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(e control and prevention of rock burst in a steeply inclined coal seam are essential. In order to figure out the effects of filling and
mining sequence on rock burst in the steeply inclined coal seam, B3+6 and B1+2 coal seams in Wudong coal mine are chosen as
the research objects, and an in-house experiment system of similarity simulation is established in this study. Combined with
numerical simulation, the characteristics of collapse, stress distribution, and displacement variations can be measured, which
provide useful information to study the effects of the filling body and mining sequence on rock burst. Experimental results show
that the key reason for rock burst in a steeply inclined coal seam is the stress concentration of the rock pillar between B3+6 and
B1+2 coal seams instead of the stress-lever-effect of a deeper rock pillar. (e filling body can support the middle rock pillar, share
the geological structure stress in the horizontal and vertical direction, eliminate the stress concentration zone largely, and prevent
the occurrence of rock burst. Whenmultiple working faces are working, the opposite side of the coal seam should be mined first to
release the energy in the rock in advance, thus preventing the rock burst effectively. (e research results provide fundamental
information for better understanding the reason for rock burst and preventing rock burst in the steeply inclined coal seam.

1. Introduction

Recently, several rock bursts have occurred frequently
during mining, especially in steeply inclined coal seams
[1]. In addition, rock burst occurs at a depth that is
shallower than the critical mining depth (500m), making
the mining of steeply inclined coal seams very difficult
[2, 3]. According to statistics, steeply inclined coal seams
account for above 50% of total mined seams in Western
China [4, 5]. Xinjiang Autonomous Region is an im-
portant large-scale coal production base with hundreds of
millions of tons of coal reserves, which account for more
than 30% of global steep seam reserves [6]. Wudong coal
mine, located in the east of Urumqi, is mined at a depth of
less than 500m, with the biggest dip angle of 83° and an
average thickness of 40m. Since September 2009, more
than 10 rock bursts have occurred at B3+6 coal and B1+2
coal working faces at 300m to 350m depth [7]. (e
prevention and control of rock burst in steeply inclined
coal seams have become an urgent problem.

Previous studies have revealed that the motion behavior
of overburden strata in the steeply inclined working face is
very different from that of flat seams [8], and the damage of
rock pillars is the main reason for the rock burst in steeply
inclined coal seams [9, 10]. (e important role of the dip
angle and the width of the coal pillar in the rock burst have
been proposed, especially in inclined coal seams [11, 12]. To
guide the prevention and control of rock burst, Lai et al.
divided the roof failure period into three stages in which the
accelerated active stage was the hazard preparation stage
[13]. (e numerical modeling method was used by Wang
et al. to study the mechanisms and the prediction of rock
bursts, which provides some references and guidelines for
preventing and mitigating rock bursts in underground
mines [14–16].

At present, the cut-and-fill mining technology is mostly
applied to flat coal seams [17–19]. However, whether the cut-
and-fill mining technology is effective to steeply inclined
coal seams remains to be studied further. (e physical
similarity simulation test is a good way to solve the
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complicated underground engineering problems compared
with the calculation in theory only [20].

In this paper, a physical similarity simulation experiment
based on B3+6 and B1+2 coal seams in the Wudong coal
mine was designed to observe the stress and movement of
overburden strata. Combined with the numerical simula-
tion, the mining sequence and the filling body on the rock
burst in steeply inclined extrathick coal seam were studied to
prevent and control the rock burst in a similar steeply in-
clined coal seam.

2. Site Details of Wudong Coal Mine

(e Wudong coal mine, with the surface at +800 m level,
is located in the south of Dzungaria basin in Xinjiang
Autonomous Region, China. (e Wudong coal mine
mainly exploits B3+6 and B1+2 coal seams with an av-
erage thickness of 40 m and 30m separately and 83° dip
angle. (e B3+6 coal seam is a hard siltstone roof in the
north of Wudong coal mine. (e south of the Wudong
coal mine has the B1+2 coal seam and the siltstone rock
pillar with a width of 100m. B3+6 and B1+2 coal seams
are typical steeply inclined extrathick coal seams. (e
top-coal caving method has been used for mining. (e
height of the horizontal section is 25.0 m. (e top-coal
caving workings in the horizontal section are located
beneath the multilayer mined-out area. (e goaf is filled
with yellow soil and has a space of 50 m under the surface
(Figure 1).

3. The Similar Simulation Experiment

In this experiment, the influence of the mining sequence and
the filling body on the movement, deformation, and stress
change of overburden strata were studied by simulating the
cut-and-fill mining process, from +800m to +450m levels of
B3+6 and B1+2 coal seams.

3.1. Similar Condition. A similar simulation experiment
should meet similarity condition: geometric similarity,
density similarity, and stress similarity [21]. All the similarity
conditions were designed according to the site mining
conditions of B3+6 and B1+2 coal seams in theWudong coal
mine and laboratory conditions.

(e geometric similarity constant:

Cl �
LP

Lm

, (1)

where Lp and Lm are the size of the prototype and the model,
respectively. (e mining depth of the Wudong coal mine is
440m (Lp) from the surface to the +360m mining level, and
the height of the similar material simulation test bench is
2.2m (Lm); therefore, Cl � 200.

(e density similarity constant

Cd �
Dp

Dm

, (2)

where the density of the rock mass is 2.7 g/cm3 (Dp), the
density of similar material consolidation is 1.8 g/cm3 (Dm),
and Cd � 1.5.

(e stress similarity constant

Cs � Cl × Cd. (3)

According to (1) and (2), Cs � 300.

3.2. SimilarMaterials. (e choice of similar materials is very
important. Similar materials should have the mechanical
properties of the prototype as similar as possible and ensure
the stability of the structure during the experiment.(e rock
destruction in the overburden strata is mostly caused by the
tensile stress and compressive stress exceeding the uniaxial
tensile and compressive strength of the rock, so the ratio of
the compressive strength and tensile strength is taken as the
main index in the experiment. (e sand is used as an ag-
gregate, and lime, cast, and water were used as cemented
materials in this test [22]. All parameters are measured in the
site and at lab (Table 1).

3.3. Instrument and Monitoring Points Layout.
Experimental instruments comprise three parts, including a
similar simulation system, movement observation system,
and stress-monitoring and acquisition system.

3.3.1. Similar Simulation System. In this test, a multifunc-
tion microcomputer controlled electrohydraulic servo
similar material simulation test system (DGS-8 type) was
used to control the load. (e test platform comprises a rigid
loading frame, a similar materials filling tank, and 6 servo oil
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Figure 1: (e profile of the Wudong coal mine.

2 Shock and Vibration



cylinders (4 upright oil cylinders and 2 horizontal oil cyl-
inders), which can curbmaterials in a closed force space.(e
horizontal and vertical pressure produced from oil cylinders
is controlled by using a computer strictly.

3.3.2. Movement Observation System. Xi’an Jiaotong Uni-
versity Digital Photogrammetry (XJTUDP), based on digital
close-range industrial photogrammetry, is a portable optical
3D coordinate system tomeasure the coordinate of marks on
the rock surface. In order to observe the displacement of
overburdened strata, black grids (10×10 cm) are put on the
surface in parallel and tangential ways to the seams. (e
intersections of the grids are marked as monitoring 418
points.

3.3.3. Stress Observation and Acquisition System. During the
pouring, 24 pressure cells (BW-5 type) were arranged in the
mold from +450m level to +609m level, in advance (Fig-
ure 2). (e intelligent digital strain gauge (YJZ-32A type),
linked to pressure cells, was used for logging real-time stress
values. All data were analyzed by using the computer, and
the laws of the stress in strata were concluded.

3.4. FactureofModel. (ere are four steeps: support, mixing,
pouring, and demoulding.

(1) (e support of almost vertical coal is different from
that of the flat coal. Firstly, two templates were fixed
on the front and back sides, and another template
with a dip angle of 83° was fixed on the right side,
according to the predesigned plan. (en, the mon-
itoring points were put in the correct location as
designed.

(2) According to Table 1, the amount (W) of each
material needs to be calculated:

W � V × Dm, (4)

where V is the volume of each part, and Dm has the
same meaning as (2).
(e materials of each layer were put into a blender
and mixed totally after the materials were weighted
well.

(3) (e materials in the blender were cleaned out and
laid in strict accordance with the designed thickness,

layer by layer. Mica powder was evenly sprinkled on
every layer after compaction.

(4) (e model was placed for 5–7 days. (e templates
were removed when the model was hard (Figure 3).

3.5. Simulation of the Mining Process. According to the
relatively complex geological conditions and mining process
of the Wudong coal mine, the B3+6 and B1+2 goafs were
filled with yellow soil, and the gangues had a space of 50m
under the surface after the +590m level mining became
stable. (e loose yellow soil was put in a plastic bag as the
filling body for simulation. In this small space, the loose
yellow soil could deform under the pressure of rock pillars
on both sides and support the surrounding rock with a
certain strength. In order to highlight the mining sequence,
the mining sequences have been changed three times suc-
cessively (Table 2).

σc and σt are the compressive and tensile strength of the
prototype and model material, respectively; Lp and Lm are
the horizontal length of the prototype and model, respec-
tively; and S/C is the ratio of the sand and cemented
materials.

Table 1: (e parameter of the prototype and similar materials.

Rock property

Strength of
the

prototype
(MPa)

Strength of the
model (kPa) σc/σt Lp (m) Lm (cm) S/C

Proportion of materials

σc σt σc σt Lime Cast Water

Sandy mudstone 51.8 5.8 176.5 9.78 1 : 9 230 115 1 : 6 0.7 0.3 1 : 9
Siltstone 67.6 4.5 229.3 15.3 1 :15 100 50 1 : 8 0.5 0.5 1 : 9
B3+6 coal 15.6 1.4 48.1 4.4 1 :11 40 20 1 : 4 0.3 0.7 1 : 9
B1+2 coal 17.2 1.4 57.4 4.8 1 :12 30 15 1 : 4 0.7 0.3 1 : 9
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Figure 2: (e layout of monitoring points.
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4. Numerical Simulation

According to the geological conditions of B3+6 coal and
B1+2 coal in the Wudong coal mine, a two-dimensional
computation model with a length of 400m and a height of
440m was established. After meshing the established model,
a total of 33,860 entity type units were obtained, which
satisfied the precision requirements of simulation calcula-
tion (Figure 4).

(e mechanical parameters of the coal and rock all come
frommechanics experiments and reference [23], as shown in
Table 3. (e Mohr–Coulomb constitutive model [24] was
adopted in this numerical simulation. In order to reduce the
stress concentration caused by constraints, the goaf was
filled with the yellow soil to the surface, and the 50m goaf
was ignored in simulation. Because the yellow soil was loose,
there was much space in the filling process; so, the internal
friction angle of the yellow soil was reduced to 50%, and the
tensile strength was 0. In the excavation, the softening
modulus method was adopted to attenuate the elastic
modulus of coal mass by 40%, releasing the stress.

5. Results and Discussions

In the mining of steeply inclined working face, the stability
of overburden strata is affected by the fracture movement of
roof-floor strata, the horizontal stress, and the gravity. When
the tension or pressure exceed the tensile and pressure

strength of the materials, the rock strata will be destroyed.
(e effect of filling and mining sequence on control and
prevention of rock burst is studied by exploring the char-
acteristics of fracture, displacement distribution law, stress
distribution, and numerical simulation results.

5.1. 0e Characteristic of Fracture. Figures 5(a) and 5(b)
show that when B1+2 coal seam are mined at +522m
level and +500m level, the overburdened strata have not
undergone significant deformation and collapse, and the
overall structure is stable. Only one crack extends from the
surface to the B6 roof rock strata. Due to the support of the
yellow soil, the B6 roof and middle rock pillar do not have
enough room to collapse.

When the B1+2 coal seam are mined at +500m level, the
yellow soil is removed artificially. After nearly 14 hours of
evolution, rock mass fractures within 20m range of the B2
roof developed further and finally fell towards the B1+2 gob.
Without the yellow soil, the right side of the middle rock
pillar in an independent state completely collapses. With the
advance of the coal mining face, the cracks located at the
middle rock pillar gradually develop from the top to the
center, and the cracks in faults are accompanied by obvious
changes.

Figure 4 shows that the middle rock pillar is damaged in
the B2 roof but not in the rock pillars on the right side of the
B3 laneway.(e overall structure is stable, indicating that the
reason for rock burst is not the stress-lever-effect of the
deeper rock pillar but the high abnormal stress in the rock
pillar in an independent state. (is result is similar to the
study conducted by Du et al. in 2018 [25].

5.2. Analysis of theMovement of Overburden Strata. In order
to facilitate the analysis, the vectograph (Figure 6) was
obtained from the XJTUDP system. According to the vec-
tograph, the movement of every monitoring mark can be
observed intuitionally. A longer arrow means that the value
is greater.

Figure 6(a) shows that the values of the movement of the
B6 roof are higher than those of other zones, and the
maximum value is 15.68mm. (e movement of the rock
pillar and B1 floor are less than 1.744mm. Due to the
horizontal and vertical geologic structural stress, the over-
burden strata generate displacement but no collapse with the
filling yellow soil.

Figure 6(b) shows that when the filling body was re-
moved, the values of the movement of the B2 roof at the
middle rock pillar increase steeply, and the maximum value
is 48.98mm. (e middle rock pillar collapsed, releasing
energy, without the filling yellow soil, and also the dis-
placement of the B6 roof increases slowly. However, the rock
pillars on the right side of the B3 laneway do not generate
any damage, and the displacement do not increase.

With the advancement of the coal mining face, the gob
area and the transverse stress of overburdened strata expand.
(erefore, the value of the movement of the B6 roof in-
creases constantly. (e value of the movement at the bottom
of the B1 floor rises slowly, with amaximum value 8.514mm.

Table 2: (e mining process.

Level
Mining sequence Filling body

B3+6 coal B1+2 coal B3+6 goaf B1+2 goaf
+525m 1st 2nd Filled Filled
+500m 2nd 1st Filled Removed
+475m 1st 2nd Filled Removed
+450m 2nd 1st Filled Removed

B6 Roof

B3+6 Coal

Monitoring B1+2 Coal

B1 FloorMiddle Rock

marks

pillar

Figure 3: (e physical model of similar simulation.
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(e rock pillar on the right side of the B3 laneway does not
generate damage.

From+525m level to 450m level, the destruction of the rock
pillar only occurs on the B2 roof, the overall structure is stable.
(is indicates that there are no damage to the left bottom of the
middle rock pillar by the rotation of the crowbar.Under the large
horizontal structural stress, the stress concentration of the
suspended roof caused the rock burst in theWudong coal mine,
which is consistent with the previous results.

5.3. Analysis of Stress Law of Different Levels. In the mining
process, the B1+2 and B3+6 coal mining faces are not
allowed to work simultaneously, so a reasonable sequence

should be studied. According to the data recorded by the
intelligent digital strain gauge, the curves of stress values
were at +525m level, +500m level, +475m level, and +450m
level.(e pressure cells located in B3+6 and B1+2 coal seams
are damaged when advancing arrives at every levels, so the
values will be missed in curves, as shown in Figure 7.

(e geostatic stress before mining was obtained. (e
stress of the surrounding rock was released, and the values
decreased after mining at different levels. (e energy of the
surrounding rock of the B3+6 coal seam was released, and
the stress value was less than the geostatic stress slightly. (e
path of the horizontal stress was cut off, then the pressure of
the B1+2 coal seam and the surrounding rock was unloaded,
and the stress value was reduced greatly.

B3 Floor

B3+6 Coal

B6 Rooof

B2 Floor

B1+2 Coal

B1 Floor

440 m

400 m
40 m30 m 30 m 30 m 30 m 30 m40 m60 m 110 m

83°83°

Figure 4: Numerical model diagram.

Table 3: (e parameters of numerical simulation.

Coal &
rock

Density (kg/
m3)

Tensible strength
(MPa)

Cohesion
(MPa)

Elastic modulus
(GPa)

Shear modulus
(GPa)

Friction angle
(°)

Poisson
ratio

B6 roof 2478 5.70 7.00 2.64 1.03 28.5 0.28
B3+6 coal 1336 1.20 2.40 0.196 0.081 27.0 0.21
Rock pillar 2509 3.99 3.26 1.53 0.603 30.2 0.27
B1+2 coal 1318 1.32 2.40 0.183 0.075 31.5 0.22
B1 floor 2478 5.70 7.00 2.64 1.03 28.6 0.28
Yellow
sand 1790 0 0.01 0.002 0.001 10.5 0.21
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With the continuous advancement of the coal mining
face, the difference between the geostatic stress and the stress
value from 0.3MPa increased to 0.6MPa.

(e mining of B1+2 coal seams reduced its surrounding
rock stress accordingly and had the decompression effect on the
B3+6 coal seam. Although B1+2 coal seams have been mined,
the horizontal stress of the B3+6 coal seam is still transmitted to
the surrounding rocks with a maximum difference of 0.2MPa.

In general, mining B3+6 coal seams in the Wudong coal
mine first produced a substantial decompression to B1+2
coal seams and the surrounding rock. For the similar steeply
inclined coal seams, the opposite side should be mined first,
which can release the energy in the rock in advance, thus
preventing the rock burst effectively when multiple working
faces are working.

5.4. Analysis of the Result of Numerical Simulation.
During the excavation from the surface to +590m levels in
the simulation, the gob was not filled with the yellow soil.

(en, the filling body was filled into the gob to +500m level.
In order to reduce the stress concentration caused by the
curb, the filling body was filled from the surface to the
mining face.

As shown in Figure 8(a), when excavation reaches
+590m level without the filling body, the stress concen-
tration zones are distributed mainly at the B6 roof, middle
rock pillar, and B1 floor with a maximum stress value of
8.20MPa. (e middle rock pillar is prone to rock burst,
indicating that the damage of the rock pillar is the main
reason for the rock burst, in the steeply inclined coal seam.

As shown in Figure 8(b), the stress concentration zones
disappear effectively at +522m level, with the filling body,
and the maximum stress values of the movement of the B6
roof and the B3 floor reduce from 8.2MPa to 6.3MPa.While
stress concentration range of the B1 floor extends to the
surrounding rock because of the pressure of the filling body.
A small stress concentration zone is located at the top of the
B2 roof, indicating that the stress of the middle rock pillar
tends to increase, and this area is dangerous.

(a) (b)

(c) (d)

Figure 5: (e characteristic of fracture at different levels. (a) +525m level. (b) +500m level. (c) (e filling body was removed. (d) +450m
level.
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When the excavation reaches +500m level, the filling body
in the B1+2 goaf is removed; then, the stress concentration zone
of the B2 roof appears again, as shown in Figure 8(c). For the
B3+6 goaf, the filling body still exists. (e stress change is not
obvious comparedwith the +522m level. Due to the right side of
the rock pillar losing the support from the filling body, the stress
value increases sharply under the effect of gravity and horizontal
stress. Meanwhile, the stress value of the B1 floor is reduced, as
shown in Figure 8(b).

For the filling body, the stress value increased gradually
with the advance of mining. When mining faces are at
+522m level, the stress value of the filling body is only
0.58MPa. However, the stress value of the filling body at
+500m level is 3.12MPa, which is five times the stress value
at +500m level, indicating that the filling body can absorb
the energy generated by the deformation of the surrounding
rock. (e high-stress concentration zone of the surrounding
rock disappears accordingly.
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Figure 6: (e vectograph of overburden strata. (a) +525m level. (b) +500m level. (c) +475m level. (d) +450m level.
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Figure 7: (e stress distribution of overburden strata at different levels. (a) (e stress distribution of the B3+6 coal seam after mining.
(b) (e stress distribution of the B1+2 coal seam after mining.
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Figure 8: (e stress distribution of the rock. (a) +590m level. (b) +525m level. (c) +500m level.
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(e stress distribution of the B2 roof can be represented
by 3D bars (Figure 9). (e stress concentration zone reduces
by 70% in the B2 roof with the filling body. However, when
the filling body is removed, the stress concentration zone
appears again and extends to 300m from 240m. In addition,
there is an isolated high-stress point at a 250m distance. (e
results are consistent with the results of the physical simi-
larity simulation experiment described in the last chapter.

(e filling body can significantly reduce stress concen-
tration hazards and share the horizontal stress and ground
stress in steeply inclined coal seams. For the steeply inclined
coal seam, the stability of the middle rock pillar is very
important to protect against the rock burst, and the filling
body can effectively provide support for the rock pillar on
the tilt side, to prevent rock burst.

6. Conclusions

(1) (e main factor causing a rock burst disaster in a
steeply inclined coal seam is the abnormal stress
distribution in the middle rock pillar rather than the
stress-lever-effect of the deeper rock pillar.

(2) (e filling body can eliminate the stress concen-
tration zone largely and prevent the rock burst. (e
cut-and-fill mining technology is as effectual to
steeply inclined coal seams as to flat coal seam.

(3) Reasonable mining sequence is important for
preventing rock burst in a steeply-inclined coal
seam. (e opposite side of the coal seam should be
mined first to release the energy in the rock in
advance.
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Figure 9: (e 3D bars of the stress distribution. (a) +590m level. (b) +525m level. (c) +500m level.
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