysis
result, which indicates that the deformation degree of the
sides is larger than that of the roof and the floor under
dynamic load disturbance.
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5. Conclusions

To determine the influencing law of strong seismicity above
a working face, a dynamic numerical analysis was conducted
by applying shear stress waves on the bottom of the thick
key layer. A case study on the gate—road stability of Yangliu
Coal Mine in China was then performed. The conclusions
drawn were as follows.

(1) The dynamic response sensitivities of the vertical
stress and horizontal stress of the roadway surrounding rock
differed from each other under strong seismic disturbance.
This finding mainly showed that the dynamic disturbance
significantly affected the change in horizontal stress of the
roof and vertical stress of the sides. This situation would
result in the spallation damage of the roof and the stress
concentration of the sides. Meanwhile, the disturbance had
no evident effect on floor stress level.

(2) Under mining seismicity, the horizontal stress of the
roof and the vertical stress of the sides in the solid-coal
roadway changed constantly with vibrations, whereas the
horizontal stress of the sides and the vertical stress of the
roof basically reached a steady state after a disturbance of
0.4 s. The stress level of the inside was higher than that of
the outside. The stress level of gob-side roadway was
considerably higher than that of the solid-coal roadway.
Roof horizontal stress was more apparent, which might
contribute to the support instability of the roof. The stress
level of the outside was higher than that of the inside. The
coal pillars along the gob were under high stress state, and
the possibility of instability was high.

(3) The significant influencing time of the disturbance on
the displacement of the roadway surrounding rock is 0.6 s,
and the convergence of sides is larger than that of the roof
and the floor. The convergence of the surrounding rock of
the gob-side roadway is considerably larger than that of
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solid-coal roadway, and the stability of the roadway was
poor. The deformation of the outside was significantly larger
than that of the inside in the gob-side roadway, whereas the
deformation of the inside was slightly larger than that of the
outside in the solid-coal roadway. With a large deflection,
bed separation easily occurred in the roof of the gob-side
roadway.

This study can show the dynamic response process and
the state of a roadway under strong seismicity. The dynamic
response law of the stress and displacement of the roadway
surrounding rock indicates that a high-strength anti-shear
bolt should be used on the roof of the extraction roadway to
strengthen the support. The pressure of the roadway sides
should also be released at appropriate times to reduce the
stress concentration level. However, the model is limited by
special geological conditions and dynamic loading modes.

Further study is necessary to solve the dynamic response of
the roadway under other loading modes.
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