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Mining roadway is the main occurrence area of coal bursts in underground coal mining. A good understanding of the failure
process of elastic zone and energy evolution inducing instability of support structure can offer useful insight into the coal burst
mechanism. This study proposes a novel coal burst criterion of anchored roadway surrounding rock under dynamic disturbance
through mechanical modeling. The coal burst hazard and its main controlling factors were studied based on case analysis, and then
the application of novel criterion in coal burst prevention and control was clarified. Results show that the existence of residual
energy U, of elastic zone is a prerequisite for coal burst of the roadway. The roadway support with ultimate value Uy of absorbed
energy needs to resist and absorb the kinetic energy Uy released from a dynamic failure of elastic zone and the energy U,, imposed
by impact-induced convergence of surrounding rocks on a support system, and the novel coal burst criterion is proposed as
Ui+ U, > U,. Under the same support conditions, the roadway roof is more prone to dynamic failure. According to the influences
of main controlling factors on coal burst hazard, the corresponding prevention and control measures can be taken from improve-
ment for the anti-impact capability of support, pressure relief in surrounding rocks, reduction of dynamic-loading energy, and

roadway restoration after coal burst.

1. Introduction

Coal burst is one of the most serious dynamic disasters in
underground coal mining [1]. With the increase in mining
depth, coal burst disasters have been widely reported world-
wide, including in Poland [2, 3], Russia [4], the United States
[5], Canada [6], France [7], China [8, 9], and Australia [10, 11].
Coal bursts have both occurred in working face and mining
roadway, but mainly in the latter, accounting for 91% of the
total times of coal bursts [12]. The additional dynamic distur-
bance caused by mining-induced seismicity is the main con-
tributor to triggered coal bursts of roadway [13, 14].

As for the coal burst of anchored roadway under dynamic
disturbance, many scholars have conducted abundant researches
on its mechanism and criterion and gained fruitful achieve-
ments. Wang et al. [15] investigated the dynamic responses of
circular anchored roadways under P-wave loading, which
indicated that roadway surrounding rocks exhibited regional
differences in deformation and bearing capacity when the

roadway was subjected to dynamic loading from one side.
Song et al. [16] established a dynamic ejection coal burst
model for a coalmine roadway subject to stress and held
that the stress concentration zone at the roadway side is the
direct energy source of this ejection. Zhang and Jiang [17]
evaluated the abutment stress applied to the roadway sur-
rounding rock by constructing an abutment-stress-transfer
model and proposed the stress criterion and energy criterion
for coal burst occurrence according to roadway types. Dai
et al. [18] established a mechanical model for coal bursts
and obtained critical indexes of the surrounding rock fracture
and coal burst occurrence by involving seismic disturbance
factors with in situ stress, mechanical properties of the coal
and rock mass, support strength, and roadway size. Gao et al.
[19] established a strong-soft-strong (3S) mechanical model
for stability control of roadway surrounding rock under coal
bursts. The 3S structure showed significant regional charac-
teristics in strength, stress transfer, deformation, and energy
dissipation, which can be reasonably designed to prevent coal
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FiGure 1: Mechanical analysis model for bearing structure of roadway surrounding rock under dynamic loading.

bursts. Jiao and Ju [20] established a mechanical and energy
model for bearing structure stability of anchored roadway
under the superposition of dynamic and static loads, and
the mechanical and energy criterion for impact failure of
bearing structures induced by dynamic disturbance were
obtained. Vardar et al. [21] developed a practical approach
to quantitatively estimate coal burst proneness in develop-
ment roadways by establishing a novel burst proneness rating
system based on energy release characteristics.

The studies mentioned above have enhanced our under-
standing of coal bursts of roadway under dynamic distur-
bance. The failure mechanisms in most previous studies are
revealed based on the premise that the dynamic load directly
acts on entire anchored surrounding rocks. However, during
the bursting process, the surrounding rocks of elastic zone
first undergo failure and release energy, which is crucial for
impact damages and needs to be further studied. In addition,
energy sources inducing instability of support structure and
their evolution also need to be analyzed.

In this study, considering the impact failure process and
corresponding energy evolution, a mechanical analysis model
for the bearing structure of roadway surrounding rock under
dynamic loading was built to propose a novel coal burst cri-
terion. Then, the coal burst hazard and influences of the main
controlling factors were analyzed through a case study, which
were verified in practice. Finally, the application of this novel
criterion in coal burst prevention and control was discussed.

2. Mechanical Modeling Method

2.1. Establishment of Model. Taking the typical semicircular
arched roadway in underground coal mining as the research
object, a mechanical analysis model for the bearing structure
of roadway surrounding rock under dynamic loading was

built, as shown in Figure 1. In order to simply the calculation,
the following assumptions were proposed: (1) the roadway
surrounding rock was homogeneous and isotropous, without
creep and viscous behaviors; (2) the original rock stress was
in a hydrostatic pressure state; (3) the buried depth of road-
way was far larger than the roadway size; (4) the cross-
section of roadway was semicircular and regarded as a
plane-strain model with the axial length of 1; (5) the distance
from dynamic disturbance to roadway center O was L,. In
addition, the propagation regulation of vibration waves in
surrounding rocks conformed to that in elastic media.
Because the dynamic disturbance was generally caused by
the fracture of higher thick-hard rock strata under mining,
the disturbance source was far away from the roadway space
[19]. In Figure 1, the relationship between L, and roadway
radius Ry, was usually one to two or even greater orders of
magnitude, namely that the roadway size was very small
relative to the propagation scope of dynamic disturbance.
Under the circumstances, the nonuniform influences in
time and space of roadway size on the propagation of stress
waves in surrounding rock can be roughly ignored [22], and
then the dynamic loads were regarded as reaching roadway
surrounding rocks at the same time and being evenly acted
and normally incident on the bearing structure (the red
arrow in Figure 1 indicates the incident direction of dynamic
loads).

As shown in Figure 1, the ranges of anchored bearing
structure, plastic zone excluding anchored bearing structure,
and elastic zone are Ry<r<Ry+b, Ry+b<r<R, and
r> R, respectively. In addition, Ry, b, and R, represent sep-
arately the roadway radius, thickness of anchored bearing
structure, and radius of plastic zone, which are given by
Cheng et al. [23]:
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where [ and d separately represent the length and anchoring
interval of the bolt. y denotes the bulk weight of overlying
strata and is generally 25 kN/m’. H means the buried depth
of the roadway. ¢ and ¢ denote the cohesion and internal
friction angle of coal-rock mass, respectively.

According to the elastic—plastic mechanics and limit
equilibrium theory, the static stresses of plastic zone for
semicircular arched roadway under hydrostatic pressure
are given by Wang et al. [24]:
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where 0,,, and 6y, separately refer to the radial and tangential
stress of plastic zone. p is the supporting strength provided
by anchor bolts (cables) and meets p=Q/d°>, where Q
denotes the working resistance of anchor bolts and can be
approximated as the pretightening force Q. r refers to the
distance from any point to roadway center O.

According to the Lame solution in elasticity, the static
stresses of elastic zone (r > R,,) for semicircular arched road-
way under hydrostatic pressure are given by Boresi et al.
[25]:
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where o,. and oy, refer to the radial and tangential stress of
elastic zone, respectively. g is the radial stress at elastic—plastic
interface (r=R,,) based on Equation (2).

Apart from static stresses during mining, another impor-
tant factor for the coal burst of roadway is the dynamic
disturbance triggered by mine microseisms, which affects
surrounding rocks in the form of vibration waves [26]. For
the calculation of dynamic failure in the engineering field, it
is critical to consider the most dangerous situation of coal
burst under peak dynamic stresses. Based on the elastic wave
theory, the dynamic stresses on anchored roadway surround-
ing rocks are given by He [27]:
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FIGURE 2: Failure modes of coal-rock mass under dynamic distur-
bance based on Mohr—Coulomb strength criterion.
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where ogp and o4 separately represent the radial and tan-
gential stress caused by vibration waves propagating to road-
way surrounding rocks. p is the density of coal-rock mass. Cp
and Cs separately refer to the propagation velocities of P and
S waves in coal-rock mass and meet Cp=4,300m/s and
Cs=2,480 m/s. L refers to the propagation distance of vibra-
tion wave, and 1 means the attenuation coefficient of vibra-
tion waves in coal-rock mass, which is generally 1.526. vy is
the peak vibration velocity of a particle at the dynamic-
loading source, which meets v,=0.0645 Ugo™°%, where
Uygo is the dynamic-loading energy [28].

2.2. Failure Process and Energy Evolution of Elastic Zone. P
and S waves are generally generated together at the dynamic-
loading source and propagate simultaneously outwards,
which means each point on the propagation path of vibration
waves experiences compression, tension, and shear in suc-
cession so that the normal and tangential stresses with peri-
odically changing magnitude and direction are produced at
the point. The above dynamic stresses are superposed with
static stresses, which can alter the magnitude and direction of
principal stresses. Based on the Mohr—Coulomb strength
criterion, the failure of coal-rock mass is likely to occur
with the increase in the radius of Mohr’s circle. As shown
in Figure 2, there are following three possible failure modes:
(1) increase of maximum principal stress o;; (2) decrease of
minimum principal stress o3; and (3) increase of ¢; and
decrease of o;. The above three failure modes all enlarge
the radius of Mohr’s circle while do not change the shear
strength of materials. Obviously, Mohr’s circle in the third
failure mode has the largest radius, and correspondingly, the
failure range of elastic zone is also the largest. Therefore, the
third failure mode is taken as the most concerned failure
mode of elastic zone in this research.

The static principal stresses of elastic zone meet o1 = oy,
and o3=o0,. based on Equation (3). Considering that the



most dangerous failure mode is characterized as increase of
o, and decrease of a3, the principal stresses (o, and o03) of
elastic zone under dynamic disturbance and the correspond-
ing failure criterion can be expressed as follows:
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where the dynamic stress ogp and oy4s are calculated by
Equation (4), and the corresponding propagation distance
L of vibration wave can be calculated approximately as the
distance from dynamic loading source to elastic—plastic
interface (r=R,;,) and satisfies L= L,—R,,

By simultaneously solving Equations (1)—(5), the maxi-
mum radius R¢ for the dynamic failure of elastic zone can be
obtained, and then the failure region of elastic zone is deter-
mined as R, <r <R

Afterward, the energy release in elastic zone can be cal-
culated. The elastic energy U, in failure region of elastic zone
can be expressed as follows:

61’ + 6, +05° = 2u(616; + 61635 +5,03)
2E

U€: fs

(6)

where V¢ denotes the volume of failure region and meets
Vi=17 (R —sz)/Z (the roadway length along axial direc-
tion is 1 m for the plane-strain model). E represents the elastic
modulus of coal-rock mass. 67,35, and &3 separately repre-
sent the average value of static maximum, intermediate, and
minimum principal stresses in failure region of elastic zone.

The above-average values of static principal stresses can
be approximated as the static stresses at the middle section
(r=(R,+Rp)/2) of failure region (R,<r<R¢) based on
Equation (3), which are given by the following:

o1 = (Gee)r:(Rp+Rf)/z

23 :/’l((gee)r:(RPJer)/z + (Gre),:(Rp+Rf)/2) ; (7)
o = (

Gre)r:(RP+Rf)/2

where u is Poisson’s ratio.

Likewise, the vibration energy Uy, subjected by the whole
failure region of elastic zone (R, <r < Ry) is also approximated
as the vibration energy at the middle section (r= (R,+ R¢)/2)
of failure region, which meets Uge = Ugo+(Lo — (R, + RYI2)™

According to the least energy principle of dynamic failure
[29], the energy needed for dynamic failure is that for coal-
rock damage under uniaxial compression, and then the
energy U, consumed during dynamic failure of elastic
zone can be expressed as Ui, = (0. /2E)-Vy, where o, is
the uniaxial compressive strength of coal-rock mass.

Thus, the residual energy U, of elastic zone after dynamic
failure can be expressed as follows:
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FiGure 3: Relationship between impact-induced convergence of
fractured surrounding rocks and ultimate elongation of bolt.

U = U, + Uge = Upin (8)

when U, > 0, the residual energy U, mainly propagates out-
wards as kinetic energy [30], which can impart additional
kinetic energy to the anchored bearing structure. In this way,
the coal burst of anchored roadway may occur. When U, <0,
no excessive energy can be released, and then there is no
condition of coal burst. Therefore, the existence of residual
energy U, of elastic zone is a prerequisite for the coal burst of
anchored roadway surrounding rock.

2.3. Coal Burst Criterion. When U, > 0, the failure region of
elastic zone is equivalent to a new source region of dynamic
disturbance, whose released kinetic energy attenuates defi-
nitely when propagating in the anchored bearing structure.
For the convenience of engineering calculation, the kinetic
energy at the middle section (r= R, + b/2) of bearing struc-
ture (Ry<r< Ry+b) can be taken as the average kinetic
energy of whole structure. Then, the propagation distance
Ly of kinetic energy meets L, =1+ R, — (R + b/2), where Ly
at the elastic—plastic interface (r=R,;,) of roadway surround-
ing rocks equals to 1. In order to analyze the failure situation
at each location of roadway surrounding rocks, the anchored
bearing structure is divided into 60 microunits with an inter-
val of 3° (Aa), as shown in Figure 1. In this way, the kinetic
energy Uy of bearing structure for any microunit Aa is
obtained as U, = U, - L, "% /60, where /. is the attenuation
coefficient of kinetic energy in bearing structure and is gen-
erally 2.131 [31].

It is also necessary to consider the potential energy
released from the convergence of fractured surrounding
rocks in roadway roof during the impact process [32], as
shown in Figure 3, and this part of energy also needs to be
resisted by the support system. Thus, the energy U, imposed
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TasLE 1: Hazard degree classification for coal burst of roadway.

Degree No hazard Weak hazard Moderate hazard Strong hazard
Hazard index 6 0<6<0.25 0.25<6<0.50 0.5<6<0.75 0.75<6<1
by impact-induced convergence of surrounding rocks on Ux + Up>Us. (11)

support system in any microunit Aa can be expressed as
follows:

U, = pVa94h, 9)

where g is the gravitational acceleration. V,, denotes
the volume of any microunit Ae and meets V,,=1-
(7 ((Ry+b)*—Ry))/2)/60. Ah denotes the impact-induced
convergence (vertical deformation) of fractured surrounding
rocks and satisfies Ah = Al ,-sina, where Al,, is the ultimate
elongation of bolt. a represents the included angle between
any microunit Aa and the positive direction of x-axis and
ranges from 0° to 180°.

Obviously, the roadway support system needs to resist
and absorb the kinetic energy released from the dynamic
failure of elastic zone and potential energy released from
convergence of fractured surrounding rocks during the
impact process. The ultimate value Us of absorbed energy
of support system in a range of each microunit Aa is given by
the following:

Us:(pb'Ub"’/b"'_pc'Uc"//c)'Ssv (10)

where S; denotes the roadway surface area corresponding to
any microunit Aa and meets S;=7R,/60 - 1. where py, and p
refer to anchoring densities of bolts and cables, respectively.
Uy, represents the absorbed energy for combined supports of
a single bolt, steel belts, and metal nets under ultimate defor-
mation. U, denotes the absorbed energy for a single cable
under ultimate deformation. 7, indicates the energy-
dissipation coefficient for combined supports of bolt, steel
belt, and metal net, while 7 refers to the energy-dissipation
coefficient of cable. When # (i, or 5.) <1, it reflects the
impact-resistance reduction of the actual support system
caused by dynamic disturbance, post-peak strain softening,
anisotropy of surrounding rocks, inhomogeneity of support
strength, and so on. However, 57 > 1 means that optimization
of existing support parameters and improvement for energy-
absorption of support system.

It is because of the anchorage effect of the support system
that the active bearing structure of anchored roadway can be
formed [23]. Once the support system is damaged, the entire
bearing structure will be destructed. When the impact resis-
tance of support is insufficient, the whole anchored roadway
will suffer from the coal burst [8, 12]. Energy theory is one of
the main theories to reveal the coal burst mechanism
[18, 21]. Thus, by taking any microunit Aa as the research
object, the novel coal burst criterion of anchored roadway
surrounding rock can be proposed as follows:

In order to quantitatively analyze the coal burst hazard, it
is necessary to obtain an evaluation index of hazard based on
the coal burst criterion [10, 11]. Thus, the hazard index of
coal burst for anchored roadways under dynamic distur-
bance is proposed as follows:

{5(, (U + U,) /U, 12

5 = max{5,}, 0° <a<180°

where §, is the hazard index of coal burst for any microunit
Aa. 6 is the hazard index of coal burst for the whole anchored
bearing structure.

According to Equation (12), the higher the hazard index
0 is, the greater the possibility of coal burst for anchored
bearing structure. When &> 1, the bearing structure will be
damaged under dynamic disturbance. When 6 = 1, the bear-
ing structure is at the critical state of impact failure. When
0<6<1, the impact failure will not occur in the bearing
structure. According to the conventional grading method
for coal burst hazard [9], it can be further graded based on
the hazard index 6, as shown in Table 1.

3. Case Analysis

3.1. Site Description. Number 4 coal seam was mined in the
401102 working face of Hujiahe Coal Mine (Shaanxi Prov-
ince, China), whose average thickness was 22 m. Figure 4
shows the geologic histogram of 401102 working face. The
fully mechanized top-coal caving multislicing mining
method was adopted in the 401102 working face, with the
top slice (12 m) mined first and 10-m thick coal retaining as
the bottom slice. The roof was composed of a 0.8-m thick
false roof (mudstone), 3.5-m thick immediate roof (medium-
grained sandstone), and 11.7-m thick main roof (siltstone).
The floor was hard fine sandstone of 5.6-m thick. Table 2
shows the mechanical properties of coal and rock strata in
the 401102 working face.

The bursting liability of Number 4 coal seam is presented
in Table 3, where Dy, Wgr, and Kg represent the duration of
dynamic fracture, elastic strain energy index, and bursting
energy index, respectively. Moreover, the bending energy
index Uwqs of the main roof (siltstone) was 19.75Kk]
(15kJ < Uwqs < 120k]J), whose bursting liability belonged
to Class II. According to the Chinese national standard
GB/T 25217.1-2010 and GB/T 25217.2-2010, Number 4
coal seam and its main roof have strong and weak bursting
liabilities, respectively.

The air-return roadway in 401102 working face was
arranged along the bottom of the top slice, whose buried
depth H was 600 m. The semicircular arched section was
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N Lithology Thickness Remarks
Siltstone 93.7m Park gray, compact mass, phytolith
rich
Medium-grained Gray, mainly consisting of quartz,
3.5m 1.
sandstone siliceous cement, harder
v Mudstone 0.8m Gray, argillaceous texture, thin
N v layer structure
No. 4 Coal 22m Bla.ck, semlb.rlght, stereoplasm,
mainly consisting of lump coal
Hard fine Light gray, harder, rich in vitrain
5.6m . . .
sandstone stripes, filled in with pyrite

FIGURE 4: Geologic histogram of 401102 working face.

TasLE 2: Mechanical properties of coal and rock strata in 401102 working face.

Litholo Density Elastic modulus ~ Uniaxial compressive ~ Poisson’s Cohesion  Internal friction angle
&y (kg/m3) (GPa) strength (MPa) ratio (MPa) (®)
Siltstone 2,370 8.7 26.1 0.24 4.2 35
Medium-grained 2,450 6.3 232 0.25 3.8 33
sandstone
Mudstone 2,260 54 18.6 0.28 3.3 32
Number 4 coal seam 1,400 2.0 12.5 0.35 2.0 30
Hard fine sandstone 2,530 10.5 28.4 0.22 4.7 38
TabLE 3: Bursting liability of Number 4 coal seam.
. Index Determination results
Slice of Number 4 coal seam R
Dy (ms) Wer Kg o. (MPa) Class Bursting liability
Top slice 39.80 6.49 7.73 12.57 III Strong
Bottom slice 34.40 5.45 12.57 12.45 111 Strong

adopted in air-return roadway, with a net height of 4m and
net width of 5m, which means the roadway radius R, in
theoretical model is about 2.5m. The combined supports
of anchor bolts, anchor cables, metal nets, and steel belts
were used in air-return roadway. Figure 5 shows the layout
and supporting scheme of air-return roadway. The high-
strength threaded steel bolt (MSGLW500) was used, with a
diameter of 20 mm, length [ of 2,400 mm, anchoring length
of 450 mm, pretightening force Q, of 60 kN, ultimate elon-
gation Al,, of 0.292 m, and anchoring interval d of 0.8 m. The
diameter of anchor cable was 17.8 mm, with a length of
6,300 mm and an ultimate elongation of 0.207 m. For the
support density, 1.56 bolts (p},) and 0.18 anchor cables (p.)
were arranged per square meter. By referring to similar sup-
port conditions [33], the absorbed energy U, for combined
supports of a single bolt, steel belts, and metal nets under
ultimate deformation was taken as 20kJ, and the absorbed
energy U, for a single cable under ultimate deformation was

set as 30 kJ. The energy-dissipation coefficient #, and 7. were
both set as 0.7. The gravitational acceleration g was 10 m/s”.

3.2. Distribution of Coal Burst Hazard. The air-return road-
way of 401102 working face was significantly affected by
dynamic disturbance during coal mining, and microseismic
events mainly occurred inside the main roof. Based on the
above geological and mining conditions, the dynamic-
loading energy Uy of 5X 10° J inside the main roof was
taken as the example, whose distance L, from the roadway
center was 20 m. Then, the hazard indexes &, of coal burst
and energy U, imposed by impact-induced convergence of
surrounding rocks on the support system in different com-
ponents of roadway were obtained using the calculation
flowchart in Section 2.

Figure 6 shows distributions of 6, and U, only changing
the included angle @ between microunit Aa in bearing struc-
ture and positive direction of x axis. It is found that both J,
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FiGURE 5: Layout and supporting scheme of air-return roadway: (a) layout; (b) supporting scheme.
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FiGure 6: Distributions for hazard index 8, of coal burst and energy
U, of microunits at different components of roadway.

and U, are distributed in a symmetric manner, being large in
the middle while small in two sides. The corresponding rela-
tionship between §, and a is expressed as J,=0.4988
+0.3407-sin(7-a/180) (R*=1). The maximum values of &,
and U, (Samax=0.84 and Up_max=1.14 X 10° J) are both
found at the position of a=90° (the middle part of roadway
roof). However, the minimum values (6gmin =0.50 and U,
min = 0) are observed at the positions of a =0° (left sidewall)
and a =180° (right sidewall). The above results indicate that
the closer to the roadway roof is, the larger the potential energy
released from impact-induced deformation of anchored sur-
rounding rocks and the greater the total impact energy resisted
by the support system, which causes a higher hazard index 6,

of coal burst. Therefore, the roadway roof is more prone to
impact failure than two sidewalls under the same support
conditions and thus is the critical area for coal burst
prevention.

3.3. Influences of Main Controlling Factors. Influences of
main controlling factors on the hazard index of coal burst
were revealed based on four characteristic parameters of
impact failure, including the residual energy U, of elastic
zone after dynamic failure, kinetic energy Uy of bearing
structure, failure range AR¢ (AR¢= R¢—Ry,) of elastic zone
and range AR, (AR, = R, — Ry) of plastic zone.

3.3.1. Buried Depth of Roadway. Figure 7 shows the influence
for buried depth H of roadway on coal burst hazard. It is
found that the hazard index 6 of coal burst and original rock
stress oy (69 =yH) [34] both have positive correlations with
H. The fitting relationship between § and H is expressed as
§=0.4345-H"%%* (R>=0.9978). In addition, the stress level
of surrounding rocks grows with the increasing buried depth,
so that the same dynamic load exerts slightly decreased influ-
ences on the stress state of elastic zone, and the failure range
AR of elastic zone induced by dynamic loading also shrinks
correspondingly. While the influence of an increase in stress
level on elastic energy Uk, in failure region of elastic zone is
significantly higher than that of a decrease in failure range
ARs of elastic zone, and thus the residual energy U, in elastic
zone after dynamic failure rises prominently. Besides, the
range AR,, of plastic zone is enlarged with the buried depth
according to Equation (1). The above results lead to the slight
growth for kinetic energy Uy of bearing structure, which
causes the slow enlargement of § based on Equation (12).

3.3.2. Cohesion of Surrounding Rock. Cohesion is the critical
parameter characterizing the mechanical property of sur-
rounding rock, which can indirectly reflect the strength of
surrounding rock [24]. Figure 8 shows the influence for
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FiGure 8: Influence for cohesion ¢ of surrounding rock on coal burst hazard: (a) § and o, (b) U,, Uy, AR and AR,,.

cohesion ¢ of surrounding rock on coal burst hazard. It is
found that the hazard index & of coal burst and uniaxial
compressive strength o. (o.=2c-cos/(1—sing)) both
have positive correlations with cohesion ¢ of surrounding
rock, and the fitting relationship between § and c is expressed
as 6=0.4609-¢"°%° (R*=0.9987). Besides, the strength of
surrounding rocks enlarges with the increasing cohesion, so
the failure range ARy of elastic zone induced by the same
dynamic load decreases, and the residual energy U, in elastic
zone after dynamic failure also reduces, whereas the increase
of cohesion ¢ also significantly shrinks the range AR, of
plastic zone, which weakens the dissipation of U, through
the bearing structure. Thus, the kinetic energy Uy of bearing

structure increases correspondingly, which eventually leads
to the rise in . It is stipulated in the Chinese national
standard GB/T 25217.2-2010 that the larger the o, the
higher the coal burst tendency and the easier the coal burst
to occur, which well verifies the above analysis results
regarding the correlation between cohesion (uniaxial com-
pressive strength) and hazard index of coal burst for
anchored roadway.

3.3.3. Dynamic-Loading Energy. The breaking of thick-hard
rock strata can trigger high-energy dynamic disturbances,
which act on roadway surrounding rocks [30]. Thus, the
dynamic-loading energy can reflect the disturbance effect
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of external factors on anchored roadway. Figure 9 shows the
influence for dynamic-loading energy on coal burst hazard.
It is found that the hazard index 6 of coal burst and vibration
energy Uge (Uge= Ugo'(Lo— (R, + R)/2)™") subjected by fail-
ure region of elastic zone both have positive correlations with
dynamic-loading energy Uy, and the fitting relationship
between 6 and Uy is expressed as 6= 0.6049- Uy 2%
(R*=0.9954). Moreover, the dynamic stress o4 enlarges
with the increase of Uyg according to Equation (4), so that
the failure range AR¢ of elastic zone caused by dynamic load-
ing enlarges as well, and correspondingly the residual energy
U, in elastic zone after dynamic failure also rises. Moreover,
the range AR, of plastic zone remains unchanged, so the
dissipation of U, through bearing structure also does not
change. Thus, the kinetic energy Uy of bearing structure
increases, which finally induces the rise in 6.

3.3.4. Energy-Absorption Capability of Support. Figure 10
shows the influence for the energy-absorption capability of
support on coal burst hazard. It is found that hazard index &
of coal burst is negatively correlated with energy-dissipation
coefficient 57, meeting § = 0.5618-5~" (R*=1), while absorbed
energy us (us= (pp-Up + p-Uc)-n) of roadway support system
per unit surface area is positively correlated with 7. The
above results indicate that the coal burst hazard of anchored
roadway can be effectively reduced by improving the energy-
absorption capacity of the support system, such as using
anchor bolts with constant resistance and large deformation
[35], energy-absorbing anchor bolts, cables, and trays [36].
In addition, it is worth noting that relevant characteristic
parameters of impact failure (U,, Uy, ARg; and AR,,) are all
not affected by changes in the energy-dissipation coefficient
of the support system. The energy-dissipation coefficient # is
abstract for engineering practice, and then the in-situ energy-
absorption capacity of support can be indirectly character-
ized by monitoring the change of support resistance. There
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FiGUre 10: Influence for energy-absorption capability of support on
coal burst hazard.

are many factors affecting the energy-absorption capacity,
including dynamic disturbance, post-peak strain softening
of surrounding rocks, heterogeneity of surrounding rocks,
inhomogeneity of support strength, etc. When the energy-
absorption effect of overall support is reduced due to the
above influential factors, the risk of coal burst will corre-
spondingly increase.

3.4. Verification in Practice. A coal burst disaster occurred in
the air-return roadway of 401102 working face in Hujiahe
Coal Mine at 19:56 PM on October 4, 2014. The dynamic
loading source (Ugp=1.9 X 10°J) was located inside the main
roof (siltstone) and had a distance L, of 22.4m with the
roadway center. This dynamic instability triggered large



10

Local convergencélin
sidewall and bolt failure

Advances in Civil Engineering

)

;o

Local fracture in
sidewall and
broken metal nets

FiGURE 11: Dynamic failure of air-return roadway in 401102 working face: (a) roof; (b) left sidewall; (c) right sidewall.

areas of caving, mesh cracking, and significant subsidence of
roadway roofs in the region being 24-36 m from the working
face, as well as obvious deformation and spalling in sidewalls
near the arch corner, as shown in Figure 11. The roadway
roof was damaged most significantly (subsidence of 400—
600 mm), followed successively by the left sidewall (conver-
gence of 300-400 mm) and right sidewall (convergence of
100-250 mm). This indirectly expounds that the roadway
roof was at higher impact risk than sidewalls, verifying dis-
tributions of the hazard index &, of coal burst at different
components of roadway. In addition, the left sidewall was
more seriously damaged than the right sidewall, which also
indicates the difference in energy-absorption capacity of sup-
port in actual roadway surrounding rocks due to many
causes.

Because the air-return roadway had experienced lots of
dynamic disturbances before this coal burst, which deterio-
rated the strength of anchored surrounding rocks and, to
some extent, reduced the impact-resistance of the support
system, the energy-dissipation coefficient # (17, and 7.) for
the whole roadway support can be set as 0.65. Based on the
geological and mining conditions of air-return roadway as
well as microseismic parameters of this coal burst, the hazard
index J,, of coal burst at different components of the roadway
is obtained according to the calculation process in Section 2
and meets 0.73 <5,<1.10, and then the hazard index § for
whole bearing structure satisfies 6=1.10> 1, reaching the
occurrence condition of coal burst. The calculation results
are generally consistent with the on-site destruction of coal
bursts, verifying the reasonability of the novel coal burst
criterion. Further calculation shows that the components of
the roadway meeting §,> 1 are in the range of 48° <a <
132°, indicating that large areas of surrounding rocks near
the roadway roof are subjected to impact failure, which is
basically consistent with the overall collapse of roadway roof
(Figure 11(a)). While the components of roadway meeting
0.73<6,<1 are near to the sidewalls, where the hazard
index &, of coal burst is calculated based on the average level
(n=0.65) of energy-dissipation coefficient for whole sup-
port. Thus, there are still some surrounding rocks with
7<0.65 and §,>1 due to the anisotropy of surrounding
rocks and inhomogeneity of support strength. These regions

are characterized by partial impact failures of roadway sup-
porting, which is basically consistent with on-site local defor-
mations and support failures in two sidewalls (Figures 11(b)
and 11(c)).

Figure 12 shows distributions of average anchoring
forces and their losses for anchor bolts measured at three
measuring points in the coal burst region after its occurrence
on October 4, 2014. According to regulations in MT146.1-
2010 [37], the anchoring force of bolts should not be lower
than 1.2 times of yield strength of bolts. Thus, the design
anchoring force should not be lower than 190kN for the
anchor bolt with a yield strength of 500 MPa. Inside the
roadway roof (Figure 12(a)), the anchoring forces after coal
burst at the vault (104 kN), left haunch (112kN), and right
haunch (123kN) are listed in an ascending order, which
indicates that the closer to the middle part of roadway
roof, the more significant the impact failure of surrounding
rocks and the greater the loss of anchoring force, which is
consistent with the distribution for hazard index &, of coal
burst. As shown in Figure 12(b), the anchoring forces after
coal burst at the roof (113kN), left sidewall (129 kN), and
right sidewall (141 kN) are listed in an increasing order, all
significantly lower than the design anchoring force 190 kN.
Besides, the ratios of anchoring force after coal burst to
design anchoring force at the roof (0.60), left sidewall
(0.68), and right sidewall (0.74) are ranked in an ascending
order. The above results further verify that the degree of
impact failure decreases following the order of the roof, left
sidewall, and right sidewall and indicates that the coal burst
of roadway can induce the loss of anchoring force and ren-
ders the support system to gradually lose impact resistance.

Another coal burst disaster occurred in the air-return
roadway of 401102 working face on November 27, 2014.
The dynamic loading source was also located inside the
main roof with microseismic energy of 1.1 x 10°J. The test-
ing device of surrounding rock strength was used to conduct
in-situ strength tests on coal-rock masses within a 10m
range of surrounding rocks before and after coal burst
[20]. Figure 13 shows distributions of surrounding rock
strengths measured at one measuring point in the coal burst
region on November 27, 2014. It is found that the average
values of surrounding rock strengths in the roadway roof and
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Ficure 12: Distributions of average anchoring forces and their losses after coal burst: (a) roadway roof; (b) whole roadway.
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FIGURE 13: Surrounding rock strength of air-return roadway in 401102 working face before and after coal burst: (a) roadway roof; (b) roadway

sidewall.

sidewall after coal burst are 4.6 and 6.3 MPa, respectively.
However, the average values of surrounding rock strengths
in the roadway roof and sidewall measured during the exca-
vation (before coal burst) are 10.2 and 10.4 MPa, respec-
tively. This coal burst caused a 55.2% decrease in the
surrounding rock strength of roadway roof while a 38.6%
decrease in that of roadway sidewall. Obviously, the decrease
in the surrounding rock strength of roadway roof is more
significant than that of roadway sidewall, indicating that the
impact failure of roadway roof under dynamic disturbance is
more severe than that of roadway sidewall. The above results

once again verify the correctness of the novel criterion and
hazard index of coal burst.

4. Application in Coal Burst Prevention
and Control

The novel criterion and hazard index of coal bursts can be
applied to provide some useful references for coal burst pre-
vention and control. First, it can be determined whether the
on-site roadway will experience the coal burst based on this
criterion. Besides, this novel hazard index can be used to
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evaluate the hazard degree and divide the hazard zone of coal
burst, which can provide a theoretical basis for optimizing
the mining design of anti-impact. Furthermore, according to
the above evolution laws of hazard index with main control-
ling factors, targeted prevention and control measures of coal
burst can be formulated, whose specific parameters can be
obtained based on safety requirements. Specific references of
coal burst prevention and control are as follows:

(1) For areas with a strong hazard of coal burst, their
anti-impact capabilities can be improved effectively
by strengthening support parameters [12], using
high-strength prestressed yielding bolts [38], con-
stant resistance large deformation bolts, and
energy-absorbing coupling supports [14]. It is also
important to strengthen the monitoring of roadway
support resistance and surrounding rock deforma-
tion to timely find the support failure area and imple-
ment support reinforcement [4].

(2) The hazard degree of coal burst increases gradually
after entering deep mining, while the buried depth of
roadway cannot be changed. Thus, it is necessary to
take measures in advance from reducing static and
dynamic loads of surrounding rocks and improving
supporting performances [2].

(3) In order to reduce the strength and bursting liability
of coal-rock masses and transfer high static stresses
to deep surrounding rocks, the pressure-relief mea-
sures should be reasonably carried out outside the
roadway support structure, such as pressure-relief
blasting [39], large diameter pressure-relief drilling,
water-infusion softening, etc.

(4) Reducing the dynamic-loading energy is the main
method for controlling dynamic disturbances. The
presplitting blasting and directional hydraulic frac-
turing in the roof [40] can be adopted for dynamic
loading caused by fracture of overlying strata.

(5) For the roadway after coal burst, it is necessary to
determine the main reasons and controlling factors
for coal burst. The deformed roadway needs to be
repaired to the design size, and then the bolting sup-
port should be reinstalled according to the above
reference (1). In addition, the existing prevention
and control measures also need to be redesigned
and re-executed according to safety requirements.

5. Conclusions

In this study, coal burst occurrence of anchored roadway
under dynamic disturbance was investigated. A mechanical
analysis model for the bearing structure of roadway sur-
rounding rock was built to propose a novel coal burst crite-
rion. Moreover, the study discussed the distribution of the
hazard index of coal burst and the influences of main con-
trolling factors based on case analysis and then clarified the
application of novel criterion and hazard index in coal burst
prevention and control. The main conclusions are as follows:

(1)

)

3)
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The existence of residual energy U, of elastic zone is a
prerequisite for coal burst of anchored roadway sur-
rounding rock. The roadway support with ultimate
value Us of absorbed energy needs to resist and
absorb the kinetic energy Uy released from the
dynamic failure of elastic zone and the energy U,
imposed by impact-induced convergence of sur-
rounding rocks on the support system, and then
the novel coal burst criterion can be proposed as
U+ U, > Us.

Under the same support conditions, the roadway
roof is more prone to dynamic failure, which is a
critical area for coal burst prevention. Quantitative
influences of main controlling factors on coal burst
hazard can be revealed based on four characteristic
parameters of impact failure, including U,, Uy, AR,
and AR,

The novel criterion and hazard index of coal burst
can be applied to provide some useful references for
coal burst prevention and control, which contain
improvements for the anti-impact capability of sup-
port, pressure-relief in surrounding rocks, reduction
of dynamic-loading energy, and roadway restoration
after coal burst.

Nomenclature

L():

Distance from dynamic disturbance to road-
way center (m)

L: Propagation distance of vibration wave (m)

G4ps Ops: Radial and tangential stress caused by vibration
waves propagating to roadway surrounding
rocks (MPa)

Ry: Roadway radius (m)

Ry Radius of plastic zone (m)

b: Thickness of anchored bearing structure (m)

I: Bolt length (m)

d: Anchoring interval of bolt (m)

7 Bulk weight of overlying strata (kN/m?)

H: Buried depth of roadway (m)

c Cohesion of coal-rock mass (MPa)

@: Internal friction angle of coal-rock mass (°)

Orp> Ogp Radial and tangential stress of plastic zone
(MPa)

p: Supporting strength (MPa)

Q, Qq: Working resistance and pre-tightening force of
anchor bolt (kN)

q: Radial stress at elastic—plastic interface (MPa)

Ores Oge: Radial and tangential stress of elastic zone
(MPa)

p: Density of coal-rock mass (kg/m3)

Cp, Cs: Propagation velocities of P and S waves in coal-
rock mass (m/s)

Vo: Peak vibration velocity of particle at dynamic-
loading source (m/s)

A Attenuation coefficient of vibration waves in

coal-rock mass
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Uaqo: Dynamic-loading energy (J)

01, 03: Static maximum and minimum principal stress
o (MPa)

01, 03! Maximum and minimum principal stresses

under dynamic disturbance (MPa)
Rg: Dynamic failure radius of elastic zone (m)
01, 02, 03 Average values of static maximum, intermedi-
ate, and minimum principal stresses (MPa)
Poisson’s ratio

u:

E: Elastic modulus of coal-rock mass (GPa)

Ue Elastic energy in failure region of elastic zone
)

Ve Volume of failure region (m?)

Uge: Vibration energy subjected by the whole failure
region of elastic zone (J)

o Uniaxial compressive strength of coal-rock
mass (MPa)

Unnin: Energy consumed during dynamic failure of
elastic zone (J)

Uy Residual energy of elastic zone after dynamic
failure (J)

Uug: Ultimate value of absorbed energy for roadway
support system per unit surface area before
impact failure (J/m?)

Pb> Pe Anchoring densities of bolts and cables (num-
ber/m?)

Up: Absorbed energy for combined supports of a
single bolt, steel belts, and metal nets under
ultimate deformation (J)

Ue: Absorbed energy for a single cable under ulti-
mate deformation (J)

n: Energy-dissipation coefficient of support

N Energy-dissipation coefficient for combined
supports of bolt, steel belt, and metal net

ne: Energy-dissipation coefficient of cable

Us: Ultimate value of absorbed energy of support
system in range of any microunit (J)

S Roadway surface area corresponding to any
microunit (m?)

Ly: Propagation distance of kinetic energy in bear-
ing structure (m)

Uy Kinetic energy of bearing structure for any
microunit (J)

At Attenuation coefficient of kinetic energy in
bearing structure

Up: Energy imposed by impact-induced conver-
gence of surrounding rocks on support system
in any microunit (J)

g Gravitational acceleration (m/s?)

Ve Volume of any microunit (m?)

Ah: Impact-induced convergence of fractured sur-
rounding rocks (m)

Al Ultimate elongation of bolt (m)

a: Included angle between any microunit and
positive direction of x-axis (°)

O Hazard index of coal burst for any microunit

o Hazard index of coal burst for whole anchored

bearing structure

13
D: Duration of dynamic fracture (ms)
Wer: Elastic strain energy index
Kg: Bursting energy index
Uwaqs: Bending energy index
ARg¢: Failure range of elastic zone (m)
ARy Range of plastic zone (m)
00: Original rock stress (MPa).
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