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Abstract: Rock bursts have recently become a serious problem in the horizontal section mining
of steeply inclined extra-thick coal seams (SIETCSs). However, few studies have been carried out
to investigate their mechanisms and prevention. In this study, numerical simulation and field
measurements were carried out to investigate the mechanism of rock bursts in the horizontal section
mining of an SIETCS. A Universal Distinct Element Code (UDEC) Trigon model was built, based on
the Yaojie No.3 Coal Mine, and calibrated through laboratory tests and RQD methods. The results
demonstrate that the coal in the elastic zone around the roof is in a high static stress state, due to
the asymmetric clamping and squeezing of the roof and floor. Strong dynamic loads are formed by
breakage of the roof and the failure of multiple hinged beam structures during the evolution process
of the overlying strata. Rock bursts occur on the roof side when the superimposition of the static
stress σs and stress increment σd induced by such dynamic loads is greater than the critical stress σmin

of the coal and rock. We propose a technical prevention scheme for the considered mine. Field studies
suggest that the proposed technology can effectively prevent and control rock bursts in the horizontal
section mining of SIETCSs.
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1. Introduction

Rock bursts are usually caused by a sudden and violent release of elastic strain energy in mining
under the coupling effects of mining-induced disturbances and complex geological environments,
threatening the safety of workers and equipment in coal mines [1]. In the United States, a total of
172 bursts between 1936 and 1993 have been reviewed by Iannacchione and Zelanko [2]. More recently,
Mark C. [3] analyzed a database of 140 bursts during the period 1994–2013; these bursts resulted in five
fatalities. In the Czech Republic and Poland, rock bursts occur frequently, with 122 fatalities caused
by rock bursts between 1983 and 2003 [4]. A coal burst occurred on 15 April 2014 at the Austar Coal
Mine in Australia, also causing two fatalities [5]. In China, more than 253 coal mines had reported rock
bursts by the end of 2019 and this number keeps increasing. In recent years, rock bursts have occurred
frequently in the mining of steeply inclined extra-thick coal seams (SIETCSs) and, thus, have received
more and more attention. In China, SIETCSs are defined as coal seams with dip angle of more than 45◦

and thickness greater than 8 m.
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Many studies considering mining in steeply inclined coal seams have been carried out, through
theoretical analysis, physical simulation, numerical simulation, and field tests. As for the problem of
surrounding rock control in SIETCS, Mohammad et al. [6] proposed a support system for the Sawang-C
seam in India. Li et al. [7] have studied the roof structures in the mining of steeply inclined coal seams.
Wang et al. [8] proposed a filling method at local sites to promote the security of mining in steeply
inclined seams. Cui et al. [9] studied the characteristics of movement in roof using a radar detection
technique. Yang et al. [10] proposed the “toppling–slumping” roof failure mode for steeply inclined
thick seams. Wu et al. [11] analyzed the large asymmetrical characteristics of roadways and proposed
a technical support scheme by numerical simulation using ABAQUS. Yang et al. [12] studied the
evolution characteristics of the layer rock mass around the roadway in steeply inclined coal seams and
proposed the synthetic bucking of the roof layer. Xie et al. [13] investigated roof deformation and failure
characteristics of two adjacent working faces in a steeply inclined coal seam by physical simulation,
the results of which indicated that the displacement of the lower panel is larger. Wang et al. [14]
studied roof breakage-induced roadway rock burst in an SIETCS by physical simulation. Their results
showed that the dynamic and static stresses of the floor side are lower than those of the roof side.
He et al. [15] studied the mechanisms of rock burst occurrence in SIETCSs, determining them as the
superposition of the high static stress of a coal body and the additional stress caused by rock pillar
failures. He also conducted an in situ investigation to study precursors for rock burst warnings in
SIETCSs [16]. The stress state of coal in SIETCSs has been analyzed using a theoretical method by
Wang et al. [17].

Rock bursts are usually induced by a combination of dynamic and static loads [18]. However,
most studies regarding SIETCSs have focused mainly on the support system and the deformation of
roadways. The sources of dynamic loads and static stresses and the mechanisms of rock bursts in the
horizontal section mining of SIETCSs are still unclear. Due to the limitations of research methods,
the existing research results have only studied roof breakages and the deformation of roadways under
specific situations. The mechanical analysis is simple, relative to the actual situation. There have been
few studies on the evolution law of the overall roof structures, the stress distributions of the rock and
coal, and their effects on rock bursts in the complete process of horizontal section mining in SIETCSs.
Even less work has been done to investigate the mechanisms and prevention technology of rock bursts
in horizontal section mining of SIETCSs.

In this paper, a large-scale and reliable discrete element numerical model using Universal Distinct
Element Code (UDEC) Trigon is established, based on the Yaojie No.3 Coal Mine. The evolution laws
of structures in the overlying strata and the stress distribution characteristics in coal and rock are
studied. Based on numerical modelling and micro-seismic monitoring, the sources of the dynamic
loads and static stress are determined. The mechanisms of and technical prevention schemes for rock
bursts during the horizontal section mining of SIETCSs are proposed, thus providing a scientific guide
for safer mining.

2. Description of the Study Site

2.1. Geological and Mining Conditions

The Yaojie No.3 Coal Mine is located in China. The coal seam is 34–115 m in thickness with 70.5 m
and its inclination angle ranges from 55◦ to 65◦; thus, it is referred to as a SIETCS. The horizontal
section mining method is used, where the thickness of every section is 15 m. The 5521-20 working
face is the 20th section, in which the burial depth ranges from 480 m to 510 m. The strike length and
the inclined width were designed as 833 m and 60 m, respectively. The layout of the 5521-20 working
face is shown in Figure 1. Based on the generalized stratigraphic column of the mine and key strata
theory [19], the conditions of key strata in the 5521-20 working face are shown in Figure 2. As the
working face extends to the deep part, dynamic hazards began to appear with the mining of the 5521-20
working face. The most serious rock burst is described below.
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Figure 1. Layout of the 5521‐20 working face: (a) Layout of the working face; and (b) A—A Profile. 
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Figure 1. Layout of the 5521-20 working face: (a) Layout of the working face; and (b) A—A Profile.Energies 2020, 13, x FOR PEER REVIEW  4 of 22 
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Figure 2. Generalized stratigraphic column of the geological borehole.



Energies 2020, 13, 6043 4 of 20

2.2. The “3.24” Rock Burst in 5521-20 Working Face

At 1:50 a.m. on 24 March 2016, a rock burst occurred when the 5521-20 working face was being
mined; its location is shown in Figure 1b. In total, 19 pairs of hydraulic supports were broken in the
5521-20 working face, in which the props of the hydraulic supports were bent and broken due to floor
heave of the bottom coal, as shown in Figure 3a. The maximum lifting height was 1.5 m for the coal on
roof side and the damage to the hydraulic supports on the roof side was more serious than those on
floor side. Four large cracks with a width of 0.15–0.2 m appeared in the bottom coal due to strong
shear failures, as shown in Figure 3b.
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Figure 3. Photos of the “3.24” rock burst in the 5521-20 working face: (a) Failure of hydraulic supports;
and (b) Cracking of the bottom coal in headgate.

3. Numerical Simulation Using Discrete Element Methods

3.1. UDEC Trigon Method

The Universal Distinct Element Code (UDEC) is a two-dimensional numerical program based
on the discrete element method. A material in the UDEC model is represented by blocks bonded
along contacts [20]. The UDEC Trigon method was proposed by Gao and Stead [21]. In this logic,
failures only occur along the contacts, depending on the strength and the stress of the contact surfaces.
The relationship between displacement and stress is as follows:

In the normal direction of contact:
There is a limiting tensile strength, Tmax, for any contact.
If σn ≤ Tmax, then

∆σn = −kn∆un (1)

where σn is the normal stress of the contact, ∆σn and ∆un are the effective normal stress increment and
normal displacement increment, respectively, and kn is the normal stiffness of the contact.

Otherwise, if σn ≥ Tmax, then σn = 0.
In the shear direction of contact:
There is a limiting shear strength, τmax

s , for any contact:

τmax
s = c + σn tanϕ (2)

If |τs| ≤ τmax
s , then

∆τs = −ks∆ue
s (3)

otherwise, if |τs| ≥ τmax
s , then

τs = sign(∆us)τ
max
s (4)
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where τs is the shear stress of the contact, c and ϕ are the cohesion and the friction of the contact,
respectively, ∆ue

s and ∆us are the elastic component of the incremental shear displacement and total
incremental shear displacement, respectively, and ks is the shear stiffness of the contact.

3.2. Model Configuration

A UDEC Trigon model was built to simulate the evolution of the overlying strata and the
distribution of stress in the coal and rock mass during horizontal section mining of an SIETCS. The 2D
model was 2307 m wide × 820 m high, as shown in Figure 4a. It was impossible to adopt UDEC
Trigon logic for every part of the model. In order to reduce the computational time and obtain a
higher efficiency, we used the UDEC Trigon logic only in the area of interest, as shown in Figure 4b.
The average edge length of the triangular blocks in the area of interest was 0.2 m [22], while that in the
surrounding coal area was 0.4 m, 0.8 m, and 1.5 m, respectively. The average length of rectangular
blocks was 1 m, 2 m, 4 m, 8 m, 16 m, 32 m, and 64 m, respectively. A model with 20 sections,
each section being 15 m high, was established. The lateral boundaries and the bottom boundary were
fixed in displacement.Energies 2020, 13, x FOR PEER REVIEW  6 of 22 
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3.3. Calibration of the Simulation Parameters

There are several micro-properties of contacts in the UDEC Trigon model, including the normal
stiffness (kn), shear stiffness (ks), cohesion, friction, and tensile strength. These properties control the
mechanical behavior of the materials. It is important to obtain reasonable and reliable micro-properties.
The micro-properties must be calibrated before using the model.

There are four steps in the calibration process [22,23]: First, the uniaxial compressive strength (UCS)
and deformation modulus of the coal and rock are acquired by performing a laboratory unconfined
compression test.

Then, the deformation modulus and UCS of the rock mass were calculated, according to the
experimental results of intact rock following the RQD–Em/Er relation and the σcm/σc − Em/Er relation,
respectively, where Em and Er are the deformation moduli of the rock mass and the intact rock,
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respectively, and σcm and σc are the UCS of the rock mass and the intact rock, respectively. The tensile
strength of the rock mass was estimated to be one-tenth of the UCS of the rock mass.

The bulk and shear moduli of blocks were calculated by Equation (7), while the kn of the materials
was calculated using Equation (8). Poisson’s ratio should be assigned to the laboratory value the first
time and then calibrated by varying ks/kn. The value of ks/kn was 0.2.

The final stage of calibration was a series of tests that were run using the numerical model. In this
stage, the micro-properties of contacts, such as cohesion, friction, and tensile strength, should be
adjusted until the strength and deformation of the numerical model are in agreement with the rock
mass properties.

3.3.1. Rock Mass Properties

The UCS and deformation modulus of the intact coal and rock were obtained through laboratory
compression tests, the results are listed in Table 1. The RQD–Em/Er relation, Equation (5), proposed by
Zhang and Einstein [24] based on field monitoring, was applied to estimate the deformation modulus
of the rock mass. The RQD value of the rock mass was evaluated using a borehole camera in the
5521-20 working face. The results are listed in Table 1.

Em

Er
= 100.186RQD−1.91 (5)

The UCS of the rock mass was estimated through the σcm/σc − Em/Er relation, Equation (6),
proposed by Singh and Seshagiri Rao [25]:

σcm

σc
=

(Em

Er

)n
(6)

where the value of n is 0.56, 0.56, 0.66, and 0.72 for different rock failure types. As the failure modes
may be very complicated, the average value (i.e., n = 0.63) was used in this paper.

The calculated results of the UCS and deformation modulus are listed in Table 1.

Table 1. Properties of intact rock and rock mass in the Yaojie No.3 Coal Mine.

Rock Strata Intact Rock RQD Rock Mass

Er(GPa) σc(MPa) Em(GPa) σcm(MPa) σtm(MPa)

Oil shale 10.40 36.6 86 5.09 23.3 2.3
Siltstone 9.39 41.4 90 5.45 29.4 3.0

Aluminous mudstone 5.52 21.4 84 2.48 12.9 1.3
Fine sandstone 7.79 60.6 92 4.93 45.4 4.5

Coal 1.08 7.0 75 0.33 3.32 0.3
Coarse sandstone 7.99 40.3 90 4.64 28.6 2.9

3.3.2. Contact Micro-Parameters

The values of contact micro-parameters were calculated and the Trigon logic numerical models
were established for calibration of the micro-parameters. The values of kn and ks were calculated by
Equations (7) and (8), respectively.

K =
E

3(1− 2µ)
, G =

E
2(1 + µ)

(7)

Here, K and G are the bulk and shear moduli of the rock mass, respectively, and µ is Poisson’s
ratio for rock.

Kn = n
[

K + (4/3)G
∆Zmin

]
1 ≤ n ≤ 10 (8)

Here, ∆Zmin is the smallest width of the zone and n is a scaling factor (usually set to 10).
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The calibration models were 2 m wide × 4 m high and were used to simulate the uniaxial
compression test, as shown in Figure 5a. There were six contact types to be calibrated, considering all
kinds of lithology in the model. The micro-properties are illustrated in Table 2. The results can be seen
in Figure 5b and Table 3. We used the residual strengths model in this paper.
Energies 2020, 13, x FOR PEER REVIEW  8 of 22 

   

(a)  (b) 

Figure 5. Calibration of coal and rock mass properties: (a) Calibration model; and (b) Predicted axial 

stress–axial strain curves of uniaxial compressive strength (UCS). 

Table 2. Calibrated micro‐properties in the Universal Distinct Element Code (UDEC) Trigon model. 

Rock 

Strata 
Matrix Properties  Contact Properties 

 
Density 

(kg/m3) 

 GPaE
 

Poisson’

s Ratio 
 GPa/mnk    GPa/msk  

Cohesio

n (MPa) 

Friction 

Angle (°) 

(Peak/Re

sidual) 

Tensile 

Strength 

(MPa) 

Oil shale  2500  5.09  0.28  651  130  8.70  38/31  2.3 

Siltstone  2670  5.45  0.28  697  139  10.80  39/32  3.0 

Aluminou

s 

mudstone 

2890  2.48  0.27  310  62  4.95  37/31  3.0 

Fine 

sandstone 
2980  4.93  0.28  630  126  14.50  41/33  4.5 

Coal  1300  0.33  0.26  81  16  1.38  34/29  0.3 

Coarse 

sandstone 
2890  4.64  0.27  580  116  11.30  38/31  2.9 

Table 3. Calibrated results of rock mass properties in the Trigon model. 

Rock Strata 
Young’s Modulus 

(GPa) 
  Compressive Strength (MPa) 

  Target  Calibrated  Error (%)  Target  Calibrated  Error (%) 

Oil shale  5.09  5.15  1.2  23.3  22.9  ‐1.7 

Siltstone  5.45  5.52  1.3  29.4  28.8  ‐2.0 

Aluminous 

mudstone 
2.48  2.48  0.0  12.9  12.9  0.0 

Fine sandstone  4.93  4.99  1.2  45.4  44.9  ‐1.1 

Coal  0.33  0.32  ‐3.0  3.3  3.3  0.0 

Coarse 

sandstone 
4.64  4.71  1.5  28.6  29.2  2.1 

  

0

5

10

15

20

25

30

35

40

45

50

0.0 0.2 0.4 0.6 0.8 1.0 1.2

A
xi

al
 s

tr
es

s 
 (

M
P

a)

Axial strain  (%)

Fine sandstone

Coarse sandstone
Siltstone

Oil shale

Aluminous mudstone

Coal

Figure 5. Calibration of coal and rock mass properties: (a) Calibration model; and (b) Predicted axial
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Table 2. Calibrated micro-properties in the Universal Distinct Element Code (UDEC) Trigon model.

Rock Strata Matrix Properties Contact Properties

Density
(kg/m3) E(GPa) Poisson’s

Ratio kn(GPa/m) ks(GPa/m) Cohesion
(MPa)

Friction Angle (◦)
(Peak/Residual)

Tensile Strength
(MPa)

Oil shale 2500 5.09 0.28 651 130 8.70 38/31 2.3
Siltstone 2670 5.45 0.28 697 139 10.80 39/32 3.0

Aluminous mudstone 2890 2.48 0.27 310 62 4.95 37/31 3.0
Fine sandstone 2980 4.93 0.28 630 126 14.50 41/33 4.5

Coal 1300 0.33 0.26 81 16 1.38 34/29 0.3
Coarse sandstone 2890 4.64 0.27 580 116 11.30 38/31 2.9

Table 3. Calibrated results of rock mass properties in the Trigon model.

Rock Strata Young’s Modulus (GPa) Compressive Strength (MPa)

Target Calibrated Error (%) Target Calibrated Error (%)

Oil shale 5.09 5.15 1.2 23.3 22.9 −1.7
Siltstone 5.45 5.52 1.3 29.4 28.8 −2.0

Aluminous mudstone 2.48 2.48 0.0 12.9 12.9 0.0
Fine sandstone 4.93 4.99 1.2 45.4 44.9 −1.1

Coal 0.33 0.32 -3.0 3.3 3.3 0.0
Coarse sandstone 4.64 4.71 1.5 28.6 29.2 2.1

3.4. In Situ Stresses and Modelling Sequence

In situ stress measurements were performed near the study site. An in situ stress state with vertical
stress σV = 13.8 MPa and horizontal stress σH = 22.5 MPa was imposed in the model, according to
the results.
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In the model, a horizontal section with a height of 15 m per section was excavated, as illustrated
in Figure 6. Each section represents a working face. The 5521-20 working face is the 20th section.
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4. Modelling Results and Field Observations

The evolution laws of structures and stresses of the rock and coal and their effect on rock bursts
in the horizontal section mining of the SIETCS were studied. This was achieved by evaluating the
simulated roof breakage, stresses in rock and coal, fracture patterns of bottom coal, and displacements
of the rock and coal, combined with field tests. The evolution process of the roof structures during
horizontal section mining in the SIETCS is shown in Figure 7. The simulated stress and displacement
were monitored (see Figures 8 and 9). The fracture patterns of the bottom coal in the working face are
shown in Figure 10. The distribution of stress in the rock and coal along the inclination of the working
face was summarized by combining the stress state and failure modes of the bottom coal, as shown
in Figure 11. The modelling results were validated by field monitoring. The breakage of the roof
and instability of the structures of the roof were monitored using an SOS micro-seismic monitoring
system, as shown in Figures 12 and 13. Finally, the sources of dynamic loads and static stresses and
mechanisms of rock bursts in the horizontal section mining of the SIETCS were proposed, as shown
in Figure 14.
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Figure 7. Simulated roof breakage in horizontal section mining of steeply inclined extra-thick coal
seams (SIETCS): (a) Mining in the 12th section; (b) Mining in the 17th section; (c) Mining in the 19th
section; (d) Mining in the 21st section; and (e) Mining in the 23rd section.
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Figure 8. Cont.
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Figure 8. Simulated stress in the roof, bottom coal, and floor: (a) Horizontal stress in the roof; (b) shear
stress in the roof; (c) vertical stress in the roof; (d) horizontal stress in bottom coal; (e) shear stress in
bottom coal; (f) vertical stress in bottom coal; (g) horizontal stress in the floor; (h) shear stress in the
floor; (i) vertical stress in the floor; and (j) measuring lines in the model.
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Figure 9. Simulated displacements in the roof, bottom coal, and floor: (a) Displacement in the roof;
(b) displacement in bottom coal; (c) displacement in the floor; and (d) measuring lines in the model.
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Figure 10. Simulated fracture patterns in bottom coal of working face: (a) Plastic state of zones in
bottom coal; and (b) Distribution of cracks (shear cracks in red and tensile cracks in blue) in bottom coal.
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Figure 11. Distribution of stress in coal and rock along the inclination of the working face.
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4.1. Evolution of the Structures in Roof

The form of the structures in roof changed from an arch structure to a multiple hinged beam
structure during SIETCS mining. Figure 7 shows the simulated breakage of the roof and roof structures.

In comparison with the mining of flat seams and gently inclined seams, the roof strata of SIETCS
show a larger angle in the horizontal direction, while component of gravity in overlying strata along
the normal direction of the bedding is smaller. As a result, during horizontal section mining of SIETCS
in shallow parts, sub-key strata gradually bend and sink with the multi-section mining of coal seams,
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thus forming an arch structure, rather than hinged beams formed by obvious fracturing and rotation,
as shown in Figure 7a.

When starting to mine in deep parts, due to the influences of factors such as enlargement of the
goaf, increase of in situ stress, and decrease of rock intensity induced by fatigue damage, key strata
are gradually fractured and overlapped and the arch structure changed to hinged beams. This can
be intuitively seen by comparing Figure 7a,b. It is clear that the hinged beams were formed in this
stage, having a large span and remaining relatively intact. As the space of the goaf further rises,
the beams gradually rotated and the angle in the horizontal direction decreases; meanwhile, the static
loads on beams are rising and horizontal extrusion forces from the roof and floor are continuously
enlarging due to the increase of mining depth. Thus, the hinged beams formed by initial fracturing are
fractured, rotated again, and interlocked with each other. Low-grade small-hinged beam structures
are formed near the working face, as shown in Figure 7b. The hinged beams are formed in the main
and sub-key strata in the roof. They are mutually independent and influenced. Multiple hinged
beams are superposed and combined into structures having a certain bearing capacity, as shown in
Figure 7c. By comparing the forms of overlying strata during mining, it was found that the multiple
hinged beam structures experienced repeated instability when 3–4 sections were mined (15 m in height
per section), as per the law of periodic instability of structures of multiple hinged beams during the
horizontal section mining of SIETCSs. The instability of the large structures formed by overlying
key strata exerts an important influence on rock bursts in the working face. In addition, as the goaf
in the SIETCS constantly extends downward, the overlying strata are repeatedly affected by mining
disturbances. The continuous accumulation of damage may weaken the strength of the surrounding
rocks. This easily exacerbates breakage of the overlying strata and shortens the steady-state period of
the structures of multiple hinged beams; thus, strong dynamic loads are formed.

4.2. Distribution of Stress

In order to study the distribution characteristics of stress and displacement in the rock and coal
during the horizontal section mining of the SIETCS, 23 measuring lines in total were arranged along
the bedding of the coal and rock strata, as shown in Figure 8. Of these, 8 measuring lines on the roof
side were 0 m, 4 m, 13 m, 25 m, 37 m, 57 m, 116 m, and 190 m away from the immediate roof in the
normal direction along the strata; 12 measuring lines were arranged at intervals of 5 m in the bottom
coal; and three lines on the floor side were 2 m, 5 m, and 39 m away from the immediate floor in the
normal direction along the strata. The distribution laws of stress and displacement in the coal and rock
mass were analyzed when the residual height of the model was 115 m.

Changes of stress in the roof with height of the model are presented in Figure 8a–c. The distributions
of horizontal, vertical, and shear stresses along the directions of the rock bedding were consistent, first
rising and then decreasing. For the convenience of description, the lower strata in this work refers to
the roof below the primary key stratum—that is, in the range of 0–39 m in the normal direction from
the roof—while the primary key stratum and the roof above are called higher strata. Under clamping
of the roof and floor and the hanging roof effects in a small range near the working face, the lower roof
forms a pressurized zone in the range of 10–45 m below the mining level, where the stress concentration
factor is 1.0–1.5. In this zone, the roof is mainly subjected to squeeze stress and compression–shear
failure. In the goaf, the lower strata are influenced by pressure relief effects, as the coal seam had
been mined and roof had broken, such that the stress level is relatively lower on the whole in this
area. The lower strata are also in a pressure relief zone. However, the higher strata are in a state of
separating and fracturing gradually, thus forming a higher pressurized zone which is 39–116 m in the
normal direction from the roof and 115–365 m above the mining level with a stress concentration factor
ranging from 1.5 to 2.0. The stresses in further roof strata are slightly affected by mining, such that this
area can be considered as a zone of in situ stress.

As shown in Figure 8g–i, the distribution of stress in the floor is simpler, compared with the roof
stress. It can be divided into two zones: one is a pressurized zone in the floor ranging from 0–50 m
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below the mining level with stress concentration factor of 1.1–1.3, while the other is a pressure relief
zone in the floor in the goaf. The rest of the floor strata are in the zone of in situ stress.

As an important medium in rock bursts, the stress distribution characteristics in the bottom coal
of the working face should be paid full attention. Changes of stress in the bottom coal with distance
from roof are shown in Figure 8d–f. In the horizontal co-ordinate, 0 m and 120 m represent the roof
side and floor side, respectively. Under the asymmetric effects of the roof and floor, the stress state of
the bottom coal shows different characteristics along the inclination: High stress on the roof side and
low stress on the floor side. Due to squeezing of the roof, a high stress state is formed in the range of
0–20 m from the roof along the inclination, compared with the floor side. The bottom coal on the floor
side is largely deformed and the level of stress is relatively low. Under the pressure relief effects of
mining, the bottom coal 0–15 m below the level of the working face lies in the pressure relief zone,
except for the coal on the roof side. Due to clamping force of the roof and floor, stress-increased zones
are formed in the bottom coal on the roof and floor sides within 15–40 m below the mining level. Stress
on the roof side obviously rises and the stress concentration factor is 1.2–2.0, while the stress in the
pressurized zone of the floor side increases little, due to large deformations. The stress of the bottom
coal fluctuates with small amplitude in the range of 40–55 m below the mining level, such that it can be
classified as a stress disturbance zone. When the depth is larger than 55 m, the changes of stress in the
bottom coal are small, such that it could be considered as at the initial stress state.

Displacement measuring lines were arranged in the model, as shown in Figure 9d. The displacements
of the roof and floor are shown in Figure 9a,c, respectively. The displacement of the roof is large,
showing a power exponential relationship with the height of the model. The displacement of the
floor is smaller than that of the roof. The displacement of the bottom coal in the working face with
distance from the roof is shown in Figure 9b. It shows different characteristics along the inclination:
low displacement on the roof side and high displacement on the floor side.

The simulated fracture patterns of the bottom coal in the working face are shown in Figure 10.
There is a triangle plastic failure area of the bottom coal in the working face after horizontal section
mining of the SIETCS, as shown in Figure 10a. This area has the characteristics of centralized distribution
on the floor side under the asymmetric effects of the roof and floor, such that the bottom coal on the
floor side is broken seriously and shows large deformation. However, the plastic failure depth of
the bottom coal on the roof side is relatively small. Under the clamping action of the roof and floor,
the bottom coal on the roof side is in a high static stress state, becoming the main area with a high risk
of rock burst in horizontal section mining of the SIETCS. Tension failures occur in the shallow part and
shear failures in the deep part of the bottom coal in the working face, as shown in Figure 10b.

Based on the above analysis, the stress distribution in the rock and coal along the inclination of the
working face in SIETCS was proposed, as shown in Figure 11. There are high stress zones in the roof,
floor and bottom coal of the working face, caused by clamping of the roof and floor. The distribution
of stress in the bottom coal can be described as: The area A is a stress-increased zone on the roof side.
The area B is a pressure relief zone on the floor side. The area C is a pressurized zone on the roof side.
The area D is a pressurized zone on the floor side. The area E is a stress disturbance zone. The area F is
a zone of in-situ stress. They show significant differences under the asymmetric effects.

4.3. Micro-Seismic Monitoring in SIETCS

In order to monitor roof breakages during mining, a SOS micro-seismic monitoring system was
installed in the 5521-20 working face of Yaojie No.3 Coal Mine, as shown in Figure 12. The DLM-SO
signal acquisition station was used for signal acquisition from vibration sensors. The vibration sensors
were used to automatically collect vibration information. This system can accurately calculate mine
seismicity with energy larger than 100 J and frequency varying from 0.1 Hz to 600 Hz. Micro-seismic
monitoring has been widely used in coal mines [26]. The SOS micro-seismic system has been applied
in Poland and in more than 70 coal mines in China. It provides an effective method to study roof
breakages and the failure of multiple hinged beam structures [27].



Energies 2020, 13, 6043 16 of 20

The monitoring results from 10 February 2017 to 10 March 2017 were studied. There were
856 seismic events in total and events with energy level no less than 104 J were selected. The positions
of these events are displayed in Figure 13. Each ball of different color and volume represents a
micro-seismic event, corresponding to an actual mine seismicity occurring during the process of mining.
The increase of volume of the ball indicates a higher energy of mine seismicity and risk of rock burst.
Mine seismicity was mainly distributed in roof strata, due to the fracturing of overlying strata. Events
with large energy were concentrated on the roof side, indicating that roof fracturing and the instability
of multiple hinged beam structures could easily induce mine seismicity with high energy, which are
main sources of the dynamic loads of rock bursts in SIETCSs. There were also a certain number of
micro-seismic events at low energy level in the bottom coal of the working face, demonstrating that the
bottom coal of the working face was fracturing under the clamping effects of the roof and floor, which
led to high static stress.

4.4. Mechanisms of Rock Burst in Horizontal Section Mining of SIETCS

Based on the numerical modelling and field monitoring results, the mechanisms of rock bursts
induced by the horizontal section mining of SIETCSs could be proposed, as shown in Figure 14.
The bottom coal in the working face was in a state of high static stress through the clamping of the roof
and floor, which could be divided into two sub-areas, according the failure modes and deformation of
coal under the asymmetric effects of the roof and floor. There was a triangular plastic zone on the floor
side and an elastic zone on the roof side. The static stress σs in the elastic zone was higher than that in
the plastic zone, due to squeezing of the roof. Strong dynamic loads were formed by breakage of roof
and the failure of multiple hinged beam structures due to mining. The stress increment σd appeared in
the rock and coal under the influence of dynamic load propagation; thus, a new stress σT was formed
due to the superimposition of the static stress σs and the stress increment σd in rock and coal:

σT = σs + σd (9)

Rock bursts will occur when σT ≥ σmin, where σmin is the critical stress of the coal and rock.

5. Technical Scheme of Rock Bursts Prevention and Its Effects

5.1. Principles of Rock Bursts Prevention

Based on the mechanisms of rock bursts induced by the superposition of dynamic loads and static
stress, the following principles of prevention are proposed: (1) under the existing technical conditions,
deep-hole pre-split blasting should be carried out with a hard and thick roof in a controllable range,
in order to prevent dynamic loads caused by the sudden breakage of the roof or structural instability;
and (2) destress blasting and destress holes should be conducted in the roadway, in order to reduce the
static stress in the coal mass.

5.2. Technical Scheme in Field

A pressure-relief and risk-reduction scheme for the 5521-20 working face was designed, based
on the principles proposed above. Figure 15 shows the profile of deep-hole pre-split blasting with a
hard roof, as well as destress blasting and destress holes in the headgate. The 1#, 2#, and 3# holes are
deep-hole pre-split blasting holes to prevent strong dynamic loads. The 4# hole is a destress blasting
hole in the bottom coal and the 5# hole is a destress hole in the working face rib of the headgate.
The design parameters of the 1#–5# holes are shown in Table 4. As a result, the static stress σs in the
bottom coal and stress increment σd induced by dynamic loads can both be decreased effectively.
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Table 4. Design parameters for the 1#–5# holes.

Number Angle
(◦)

Distance
between

Boreholes (m)

Diameter of
Borehole

(mm)

Length of
Borehole

(m)

Explosive
Charge

Length (m)

Stemming
Length

(m)

Explosive
Charge

Weight (kg)

1 20 10 75 40 15 25 45
2 30 10 75 30 13 17 39
3 45 10 75 25 10 15 30
4 90 5 75 6 3.5 2.5 4
5 0 5 110 15 / / /

5.3. Analysis of Prevention Effects

Gutenberg and Richter [28] found that a power relationship exists between earthquake frequency
and magnitude by studying the characteristics of seismic activities. The G–R relational expression was
proposed as follows:

log N(M) = a− bM (10)
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where M and N represent the magnitude and frequency of earthquakes, respectively, and a and b are
constants. The value of a reflects the level of seismic activity: The larger its value, the more earthquakes
happen. The value of b indicates the intensity of earthquakes: the larger its value, the larger the
proportion of earthquakes at low energy level in the total number of earthquakes, such that that
intensities of earthquakes are relatively low.

Cai et al. [29] have achieved good effects by applying the b value for the prediction of rock bursts in
coal mines. The higher the value of b, the lower the risk of rock bursts. Based on the SOS micro-seismic
monitoring data, prevention effects were evaluated through b value analysis, as shown in Figure 16.
After applying the technical scheme to the 5521-20 working face, the b value changed from about 0.45
in stage I to about 0.55 in stage II and rose to about 0.65 in stage III, indicating that the proportion
of mine seismicity at low energy levels gradually increased. The proportion of mine seismicity with
large energy obviously reduced, suggesting that the adopted prevention scheme enables elastic energy
around the working face to be released in the form of more micro-seismic events with small energy
and improves the stress state and energy release environment around the working face. The risk of
rock bursts decreased significantly, indicating a good prevention effect.
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6. Conclusions

In this paper, the mechanisms of rock bursts were studied during the horizontal section mining
of a steeply inclined extra-thick coal seam (SIETCS) by numerical simulation and field tests. Then,
a technical prevention scheme was proposed, and its prevention effects were analyzed based on
micro-seismic monitoring data. We draw the following conclusions:

A UDEC Trigon model was developed to simulate the evolution of the overlying strata structures
and the stress distribution in rock and coal under horizontal section mining of an SIETCS. The input
parameters were calibrated. The sources of dynamic loads and static stress of rock bursts in the
horizontal section mining of the SIETCS were proposed. Strong dynamic loads are formed due to
breakage of the roof and the failure of multiple hinged beam structures, which is the main factor of
rock bursts in SIETCSs. Stress concentration degrees in the rock and coal around the roof side are
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higher than those on the floor side, due to the asymmetric clamping effects due to the roof and floor.
It should be noted that a triangular plastic zone was formed in the coal on the floor side.

The mechanisms of rock bursts during the horizontal section mining of SIETCSs were proposed.
The coal in the elastic zone around the roof side is in a high static stress state under the asymmetric
clamping and squeezing of the roof and floor. Strong dynamic loads are thus formed by breakage of the
roof and the failure of multiple hinged beam structures. Rock bursts occur when the superimposition
of the static stress σs and stress increment σd induced by these dynamic loads is greater than the critical
stress, σmin, of the coal and rock.

A pressure-relief and risk-reduction technical scheme was constructed for the 5521-20 working
face of Yaojie No.3 Coal Mine. Analysis of the b value was applied to evaluate its prevention effects.
Field applications show that the b value increased from 0.45 to 0.65, indicating that the risk of rock
burst decreased significantly. The proposed technical scheme provides a basis for preventing and
controlling rock bursts under similar conditions.
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