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With the increase of mining depth and intensity of coal
resource, the rockburst and other dynamic disasters are
aggravating, which seriously threaten the safety of coalmines.
According to the convincing statistics, only 32 coal mines
belonged to rockburst mines until 1985 in China; unfortu-
nately, by the end of 2011, nearly 142 coalmines were classified
as rockburst tendency. Simultaneously, the mining depth of
about 50 coal mines reaches or surpasses 1000m. In the
period of 2006–2013, 35 fatal rockbursts occurred, which cru-
elly killed over 300 workers and caused a thousand of injures.
In despite of lack of accurate data about rockburst in other
countries, we can infer that the rockburstmay be a ubiquitous
dynamic disaster in deep coal mines in the world.

It is well known that the mining-induced shock or vibra-
tion can easily trigger strong tremor (even rockburst disas-
ter). Therefore, it is very urgent to essentially understand the
mining-induced shock and vibration waves in coal mines.

This special issue is dedicated to fundamental under-
standing of mining-induced shock and vibration waves
mainly concentrated on mechanical principles, propagation
and attenuation laws, monitoring and warning methods, and
prevention of catastrophic shock. The special issue is mainly
divided into 3 aspects that are the mechanism of rockburst,
early warning based on microseism (MS) and electromag-
netic emission (EME) methods, and prevention measures,
respectively. The rest mainly discuss rock mechanics and
some relevant rules, underground pressure behaviors, and
innovative supporting technologies of roadway in deep coal

mines. By rigorous review and negotiation, two highlights
are presented which are the numerical simulation method
of roadway rockburst process recurrence and the compre-
hensive warning method of rockburst by MS and EME and
acoustic emission (AE).

Rockburst in coal mines is a worldwide conundrum
poorly understood; the prediction indexes are confusing and
exasperating. In particular, its prevention is yet not effectively
resolved. The satisfactory solution compulsorily requires
the worldwide efforts and cooperation in mining and rock
mechanics community.

Caiping Lu
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Nong Zhang
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By using numerical code RFPA2D (dynamic version), numerical model is built to investigate the failure process of rock particle
under impact loading, and the influence of different impact loading on crushing effect and consumed energy of rock particle
sample is analyzed. Numerical results indicate that crushing effect is good when the stress wave amplitude is close to the dynamic
strength of rock; it is difficult for rock particle to be broken under too low stress wave amplitude; on the other hand, when stress
wave amplitude is too high, excessive fine particle is produced, and crushing effect is not very good on the whole, andmore crushing
energy is consumed. Secondly, in order to obtain good crushing effect, it should be avoided that wavelength of impact load be too
short. Therefore, it is inappropriate to choose impact rusher with too high power and too fast impact frequency for ore particle.

1. Introduction

The purpose of crushing is to reduce the particle size of rock
materials or to liberate valuable minerals from ores. In order
to obtain higher efficiency of crushing, it is very important to
select the appropriate crusher and crushing circuit. Research
shows that the breakage of a brittle material is a very complex
process, in which the results are influenced by loading
conditions and the rock properties [1]. First of all, breakage of
particles can be either single particle or interparticle [2]. The
breakage behavior of single particle without constraint and
stressing a large number of particles are not fully identical,
because loading conditions on the surface of particles can
be more complicated when stressing a large number of
particles [3]. For this reason, when studying particle breakage
behavior, single particle breakage conditions need to be
adequately considered. If single particle is suffering loading
from other adjacent particles, constraint condition in particle

beds should be taken into consideration. What is more, the
particle can not only be crushed under static loading but
also be broken under dynamic loading. Therefore, particle
breakage will require consideration of material properties,
particle shape, and particle size. With such complex require-
ments, it is unlikely that any analytical approach would be
adequate. The use of computer simulations seems to be the
appropriate tool to obtain some clarification [4]. If we can get
the rock crushing mechanism, according to numerical tests,
and design or choose different crusher to control crushing
effect, then technological process of coarse crushing and fine
crushing can be optimized.

So far, it is seldom to investigate the mechanism on parti-
cle crushing from point of mechanical analysis. Traditionally,
the breakage of material in crushing is regarded as relying
upon single particle breakage without considering the con-
finement condition, and the physical point of departure is the
Griffith theory of brittle fracture. The understanding of this

Hindawi Publishing Corporation
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2 Shock and Vibration

breakage behaviour of a particle is based on the knowledge
obtained in indirect tensile strength tests of rock, such as the
Brazilian test or compression of an irregular specimen [5]. As
for the breakage of material subjected to dynamic loading,
researchers mainly focused on damage mechanism, fracture
process, and dynamic fracture criterion of various materials
in the past few decades [6]. Besides, the relationship between
parameters such as modulus of elasticity, strength, and
deformation rate is elucidated; therefore strength criterion
and constitutive relation of rock particles are summarized
under dynamic loading [7–9]. The finite element method
and the finite difference method based on the traditional
continuum mechanics are suitable for prediction of damages
and failure, but they are difficult to be used for calculation
and simulation of the complete failure process directly. Based
on mesoscopic damage mechanics, numerical code RFPA2D
(dynamic version) is developed by Tang and Kou [2, 10]
to simulate the failure process of a single particle breakage
and interparticle breakage subjected to an unconfined or
confined static compressive load, which provides a reason-
able description of fundamental mechanisms of particles
breakage. In fact, particle breakage is usually subjected to
dynamic loading. In order to study the damage and breakage
mechanismof rock particles under dynamic loading, RFPA2D
(dynamic version) was used to study dynamic fragmentation
of rock, and the effect of loading rate on failure characteristics
was discussed sketchily [11].

In this paper, by using numerical code RFPA2D (dynamic
version), the failure process of ore particle under impact
loading is simulated, and the influence of different impact
loading on crushing effect and consumed energy of ore
particle sample is analyzed.

2. Numerical Simulator Description

The newly developed RFPA2D (dynamic edition) is a two-
dimensional code that can simulate the fracture and failure
process of rock under static or dynamic loading conditions.
To model the failure of rock material or rock mass, the rock
medium is assumed to be composed of many mesoscopic
elements whose material properties are different from one
to another and are specified according to a Weibull dis-
tribution [12]. The finite element method is employed to
obtain the stress fields in the mesoscopic elements. Elastic
damage mechanics is used to describe the constitutive law
of the mesoscale elements when the maximum tensile strain
criterion and the Mohr-Coulomb criterion that incorporate
the effect of stress rate are utilized as damage thresholds [13].

2.1. Assignment of Material Properties. In RFPA, the solid or
structure is assumed to be composed of many mesoscopic
elements with the same size, and the mechanical properties
of these elements are assumed to conform to a given Weibull
distribution as defined by the following probability density
function (PDF):

𝑓 (𝑢) =
𝑚

𝑢
0

(
𝑢

𝑢
0

)
𝑚−1

exp [−( 𝑢

𝑢
0

)
𝑚

] , (1)

where 𝑢 is the mechanical parameter of the element (such
as strength or elastic modulus), the scale parameter 𝑢

0
is

related to the average of the element parameters, and the
parameter 𝑚 defines the shape of the distribution function.
From the properties of theWeibull distribution, a larger value
of 𝑚 implies a more homogeneous material and vice versa.
Therefore, the parameter 𝑚 is called the homogeneity index
in our numerical simulations. In the definition of theWeibull
distribution, the value of the parameter𝑚must be larger than
1.0. Using the PDF, in a computer simulation of a medium
composed of many mesoscopic elements, one can produce
numerically a heterogeneous material. The computationally
produced heterogeneous medium is analogous to a real
specimen tested in the laboratory, so in this investigation it
is referred to as a numerical specimen.

2.2. The Constitutive Model for the Mesoscopic Element. Ini-
tially an element is considered elastic, with elastic properties
defined by Young’s modulus and Poisson’s ratio. The stress-
strain relation for an element is considered linear elastic until
the given damage threshold is attained and then is modified
by softening. Under a dynamic stress state, the elements
undergo damage when one of the following damage criteria
is satisfied at the element level:

−𝜀
1
=
𝑘𝑓
𝑐0

𝐸
0

, 𝜎
1
−
1 + sin𝜙
1 − sin𝜙

𝜎
3
≥ 𝑓
𝑐0
, (2)

where 𝑓
𝑐0

is the dynamic uniaxial compressive strength of
the element, which is closely related to the strain rate (or
stress rate) of dynamic loading condition, 𝐸

0
is initial elastic

modulus of the element that is assumed to be not affected
by the stress rate, 𝑘 is the ratio of compressive and tensile
strength, and 𝜙 is the internal frictional angle of the element.
𝜎
1
and 𝜎

3
are the major and minor principal stresses of the

element.
In this study, the following relation between dynamic

uniaxial compressive strength and loading rate, which has
been proposed byZhao [7], is used to reflect the effect of stress
loading rate on the dynamic strength:

𝑓
𝑐0
= 𝐴 log(

̇𝜎

̇𝑓
𝑐𝑠𝑜

) + 𝑓
𝑐𝑠𝑜
, ̇𝜎 > ̇𝑓

𝑐𝑠𝑜
, (3)

where 𝑓
𝑐0
is also the dynamic uniaxial compressive strength

(MPa), ̇𝜎 is the stress rate (MPa/s), 𝑓
𝑐𝑠𝑜

is the uniaxial
compressive strength at the quasistatic stress rate ̇𝑓

𝑐𝑠𝑜
that

is approximately 5 × 10−2MPa/s, and 𝐴 is a parameter
depending on the material. In addition, the experimental
results of Zhao [7] also indicated that the ratio of tensile and
compressive strength (𝑘 = 𝑓

𝑐0
/𝑓
𝑡0
) and internal frictional

angle 𝜙 are not influenced by the stress rate. In this respect,
when the𝑓

𝑐0
obtained from (3) is substituted into (2), the

effect of strain rate on the strength of elements will be
incorporated.

The first part of (2) is the maximum tensile strain crite-
rion, whilst the second part is the classical Mohr-Coulomb
failure criterion for tensile and shear damage thresholds,
respectively. Thus, an element may be damaged in either ten-
sion (corresponding to the maximum tensile strain criterion)
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𝜎
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Figure 1: Elastic damage constitutive law of element under uniaxial
stress state. (Here 𝑓

𝑡0
and𝑓
𝑡𝑟
are dynamic uniaxial tensile strength

and residual uniaxial tensile strength of element, respectively. And
𝑓
𝑐0
and 𝑓

𝑐𝑟
are dynamic uniaxial compressive strength and residual

corresponding strength of element, resp.)

or shear (corresponding to the Mohr-Coulomb criterion).
Once (2) is satisfied at the element level, the elasticmodulus of
the element is reduced according to the following expression:

𝐸 = (1 − 𝜔) 𝐸
0
, (4)

where 𝜔 represents a damage variable, 𝐸 and 𝐸
0
are the

elastic modulus of the damaged and the undamaged element,
respectively. In the current method, the element and its
damage are assumed isotropic, so the 𝐸, 𝐸

0
, and 𝜔 are all

scalar quantities. The sign convention used throughout this
paper is that compressive stress and strain are positive.

When the mesoscopic element is in a uniaxial stress
state (both uniaxial compression and uniaxial tension), the
constitutive relation of elements is as illustrated in Figure 1.
Initially, the stress-strain curve is linear elastic and no damage
exists; that is, 𝜔 = 0. When the maximum tensile strain
criterion is satisfied, damage occurs in the element in a brittle
mode.

The constitutive relation of themesoscopic element under
uniaxial tension, as shown in the third quartile of Figure 1, can
be expressed as

𝜔 =

{{{
{{{
{

0, 𝜀 > 𝜀
𝑡0
,

1 −
𝜆𝜀
𝑡0

𝜀
, 𝜀
𝑡𝑢
< 𝜀 ≤ 𝜀

𝑡0
,

1, 𝜀 ≤ 𝜀
𝑡𝑢
,

(5)

where 𝜆 is the residual strength coefficient, which is given
as 𝑓
𝑡𝑟
= 𝜆𝑓
𝑡0
, and 𝑓

𝑡0
is the tensile strength of element. The

parameter 𝜀
𝑡0
is the strain at the elastic limit, which is called

the threshold strain, and is calculated as

𝜀
𝑡0
= −

𝑓
𝑡0

𝐸
0

. (6)

From (6), it can be found that 𝜀
𝑡0
also depends on the

stress rate of element because𝑓
𝑐0
is related to the stress rate

according to (3). 𝜀
𝑡𝑢

is the ultimate tensile strain of the

element, describing the state at which the element would be
completely damaged. The ultimate tensile strain is defined as
𝜀
𝑡𝑢

= 𝜂𝜀
𝑡0
, where 𝜂 is called the ultimate strain coefficient.

Both the residual strength coefficient (𝜆) and ultimate strain
coefficient (𝜂) are assumed to be independent of the stress
rate.

Additionally, it is assumed that the damage of a meso-
scopic element under multiaxial states of stress is also
isotropic and elastic. The constitutive equation described
above can be extended for application to 3D stress states when
the tensile strain threshold is attained. In multiaxial stress
states, the element is still subject to damage in the tensile
mode when the equivalent major tensile strain 𝜀 attains the
above threshold strain 𝜀t0. The equivalent principal strain 𝜀 is
defined by

𝜀 = −√⟨−𝜀
1
⟩
2

+ ⟨𝜀
2
⟩
2

+ ⟨𝜀
3
⟩
2

, (7)

where 𝜀
1
, 𝜀
2
, and 𝜀

3
are three principal strains and ⟨ ⟩ is a

function defined as follows:

⟨𝑥⟩ = {
𝑥, 𝑥 ≥ 0,

0, 𝑥 < 0.
(8)

For an element subject to a multiaxial state of stress, the
constitutive law can be easily obtained by substituting the
strain 𝜀 in (5) with the equivalent strain 𝜀 defined by (7) and
(8). The damage variable is expressed as

𝜔 =

{{{
{{{
{

0, 𝜀 > 𝜀
𝑡0
,

1 −
𝜆𝜀
𝑡0

𝜀
, 𝜀
𝑡𝑢
< 𝜀 ≤ 𝜀

𝑡0
,

1, 𝜀 ≤ 𝜀
𝑡𝑢
.

(9)

In the same way as for uniaxial tension, when the element
is under uniaxial compression but damaged according to the
Mohr-Coulomb criterion, the expression for damage variable
𝜔 can be described as

𝜔 =
{
{
{

0, 𝜀 < 𝜀
𝑐0
,

1 −
𝜆𝜀
𝑐0

𝜀
, 𝜀 ≥ 𝜀

𝑐0
;

(10)

𝜆 is also the residual strength coefficient, and 𝑓
𝑐𝑟
/𝑓
𝑐0

=
𝑓
𝑡𝑟
/𝑓
𝑡0
= 𝜆 is assumed to apply when the element is under

either uniaxial compression or tension. Also, 𝜀
𝑐0
is calculated

as

𝜀
𝑐0
=
𝑓
𝑐0

𝐸
0

. (11)

If an element is under a multiaxial stress state and
its strength satisfies the Mohr-Coulomb criterion, damage
occurs, and it is necessary to consider the effect of the other
principal stress in themodel during damage evolution.When
the Mohr-Coulomb criterion is satisfied, the maximum prin-
cipal (compressive) strain 𝜀

𝑐0
can be calculated at the peak

value of the maximum principal (compressive) stress:

𝜀
𝑐0
=

1

𝐸
0

[𝑓
𝑐0
+
1 + sin𝜙
1 − sin𝜙

𝜎
3
− 𝜇 (𝜎

1
+ 𝜎
2
)] . (12)
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It is assumed that shear damage evolution is related only
to the maximum compressive principal strain 𝜀

1
. So the

maximum compressive principal strain 𝜀
1
of the damaged

element is substituted for the uniaxial compressive strain 𝜀 in
(10), extending the equation to represent shear damage under
triaxial stress states:

𝜔 =
{
{
{

0, 𝜀
1
< 𝜀
𝑐0
,

1 −
𝜆𝜀
𝑐0

𝜀
1

, 𝜀
1
≥ 𝜀
𝑐0
.

(13)

Based on the above equations, it can be found that the
damage variable 𝜔 is related to the stress rate because it is
calculated based on the values of 𝜀

𝑐0
or 𝜀
𝑡0
that are obtained

directly according to the stress-rate dependent strength of the
element (𝑓

𝑐0
or 𝑓
𝑡0
) according to (6) or (11).

Of course, the above-mentioned constitutive law can be
used to simulate the failure process of rock under static load-
ing when the stress rate effect on the strength as expressed by
(3) is not incorporated. Therefore, the stress-rate dependent
constitutive law described above is based on the original one
for static analysis and is also compatible with it.

2.3. Finite Element Implementation. As described above, the
rock specimen is composed of many square elements with
the same size. These elements are also acting as the four
node parameter elements for finite element analysis. The
equilibriumequations governing the linear dynamic response
of a systemof finite elements can be expressed in the following
form:

𝑀𝑈 + 𝐶𝑈 + 𝐾𝑈 = 𝑅, (14)
where 𝑀, 𝐶, and 𝐾 are the mass, damping, and stiffness
matrices;𝑅 is the vector of externally applied loads; and𝑈,𝑈,
and𝑈 are the displacement, velocity, and acceleration vectors
of the finite elements. A direct step-by-step integration
procedure is found suitable for solving the problem in which
a body is subjected to a short duration impulse loading [14].

At initial condition, the elements are elastic, and their
stresses can be calculated via step-by-step integration. At a
time step, the principal stresses from the previous time step
are subtracted from the current principal stresses and divided
by the time step in order to calculate the stress rates of the
elements. Similarly, when the current minor principal stress
and corresponding stress rate are both negative, the increased
strength of an element due to the increase of absolute value
of this stress rate can also be obtained. When the effect of
stress rate on the dynamic compressive strength is considered
according to (3) and the stresses (or strains) of elements
meet themaximum tensile strain criterion orMohr-Coulomb
criterion as given in (2), the elements are damaged according
to the constitutive law given before, and then their stress will
be reanalyzed iteratively for the current boundary conditions
in order to reflect the stress redistribution at this time step.
The program does not consider the analysis of the next
time step until no new damaged elements are found for the
iterative step of this time step. The above model described
in the two preceding sections is implemented into the RFPA
[15, 16], and therefore RFPA is extended for analysis of rock
under dynamic loading.

Figure 2:The numerical sample model of ore (generated by RFPA).
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Figure 3: Different stress waves exerted on samples.

3. Numerical Model

Research object is sample of ore particle, and the numerical
sample model built with rock failure process analysis system
RFPA is shown in Figure 2, which is 150mm high and
150mmwide. Loading plate, which is 5mm thick, is uniform
and elastic, and its elastic modulus is 200GPa, and Poisson
ratio is 0.25.Themechanical parameters of above-mentioned
sample are close to phosphate. Moreover, assume that the
mechanical property of themesoscopic unit, which composes
ore sample, is in accordance with Weibull distribution, and
the mechanical property of the numerical sample is shown in
Table 1.

In the process of dynamic loading, an impulsive load
pulse is exerted on the loading plate of the sample. The
pulse varies over time, which can be seen from Figure 3.
On one hand, stress wave is exerted according to the three
circumstances shown in segment I to segment III in Figure 3.
In order to research the effect of amplitude on the failure
model, three stress waves act on the sample. The wave crests
are 𝜎max = 20MPa, 30MPa, and 40MPa, respectively. On
the other hand, in order to investigate the effect of different
wavelength on the failure model of the sample, stress waves
are loaded according to I and IV shown in Figure 3.
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Table 1: The mechanical property of the sample of ore particle.

The average value of
elasticity modulus/GPa

The average value of
uniaxial compressive
strength/MPa Poisson’s ratio

The ratio of the
compressive strength
to tensile strength

Volume
mass/kg/cm3

Homogeneity
index

Macroscopy Mesoscopy Macroscopy Mesoscopy
15 19 30 97 0.25 10 2.8 3

Table 2: Fracturing process of sample under stress waves with different amplitude.

Propagation time of stress wave, 𝑡/𝜇s
20 60 80

Amplitude of stress wave,
/MPa

20

30

40

There are two loading boundary conditions. (1) Bottom
is fixed, both sides are free, and an impulsive load pulse
is exerted on the area with specific width. This loading
boundary condition is settled in order to discuss the failure
behaviour of the particle under the condition of lateral
freedom. (2) Both bottom and lateral are fixed, and an
impulsive load pulse is exerted on the areawith specificwidth.
This loading boundary condition is settled for discussing the
failure behaviour of the particle under constraint condition.

4. The Result and Analysis of
the Numerical Simulation

4.1. The Effect of Different Dynamic Stress Wave Amplitudes

4.1.1. The Failure Process Analysis of Ore Samples. In numeri-
cal simulation, loading stress waves of which amplitude 𝜎max
is 20MPa, 30MPa, and 40MPa, respectively, are adopted.
Due to limitation of page, only the fracture processes for
the shear stress field of the time steps are used, as shown
in Table 2. Here, only some groups of typical simulated
result maps are selected, which reflect the failure status
of the sample at 20 𝜇s, 60𝜇s, and 80 𝜇s, respectively. In
the following figure of stress distributions, the gray degree

denotes corresponding magnitude of element shear stress,
that is, the brighter the point, the greater the shear stress of
the element, and the black points indicate failure of elements.
Table 2 shows the different failure processes of sample under
different loading step.

When value of the exerted stress wave crest is at lower lev-
els, such as wave crest 𝜎max = 20MPa, the value of the stress
wave crest is less than the dynamic compressive strength of
the ore. After the stress wave passes loading plate onto the
top of the particle, it is not enough to crush ore into pieces.
Therefore, the part of ore that touches loading plate is not
destroyed, for example, when the propagation time 𝑡 = 20 𝜇s.
When stress waves continue to propagate downward, stress
wave reflection occurs as the stress wave reaches both sides
of the particle. At this moment tensile fracture in particle
is caused. As a result, tensile fracture area will be generated
when stress waves arrive in the area. Stress wave attenuates
rapidly when stress waves continue to propagate downward.
Therefore, before stress wave propagates to the free surface
below the particle, there is less elements fracture, shown in
figure of propagation time 𝑡 = 60 𝜇s. So, when stress wave
propagates to the free surface below the particle, extension
wave is generated.When the amplitude of the extension wave
is bigger than tensile strength of the ore element, tensile
fracture is generated in the element of particle. Consequently,



6 Shock and Vibration

Figure 4: Maximum shear stress distribution map under static loading condition ((a)–(c) denote the order of rupture, and the stress unit is
MPa).

a few number of elements will fracture near the bottom of
particle, and when more failure elements occur, macroscopic
tensile cracksmay be generated, as shown in failure process at
𝑡 = 80 𝜇s. Comparing dynamic fracture model with fracture
model under static loading, a principal crack runs through
direction of the height of the samples under static loading,
as shown in Figure 4; more cracks will be caused in the
sample under dynamic loading, and more cracks coalesce
into macroscopic cracks in the sample.

When value of the exerted stress wave crest increases
to 𝜎max = 30MPa, the value of the stress wave crest is
close to dynamic compressive strength of the ore. After
the stress wave passes loading plate onto the top of the
particle, the particle elements with lower strength which
contact loading plate will be crushed, for example, when the
propagation time 𝑡 = 20 𝜇s. When stress waves continue
to propagate downward, stress wave reflection occurs as
the stress wave reaches both sides of the particle. With the
combined action of reflected wave and compressive stress
wave, at this moment, tensile and crash fracture in particle
are caused. As a result, obvious tensile fracture area will be
generated when stress waves arrive in the area. Stress wave
attenuates rapidly when stress waves continue to propagate
downward. Therefore, before stress wave propagates to the
free surface below the particle, there is also less elements
fracture, shown in figure of propagation time 𝑡 = 60 𝜇s.When
stress wave propagates to the free surface below the particle,
extension wave is generated. At this moment the amplitude
of the extension wave is bigger than amplitude of the stress
wave 𝜎max = 20MPa. Consequently, there are also lots of
fracture elements produced near the bottom of particle, and
more macroscopic tensile cracks may be generated, as shown
in failure process at 𝑡 = 80 𝜇s period.

When value of the exerted stress wave crest increases to
𝜎max = 40MPa, the value of the stress wave crest is more
than dynamic compressive strength of the ore. After the stress
wave passes loading plate onto the top of the particle, the
particle elements which contact loading plate will be crushed,
for example, when the propagation time 𝑡 = 20 𝜇s. At this
time, the ore is shattered with large energy consumption.
When stress waves continue to propagate downward, stress
wave reflection occurs as the stress wave reaches both sides
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Figure 5: Variation law of maximum principle stress on numerical
sample unit.

of the particle. With the combined action of reflected wave
and compressive stress wave, at this moment, tensile and
crash fracture in particle are caused. As a result, obvious
tensile fracture area will be generated when stress waves
arrive in the area. At this moment fracture area is larger
than the two circumstances mentioned above. When stress
wave continues to propagate downward until (75, 80), the
variation law of stresses at this point is shown as in Figures
5, 6, and 7. Stress wave attenuates faster because stress wave
consumes large amount of energy in crushing area before
arriving at this point.Therefore, before stress wave propagates
to the free surface below the particle, there is less elements
fracture, shown in figure of propagation time 𝑡 = 60 𝜇s.When
stress wave propagates to the free surface below the particle,
extension wave is generated. At this moment the extension
wave amplitude is less than the two stress waves’ amplitude
aforementioned. Consequently, a few number of elements
will fracture near the bottom of particle, and when more
failure elements occur, macroscopic tensile cracks may be
generated in part area, as shown in failure process at 𝑡 = 80 𝜇s
period.
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According to the above situation, it is better that the
amplitude of stress wave be close to the dynamic strength of
the ore subjected to impulsive loading; it is not enough to
break the ore when amplitude of stress wave is too small. On
the other hand, there will be more ore fines generated when
the amplitude exceeds critical range, and crushing effect is
generally not as good as desired.

4.1.2. Statistical Analysis of Accumulated Counts of Damaged
Elements of Particle. When simulation sample is loaded with
three stresswaveswith different amplitudes, there is a number
of damaged elements occurrence in sample at two loading
steps; for example, when 𝜎max = 30MPa, the loading steps
(i.e., the propagation time is 30 𝜇s and 70 𝜇s, resp.) are
numbers 300 and 700, respectively, as shown in Figure 8. Seen
from failure process at different loading steps while a number
of damaged elements occur, the less the stress wave amplitude
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Figure 8: Accumulative damaged elements (AE) of sample in a
different loading step (𝜎max = 30MPa).
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Figure 9:The variation of accumulated counts of AE under different
stress wave amplitudes.

is, the later a number of damage elements failure occurs; the
greater the stress wave amplitude is, the earlier a number of
damage elements failure occurs.

When simulation sample is loadedwith three stress waves
with different amplitudes, the changing rule of accumulated
counts of damaged elements of sample is shown in Figure 9.
Seen fromFigure 9, the less the stress wave amplitude, the less
the accumulated counts of damaged elements of the sample
at the same loading step; that is, the less the stress wave
amplitude, the less cracks generated in sample; the greater
the stress wave amplitude, the more the accumulated counts
of damaged elements of the sample at the same loading step;
that is, the greater the stress wave amplitude, the more cracks
generated in the sample; however, if the stress wave amplitude
is too high, the accumulated counts of damaged elements of
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Table 3: Failure process of the sample under different wavelengths (stress amplitude is 20MPa).

Propagation time of stress wave, 𝑡/𝜇s
20 60 80

Wavelength, /𝜇s
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Amplitude = 20MPa, duration = 30𝜇s
Amplitude = 30MPa, duration = 30𝜇s

Figure 10: Variation of energy release of damaged elements of
particle under different stress wave amplitudes.

the sample at the same loading step do not increase at large,
but accumulated counts increase a little while stress wave
propagates at the top of the sample, and accumulated counts
are less than that of the less stress wave amplitude while stress
wave propagates at the bottom of the sample, which indicate
that the crushing effect is worse if stress wave amplitude is too
large. This is due to comminuting at the top which consumes
a lot of energy, so then stress wave attenuates fast when stress
wave amplitude is too large.

4.1.3. Analysis of Energy Release of Damaged Elements of
Particle. When simulation sample is loadedwith stress waves
with different amplitudes, the changing rule of energy release
of damaged elements of particle is shown in Figure 10. Seen
from Figure 10, the more the stress wave amplitude is, the

more the energy release of damaged elements of particle at
the same loading step is. Analysis shows that the greater the
stress wave amplitude, the more the energy consumption of
damaged elements of particle.

Seen from the analysis results of the failure process of the
sample under different stress wave amplitudes, it is better that
the amplitude of stress wave be close to the dynamic strength
of the ore subjected to impulsive loading; it is not enough to
break the ore when amplitude of stress wave is too small. On
the other hand, there will be more ore fines generated when
the amplitude exceeds critical range, and crushing effect is
generally not as good as desired. And if the stress amplitude is
too large, not only desired crushing effect is not obtained, but
also more energy in fragmentation is consumed. Therefore,
too large power of crusher should not be selected for such
ores.

4.2. The Effect of Different Wavelength of Dynamic Stress

4.2.1. Failure Process Analysis of Particles. When stress wave
amplitude is 20MPa and wavelength is different, the failure
process of the sample is shown in Table 3. Seen from Table 3,
there is no big change in failure mode except for amount of
damaged elements whenwavelength is different. Less amount
of damaged element occurs when the wavelength is short,
that is, caused by less input of crushing energy as a result of
short wavelength; when the wavelength is long, more amount
of damaged elements occurs. Therefore, in order to get good
crushing effect, the wavelength of impact load should not be
too short; that is, the impact frequency of crusher for this kind
of ore should not be too fast.

4.2.2. Statistical Analysis of Accumulated Counts of Damaged
Elements of Ore Particle. When simulation sample is loaded
with stress waves with different wavelength, seen from failure
process at different loading steps while a number of damaged
elements occur, the shorter the stress wavelength is, the
earlier a number of damaged elements failure occurs; the
longer the stress wave amplitude is, the later a number of
damaged elements failure occurs.
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Figure 11: Variation of accumulated counts of failed elements (AE)
of sample under different stress wavelength.

When simulation sample is loaded with stress waves
with different wavelengths, the changing rule of accumulated
counts of damaged elements of sample is shown in Figure 11.
Seen from Figure 11, the shorter the stress wavelength is, the
less the accumulated counts of damaged elements of sample
at the same loading step (except for the beginning) are; that is,
the shorter the stresswavelength, the less the cracks generated
in the sample; the longer the stress wavelength, the more
the accumulated counts of damaged elements of sample at
the same loading step (except for the beginning); that is, the
longer the stress wavelength, the more cracks generated in
the sample. In the beginning of the stress wave propagation,
accumulated counts of failed elements are relatively high
while stress wave length is short. When the stress wave
propagates to the border, stress wave reflection at free surface
of boundary occurs, and because of the relatively short
stress wavelength, more times of reflection occur and form
more failed elements. This is consistent with aforementioned
analysis results of a number of damaged elements occurring
at some loading step. This fully indicates that there is a close
relationship between the dynamic failure process and the
stress wavelength.

4.2.3. Statistical Analysis of Energy Release of Damaged Ele-
ments of Particle. When simulation sample is loaded with
stress waves with different wavelength, the changing rule
of energy release of damaged elements of particle is shown
in Figure 12. Seen from Figure 12, released energy in the
failure process of sample increases with the increase of stress
wavelength. It shows that more energy will be consumed for
sample crushing with the increase of stress wavelength.

Seen from the analysis results of the failure process of the
sample under different stress wavelength, in order to get good
crushing effect, the wavelength of impact loads should not be
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Figure 12: Variation of energy release of sample under different
wavelength duration.

too short. Therefore, too high impact frequency of crushers
should not be selected for such ores.

4.3. The Influence of Lateral Constraint on Breakage
of Ore Particle

4.3.1. The Failure Process Analysis of Ore Particle. The break-
age process of granular material, on which stress wave
amplitude value is 20MPa and wavelength is 30 𝜇s and on
both sides of which there is no constraint or constraint, is
shown in Table 4. From Table 4, we know that the failure
behavior of particle on both sides of which there is no
constraint or constraint has nearly no change; only a small
amount of change in the damage is extent. When there
is no constraint on both sides of particle, the smaller the
wavelength is, the larger the extent of damage is, but that is
not obvious. This is rock-breaking effect using tensile stress
wave under condition of no constraint. However, when there
is constraint on both sides of particle, the extent of damage
is lighter. So, in order to get the good effect of breakage, we
need to consider the state of constraint of ore particle in the
crushing chamber when we choose the proper crusher.

4.3.2. Statistical Analysis of Accumulated Counts of Damaged
Elements of Ore Particle. When particle sample is con-
strained or unconstrained on both sides, damaged elements
of ore particle at different loading step are shown in Figures 8
and 13. As shown in Figure 13, there are also obvious stages
of elements damage of sample when the numerical sample
is constrained but not sharper than that when it is uncon-
strained. When the numerical sample is constrained, the two
times of a large number of damaged elements occurrence
are 40 𝜇s and 75 𝜇s, respectively. Compared with the two
times of a large number of damaged elements occurrence
(𝑡 = 45 𝜇s and 𝑡 = 75 𝜇s) of numerical sample with
unconstraint, the time is earlier than that when numerical
sample is constrained.
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Table 4: The failure process of sample with no constraint and constraint.

Propagation time
𝑡 = 20 𝜇s 𝑡 = 60 𝜇s 𝑡 = 80 𝜇s
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Figure 13: The counts of damaged elements of numerical sample
with constraint at different loading step.

Under different constraints, the change rules of accumu-
lated counts of damaged elements are shown in Figure 14.
From Figure 14, we can see that accumulated counts of
damaged elements at the same propagation time in the initial
stages are approached. But when the stress wave propagates to
the bottom of particle, compared with that having constraint,
the accumulated counts of damaged elements are larger than
those having no constraint. This shows that the free surface
of particle may have some effect on crushing of particle.
We can use tensile stress wave generated by reflection of
stress wave at free surface to fracture rock. It reflects that the
dynamic breakage process has a certain relationship with the
constraint of ore particle.
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Figure 14: The accumulated counts of damaged elements of sample
with unconstraint and constraint.

4.3.3. Statistical Analysis of Energy Release of Damaged
Elements of Particle. When the two sides of sample have
constraint or no constraint, the damage energy release change
rule is shown in Figure 15. As shown in Figure 15, the damage
energy release of numerical sample with unconstraint is
smaller than that when it has constraint.

From the failure process analysis results of the numerical
sample with unconstrained and constrained, we know that
when impacting load crushing ore, in order to obtain good
crushing effect, particles do not need constraints, but from
the point of energy-efficient, the particle should carry on the
constraint.
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5. Conclusions

In this paper, the dynamic rock failure process analysis
(RFPA) code is used to analyze failure process of ore particles
under impact loading. Numerical simulations show that it
is better to break rock when the amplitude of stress wave
is close to the dynamic strength of the ore subjected to
impact loading; it is not enough to break the ore when
stress wave amplitude is too small; on the other hand, there
will be more ore fines generated when the stress amplitude
exceeds critical range, and crushing effect is generally not as
good as desired. And if the stress amplitude is too large, not
only desired crushing effect is not obtained, but also more
energy in fragmentation is consumed. Therefore, too large
power of crusher should not be selected for such ores. In
order to get good crushing effect, the wavelength of impact
loads should not be too short. Therefore, too high impact
frequency of crushers should not be selected for such ores.
It should be noted that the effect of geometry shape changes
and homogeneity of the actual ore particles on failure process
requires to be studied further more. In addition, the physical
tests of the mineral particles are still in progress.
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Thepossiblemining seismicity (MS) and its prediction are important for safety and recovery optimization ofmining in steep-heavy-
thick rock mass condition. The stress-lever-rotation-effect (SLRE) model of fault-like mobilization was proposed preliminarily.
Some innovation monitoring technique approaches for mining seismicity assessment were successfully fulfilled at Wudong Mine
of Urumchi Coalfield, China.The characteristics on acoustic-seismic-wave index indicated the spatial-temporal-strength and stress
redistribution of steeply deeper-heavy thick coal and rock masses. Applications in field investigations showed that the innovation
monitoring (in time and space) of these instruments could provide important information about the performance of mining
disturbed structures (heading and steep pillar) during caving of competent overlying roof strata. The prediction and evaluation
for mining seismicity were applicable and valid. Operating practice showed that mining efficiency was raised and conspicuous
economic benefit was obtained. This approach provides essential data for assessing mining seismicity, coal burst, dynamic hazard
prevention, and deep mining potential.

1. Introduction

There are many rock mechanics challenges related to the
underground extraction of the western mining, China. Min-
ing seismicity (MS) has a long history in Chinese coal mines
[1]. Among them Urumchi Coalfield (UC) is a unique one
in highly seismic region. The UC is an enrichment coalfield,
as focal region of steep-heavy-thick coal seams, with the dip
angle from 45∘ to 87∘. Its deposits are 219 hundred million
tons, consisting of 30 coal seams with various thicknesses.
Wudong Mine is 19.5 km from east to west and about
3.0 km from south to north. The mine area is about 38 km2.
The seam thickness is varied from 30.0m to 50.0m. The
present extraction depth is around 400m. The dominant
mining method was mechanized subhorizontal section top-
coal caving (SSTCC) with annual production of 10 million
tons [2]. Presently, its output is the highest among steep-
heavy-thick coal seams of China.

Generally, themulti-narrow-space formed above the sub-
horizontal section top-coal caving workings. The inclination
length of working face is usually shorter. Hence, the variabil-
ity of stress and deformation of steep-heavy-thick seams are
obviously different from those of longwall top-coal caving
(LTCC) of gently inclined coal seam [3–5]. Under the existing
geological and mining conditions of the coal seam in the
Dzungaria Basin, underground extraction of the coal mineral
in the basin is typically accompanied by mining seismicity,
which is also referred to as coal burst and dynamic collapse.

Formerly published literatures on the mining seismicity
have mainly focused on understanding the mechanism of
longwall top-coal cavingworkings involved and their impacts
on the stress analysis, design and optimization, management,
and policy-making [6–10]. It is novelty of themining seismic-
ity occurrence at Urumchi Coalfield. The field monitoring is
one of crucial ways to predict mining seismicity and dynamic
disaster [11]. The traditional prediction for mining seismicity
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Figure 1:The existence of steep-heavy-thick coal seams in sectional
view.

was inapplicable at Urumchi Coalfield and neither was
analyzed nor studied acoustic-seismic-wave index and their
implicit relations in detail. Particularly, the horizontal section
coal caving multiple disturbed, the steep and broken coal-
rock masses caved, the size and magnitude of broken or
occurrence, and intensity related to the spatial-temporal-
strength relation and mining disturbance, indicating stress
redistribution of coal-rock masses.

In the present study, the stress-lever-rotation-effect
(SLRE) model of fault-like mobilization was preliminarily
proposed and the possible mining seismicity and its predic-
tion were performed to steeply heavy-thick coal seam and
rock mass. Specifically, innovation monitoring techniques
relating to the acoustic-seismic-wave index were applied at
Wudong Mine, China. The approach would provide essential
data for assessing mining seismicity, coal burst, dynamic
hazard prevention, and deep mining potential.

2. Site Details

2.1. Geology and Environment. The performance of safe min-
ing depends on the geological environment, characteriza-
tions, and geomechanical prosperities of rock masses. The
Urumchi Coalfield is located in the south of the Dzungaria
Basin of China and at the south edge of Urumchi City.
Historically, the earthquake frequently happened here. It is
an enrichment coalfield adjacent to the Western-Mountain-
Rupture Zone, which is an unwatered, ecological fragility,
high ground stress region, and strong ground motion zone,
known for the steep-heavy-thick coal seams. Its coal reserves
are 219 hundredmillion tons, consisting of 30 coal seamswith
various thicknesses and interlayers (Figure 1). The bearing
angle varies from 322∘ to 335∘. The roof of the rock masses
is mainly the siltstone, and the fine sandstone increases at
shallow and reduces at deep strata. The coal and rock masses
are very rigid.

2.2. Mining Method and Condition. With the dipping angle
from 45∘ to 87∘, the top-coal caving for steep coal seam in
the horizontal section was evidently different from the gently
inclined seam. Generally, the working face was arranged with
short length when the thickness of coal seams ranges from
20.0m to 50.0m. Usually, the height of the horizontal section

was 20.0m; it would successively extend from upper place
to lower sections or workings and form the typical narrow-
space mining and stress concentration conditions. As shown
in Figure 1, the top-coal caving workings in the horizontal
section located beneath the multilayer mined-out area all the
while atWudongMine. During the horizontal sectionmining
disturbed under weak and laminated conditions, dynamic
hazard would easily induce the relating mining seismicity,
rock outburst, pillar destabilization, dynamic roof collapse,
and so forth.

2.3. MS Occurrence. In general, unique mining seismicity
was dominant in the experience of limited mining space.
In mines, such events were often referred to as rock bursts,
tremors, coal occurrence, and acoustic events, depending
on their frequency contents and the sizes of the source.
Therewas previously nomining seismicity occurrence during
shallow mining, with the depth of less than 350m, while
the coal-gas outburst ever happened. In particular, during
the period of 2011–2013, the mining seismicity occurrences
were severe, while mining at depths ranging from 300m to
350m, as several hazards happened at number 43 andnumber
45 working faces. Figure 2 illustrated the field calamitous
collapse and the coal occurrence.

3. Proposal of the Stress-Lever-Structure
Model

The structure of mining disturbed zone is shown in Figures
3(a) and 3(b); the advance heading of number 45 working
face not only undertakes the compressive and shear stress
from the roof, overburden, and top-coal dynamic effect,
but also resists the pry rock pillar mobilization effect of
the dip of a 50.0m thickness caused by number. 43 coal
seam. After heading and workings being excavated, overlying
gravity of excavation space is transferred into the heading
on both sides, then the stress redistributes, and two peak
values of 𝜎max present in the coal mass under the top-coal
action of the roof and the floor. When the 𝜎max is more
than the compressive strength of the coal, regional fracture
and damage occurred in the coal-rock mass; meanwhile, its
strength reduces to the level of residual strength. During the
top-coal caving, there appears the stress-lever-rotation-effect
of fault-like mobilization in the roof of number 43 workings
(Figure 3(b)).

The roof-floor of shallow stope is regarded as the arch of
spanning strata with a certain thickness [12]. With mining
advance and disturbance, the mobilization of the roof arch
and the floor is enhanced. The peak stress of the roof and
the floor appears underneath the support. The 𝜎

1max, the
peak stress in the coal seam, and 𝜎

1max, the peak stress
in the rock mass, extend downward and migrate to lower
strata to form the peak stresses 𝜎

2max and 𝜎


2max in the lower
section. The peak stress in the coal seam and the rock mass
would be like this tomigrate downwards successively.Mining
disturbance would release stress, inducemining seismicity, or
even cause dynamic hazard. It is a fundamental mechanism
and a potential prediction of mining seismicity.
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Figure 3: Descriptions of the structure with the steep-coal-seam working face.

The stress monitoring apparatus is installed at rock pillar
between number 43 and number 45 working faces. The
in situ stress distribution was obtained at various drilling
depths (Figure 4(a)). The numerical computation resulted
from quasi-static granular displacements in block caving,
arch stress, dilatancy, or swelling effects and their illustrating
intrinsic evolution on shapes with the FLAC3D program
(Figure 4(b)). Also, according to multiple mining disturbed
zone interaction upon block caving by means of a large 3D
physicalmodel experiment [13, 14], the stress distribution had
two crests, and the main reason was the action of large arch
of spanning strata instability caused by stress-lever-rotation-
effect from the roof and the floor coal-rock mass. Multicycles
of top-coal caving induced a load which was bigger than
the compressive strength to the coal pillars, increasing the
number and the length of the fractures.

4. Field Acoustic-Seismic-Wave
Index Monitoring

It is vital to obtain the in situ stress distribution, defor-
mation, and fracture characteristics upon coal-rock masses
at various depths under mining disturbed conditions [15–
17]. The methods of acoustic-electromagnetic wave, optical

imaging and ground penetrating radar (GPR), and so forth
are applicable, and the comprehensive field deformation
monitoring of steeply dipping coal-rock masses provides
the credible and quantitative information for the assessment
mining seismicity affected by redisturbance stress.

4.1. Acoustic-Wave. The quality of the surrounding rock can
be determined by the value of velocity according to the
principle of acoustic-wave propagation. Supposing that the
coal-rock mass is elastic medium, the calculation formula of
longitudinal wave is derived as follows:

]
𝑃
= √

𝐸 (1 − 𝜇)

𝜌 (1 + 𝜇) (1 − 2𝜇)
. (1)

Here, ]
𝑃
is preliminary wave velocity,𝐸 is elastic modulus

of coal-rock mass, 𝜇 is Poisson’s ratio, and 𝜌 is the density
of coal-rock mass. It is indicated that the intensity and
elastic modulus for the surrounding rock are smaller at the
same time. Based on the elastic modulus, Poisson ratio, and
other parameters gained from rock mechanics experiments
of the coal-rock mass, all parameters reduced with a certain
proportion for the rock mass. The longitudinal wave velocity
of the coal-rock mass was 2217m/s and 1629m/s obtained by
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Figure 4: Relation between depths stress (a) and deformation distribution (b).

calculation, respectively. We proposed that the surrounding
rock was fractured or ruptured when velocity of the received
wavewas lower than the corresponding ]

𝑃
. Five test boreholes

were arranged on the section of the roadway from left to
right clockwise, with the angles of 0∘, 45∘, 90∘, 135∘, and
180∘, respectively (Figure 5).Thediameter of the boreholewas
0.42m with the depth of 10.0m.

It was indicated that the velocity of longitudinal wave
within the range of 0 to 1.5m of coal-rock masses was less
than that of analytic calculation, which means coal and rock
masses qualities were poor. The acoustic velocity of the rock
side was beyond that of the coal side, which showed that the
stability of the rock mass side was better than that of the
coal mass side. The sound velocity of measurement points
was less than 2217m/s and 1629m/s in the measuring lines
of 45∘ direction for two sides and roof in the roadway with
the range of 2.5m to 7.5m. The main reason was the stress
concentration effected by the nearby vertical roof bending
and floor pry; the peaks 𝜎

𝑛max and 𝜎


𝑛max were produced in
the two ends of the working face, respectively. The depth
of the fractured zone of the roadway was about 1.5m, rock
masses decreased within the depth of 2.5m to 7.5m, and the
stability of the borehole wall was dreadful at the 45∘ direction
for each side of the roadway. The velocity of longitudinal
wave of the surrounding rock increased slightly after the
distance of 7.5m depth of rock masses, which indicated that
the stability of roof rock masses increased.The acoustic-wave
speed of the coal was less than 1629m/s. It was indicated that
the deformation and the fracture distribution were obviously
asymmetric migration and localization.

4.2. Electromagnetic Wave. Delineation of mining seismicity
and dynamical fractures with ground penetrating radar is
an advanced way. The high frequency electromagnetic wave
of ground penetrating radar launched from transmitting
antenna is delivered into underground; the amplitude of elec-
tromagnetic wave changes when encountering discontinuous
interface. The propagation velocity of electromagnetic wave

in underground rockmasses can be obtained according to the
following formula:

] =
𝑐

√𝜀𝑟
. (2)

Here, 𝑐 is 3 × 108m/s and 𝜀
𝑟
is the constant of medium.

The travel time (𝑇) of the reflectedwave from the target can be
tracked and measured. The depth of the underground object
(𝐻) can be determined based on the electromagnetic wave
propagation in the medium velocity and the reflection time
as follows:

𝐻 =
𝑇 ∗ 𝑉

2
. (3)

Here, 𝑇 is the time of electromagnetic wave propagation;
𝑉 is the electromagnetic wave velocity. SIR20GPR (100MHz)
is applied. Four lines with the 50.0m length strike and that of
12.0m vertical depth were detected to rock pillar at roadway.

Figure 6 illustrates the electromagnetic wave results in
the roadway roof. With the frequency of 0–350 scans and
the energy of 0–59 ns, the left circle in this figure shows
electromagnetic wave results in a broken cavity located at the
strike of 630–650m with the vertical depth of 350–360m,
and the observed results indicate that the fragmentation
degree and the electromagnetic wave energy of the coal
seam are lower in the cavity; with the frequency of 350–
900 scans and the energy of 0–150 ns, the right circle shows
electromagnetic wave results in the other place located at the
strike of 650–700m; with the vertical depth of 360–380m,
the observed results indicate that the coal-rock masses in
this place are more stable and the reflected wave has not
caused any large deflections and displacements. At the strike
of 700–750m with the vertical depth of 380–400m, wave
lineups sign of delaminating and damage are observed with
the electromagnetic wave results of 0–350 scan frequency
and 50–100 ns energy, which reflects obvious dislocation and
mutual cross and indicates that more electromagnetic wave
energy has been absorbed and the coal-rock is broken in
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Figure 6: The in situ profile result of the electromagnetic wave.

this place. Plus the deflection acuteness wave, a small range
of the broken cavity is detected, which was formed under
the coupling action of the broken coal-rock masses. It is
indicated that the energy intensity of the electromagnetic
wave is remarkable at various mining depths and redisturbed
ranges besides the dip angle and the lithology.

4.3. The Observation of the Borehole Optical Imaging TV.
Parallel to its spanning coal seam, the arch structure of
the spanning strata is verified above the working face in
mining (Figure 7) by the in situ optical imaging TV. The
in situ optical imaging TV can directly observe the crack
propagation, fissure, and the fracture broken and the caving
phenomena. Moreover, it provides the stress magnitude,
orientation, and trend based on deeper dynamic swelling
and shrinkage cavity of the borehole inner wall. We could
indicate the fracture spatial-temporal-strength evolvement
and distribution of the pillars. Sequentially, it was available
for analysis of the characteristics of themining seismicity and
the definition of its potential to generate coal burst.

4.4. Mining Seismicity Monitoring. Paladin-TM mining seis-
micity monitoring has been adopted in Wudong Mine

Arch of spanning strata
Hole collapse
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Figure 7: Observation by the borehole optical imaging TV.

for real-time field information. Specially, mining seismicity
(𝑀
𝐿
= 3.2) caused vast facility damage (Figure 8) that

happened in +500 working face (mining depth 350m) and
its roadways at September 18, 2013. With analyzing the
monitoring data from September 8 to September 22, 2013,
amount of mining seismicity in B

3–6 and B
1-2 seams was

22 and 40, respectively. Energy release was more frequent.
Major mining seismicity events emerged at coal mass near
the rock pillar being advanced the working face. Simulta-
neously, mining seismicity events happened at coal mass
which was lag excavation in B

1-2 seams. In vertical direction,
mining seismicity events mainly concentrated from +475m
to +510m, while major mining seismicity seldom emerged
above +550m. Figure 9 illustrated that mining seismicity is
focused from +500m to +510m and from +475m to +485m.

5. Results and Discussions

5.1. Mining Depth. The mining seismicity is akin to an
artificial earthquake caused by mining disturbance. Mining
seismicity wasmore frequent when themining depth exceeds
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Figure 8: Description of destroying phenomena of the 9.18.
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350m. Deeper mining would result in high stress concentra-
tion so as to induce mining seismicity. In the unique geo-
logical and unwatered environment of the steep-heavy-thick
coal, extraction of the coal seam in subhorizontal section
would meet the multioverlying strata and the mined-out area
which consists of a number of barrier pillars with high stress

concentrations at the depth of 350m. The existence of these
stressed pillars over the mining actives at deeper bed also
becomes a contributing factor to the mining seismicity [18].
In general, the mining seismicity that happened in Urumchi
coalfield is quite unique because it is rooted in a narrow
mining space.
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5.2. Coupling of Spatial-Temporal Strength Characteristics
and Redisturbance. Indubitably, undergroundmining distur-
bance is a nonlinear dynamic evolvement process related to
the spatial-temporal-strength, and the stress concentration of
the top-coal and rock masses is caused by the mobilization
effect of the arch-pry and redisturbance from deep and
complex structures in steeply dipping thick coal seams.Under
the action of high stress concentration, the scale of the near
field fractured zone sequentially migrates to the deeper roof
of the roadway, which caused the aggregation of multiple
fracture zones with a poor stability at the combination of the
vertical wall and arch. It indicates that mining seismicity ges-
tation and occurrence are derived frommulti-index coupling
contribution patterns.Moreover, different depth and scope of
fractured zones are formed in the far field stress released area
during stress migration. Finally, spatial-temporal-strength
evolution of the mining disturbed energy induces mining
seismicity, coal-rockmass burst, and serious dynamic hazard.

5.3. Stress-Lever-Rotation-Effect (SLRE). According to the
horizon of the coal seam thickness, the working face is
arranged with a short length during the top-coal caving in
horizontal section. However, no roof but top-coal and rock
residues are reestablished above the working face during
shallow mining. Instability of the arch of spanning strata
(ASS) results in the top-coal sliding and structure instability.

After mining the deeper coal-seam and disturbing the
rock pillar, the root segments of the steeply deeper rock pillar
adjacent to both lower and upper working faces or headings
were nonuniformlymobilized; then the effects of heterogene-
ity on equivalent modulus and failure were manifested by
the upper additional dynamic load that stemmed from the
upper broken strata. Accordingly, the stress-lever-rotation-
effect (SLRE) of the fault-like mobilization would induce and
even intensify dynamic hazard [19]. It is also applicable for the
arch of spanning strata (ASS) in vertically inhomogeneous
anisotropic rock masses.

5.4. Validity of Field Monitoring Index. On the basis of field
experiences, it is observed that these advanced monitoring
instruments to be preferably applied in and around SSTCC
workings (coal, heading, and pillar) are less dependent
upon the geomining conditions of the sites. Acoustic-wave
and borehole imaging monitoring verifies the asymmetric
characteristics of deformation and fracture distribution. The
electromagnetic wave detection shows that broken strata will
absorb large amounts of energy of electromagnetic wave. It
would provide essential data to assess both dynamic hazard
prevention and deep mining potential.

Above all, acoustic-seismic-wave index indicated the
spatial-temporal-strength and mining disturbance and stress
redistribution of the steep-heavy-thick coal and rock masses.
The prediction and evaluation for mining seismicity are
applicable and valid obviously.The shallow-focus earthquake
(6.6Ms) and aftershock happened on June 30, 2012. The
advance heading of number 45 coal seam working face
induced severe tremors and bolt-cables broken and a section
ofmetal mesh located between 756.7m and 762.0mwas split;

about 21 tons of coal was burst out. Fortunately it is none
of mortalities. It is causal of previously applied methods of
hydraulic fractured and preblasting, mining optimization,
pillar reinforcement, and depressed stress along dipping
angles. Operating practice shows that the environment,
safety, and productions have been improved. The highest
efficiency was 77 t/d, the average efficiency was 60.84 t/d,
which was increased by 35.2%, the recovery rate was 85.21%,
and the highest production was 6000 t/d. Gas concentration
was below 0.1%, and dust concentration was reduced by
10.0% and hydrogen sulfide concentration was significantly
reduced, all of which improve the environment better and
reduce the labor intensity of workers.

6. Conclusions

(1) Mining seismicity is a typical dynamic hazard in high
ground stress region of western China. Innovation of field
monitoring is a crucial way to predict mining seismicity.

(2)The stress-lever-rotation-effect (SLRE)model of fault-
like mobilization is preliminarily proposed. Based on the
effect of the arch of spanning strata (ASS) and predisturbance,
the crack distribution, and broken presented asymmetrical
migration and localization, steeply deeper rock mass will
induce stress concentration obviously when the fracture of
the coal is larger. The stress-lever-effect of deeper rock pillar
will induce dynamic hazard. It is also applicable for the
vertically inhomogeneous anisotropic rock masses.

(3)The characteristics of acoustic-seismic-wave can indi-
cate the spatial-temporal-strength, redisturbance, and stress
redistribution of steeply deeper-heavy thick coal and rock
masses. The prediction and evaluation for mining seismicity
are applicable and valid.
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An experiment simulating coal seam under forced vibration conditions was conducted. Acceleration response and microseism
signal during the experiment were collected and analyzed. It is found that, with an increasing amount of vibration, the natural
frequency of the specimen decreases, and this phenomenon reflects fractures appearing in the specimen. Acceleration response
signals show that peaks in shock excitation frequency and shock excitation acceleration affect the acceleration response, which
reflects damage to the specimen.When shock excitation frequency nears natural frequency, the acceleration response first decreases
and then increases. When resonance occurs, it reaches its maximum value. As shock excitation acceleration peaks increase, the
acceleration response peak of the specimen also increases. We conclude that destruction is mainly concentrated in the coal seam
evidenced by specimen destruction situation. Then shock excitation frequency and shock excitation acceleration influence on
microseism signals were analyzed by Hilbert-Huang transform. By receiving these signals and analyzing their characteristics, it
is beneficial to develop new methods to predict disasters underground dynamically in the future.

1. Introduction

An unexpected and violent simultaneous ejection of a large
mass of gas and coal from an underground working face
during mining is identified as “instantaneous coal outburst”
[1, 2]. This, understandably, is a massive hazard for coal
mining workers. To learn and predict outburst accidents, the
factors contributing to outburst have been widely studied
for decades. A wealth of hypotheses, such as the dynamic
model [1, 3–5], the pocket model, spherical shell destabi-
lization model [6], and gas phase transformation model [7],
have been proposed to explain this phenomena. No single
theory, however, can fully explain all the characteristics of
outburst, because the phenomenon is so complex. Among
these previously reported models, the effects of vibration and
its potential to trigger an outburst have not been thoroughly
explored. In the mining process, many different activities
produce vibration. As previously reported by Zhou and
He, 8362 of 8669 outbursts (96.5%) were related to human

activities such as drilling, blast mining, or coal dropping
[8]. These activities cause vibration that alter the mechanical
properties of coal and reduce coal strength [7, 9]. To this
effect, this paper posits that vibration is a critical factor
contributing to instantaneous outburst. Study of vibration
characteristics and signals is crucial to a better understanding
of outburst phenomena, and, ultimately, the reduction of
outburst-related disasters.

Blasting is one process liable to cause outbursts. Millisec-
ond delay blasting, a type of sectional blasting, is the primary
method of roadway development in Chinese outburst mines.
Every blast produces vibration, each of which forms a P wave
(particle vibration direction is similar to wave propagation)
as it moves through space, potentially quite far. In many
coal mines, roadways exist horizontally in the coal bed,
making the direction of vibration produced by blasting
likewise horizontal. Earthquakes also cause horizontal coal
bed vibration. In this experiment, the horizontal vibration of
the specimen was produced by a vibration table.
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2 Shock and Vibration

Table 1: The vibration table characters.

Size Maximum payload
Maximum
overturn
moment

Maximum
eccentric
torque

Maximum
displacement

Frequency
range

Acceleration
at maximum

load

Maximum
speed

3m × 3m 10000 kg 300KN⋅m 100KN⋅m ±100mm 0.2Hz∼50Hz 1.2 g 1.0m/s

400

6
4
5

Model casing

Position of
 bearings

Platform vibrator

Vibration direction

Figure 1: Sketch map of forced vibration specimen.
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Figure 2: Deformation and force of multiple-degree-of-freedom
forced vibration system.

Figure 3: Vibrating table.

Figure 4: Steel frame of model box.

Figure 5: Model specimen after completion.

Table 2: Material and mixing ratio.

Cement Lime Coal
powder

Medium
sand Gravel Water

Coal floor 1 — — 1.65 2.8 0.55
Coal bed 1 4 20 — — 6
Coal roof 1 — — 6.9 — 1.6

“In coal and rock failure processes, a variety of energies
such as elastic energy, expansion energy of compressed gas,
thermal energy, sound energy, and electromagnetic energy
will be dissipated” [10]. By monitoring the system to receive
these energy signals and analyze their characteristics, it is
possible to methodically characterize, and therefore predict,
natural disasters [11–16]. A simulation experiment of coal
failure under forced vibration conditions was conducted in
this paper. The acceleration response and microvibration
signals during the experiment were collected and analyzed.
To investigate the characteristics of these signals under forced
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Table 3: Technical data of the acceleration sensor.

Main technical parameters
Model YD-32T Linear ≤1%
Sensitivity V/ms2 0.1 Transverse sensitivity ≤5%
Frequency range (Hz) (+10%) 10∼6000 Output amplitude ±5VP
Install resonance point (Hz) 23K Output offset voltage 8∼12 VDC
Range m/s2 (+10%) 20 Supply current 2∼20mA
Resolution (m/s2) 0.0002 Excitation voltage 9V
Weight (g) 40 Output impedance ≤150Ω
Geometry (mm) Six party 18 × 18 × 23 Shell insulation resistance >108Ω
Output mode Top output Discharge time constant ≥0.2 s
Mounting screw M5 Year stability 3%
Operating temperature range −40∘C∼+80∘C

Table 4: Technical data of microseism sensor.

Index/model Unit SF1500S/SF1500SN
Linear output range g peak value ±3
Sensitivity
(differential) V/g 1.2 (2.4)

Frequency response Hz DC to 1500
Frequency response
(differential signal) Hz DC to 5000

Dynamic range
(100Hz BW) dB 120

Noise (10 to 1000Hz) ngrms/√Hz 300 to 500
Transverse impedance dB >40
Impact of restrictions g peak value 1500
Vibration
(20Hz–2000Hz) g peak value 60

Operating
temperature

∘C 40 to +125

Temperature
sensitivity coefficient ppm/∘C 75

Drift thermal
coefficient 𝜇g/∘C ±100

Linearity error % full scale ±0.1
Input voltage Volts DC ±6 to ±15
Static current mA 11.6

vibration conditions as compared to site conditions is a
beneficial resource for the formation of an effective method
to predict and prevent outbursts.

2. Experimental Method

2.1. Basic Approach. While a variety of vibration forms exist
in an underground coalface, a specific form of vibration
was selected to conduct this experiment. Figure 1 shows the
sketchmap of forced vibration specimen.This design imitates
the deformation and force of a multiple-degree-of-freedom
forced vibration system, detailed in Figure 2. It can reflect the
influence of vibration caused by seismic activity to natural

Figure 6: Acceleration transducer.

Figure 7: Calibration of acceleration transducer.

strata and coal beds. Other forms of vibrational influence will
be explored in future research.

Different strata were simulated by a 10-layer steel frame
located at different heights on a vibration table.The vibration
table provided exciting force (with differing maximum accel-
eration peak and frequency sine wave load) in the horizontal
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Table 5: Setting of experimental parameters.

Working
condition

Frequency
(hz)

Input
acceleration

Vibration
duration

(s)

Vibration
cycles

Working
condition

Frequency
(hz)

Input
acceleration

Vibration
duration (s)

Vibration
cycles

1 White noise 0.02 g 15.0 — 43 30 0.5 g 8.0 240
2 1 0.02 g 30.0 30 44 White noise 0.02 g 15.0 —
3 5 0.02 g 6.0 30 45 32 0.5 g 7.5 240
4 10 0.02 g 6.0 60 46 White noise 0.02 g 15.0 —
5 15 0.02 g 4.0 60 47 34 0.5 g 7.1 240
6 20 0.02 g 3.0 60 48 White noise 0.02 g 15.0 —
7 24 0.02 g 5.0 120 49 24 0.75 g 10.0 240
8 White noise 0.02 g 15.0 — 50 White noise 0.02 g 15.0 —
9 1 0.1 g 30.0 30 51 27 0.75 g 8.9 240
10 White noise 0.02 g 15.0 — 52 White noise 0.02 g 15.0 —
11 5 0.1 g 6.0 30 53 30 0.75 g 8.0 240
12 White noise 0.02 g 15.0 — 54 White noise 0.02 g 15.0 —
13 10 0.1 g 12.0 120 55 32 0.75 g 7.5 240
14 White noise 0.02 g 15.0 — 56 White noise 0.02 g 15.0 —
15 15 0.1 g 8.0 120 57 34 0.75 g 7.1 240
16 White noise 0.02 g 15.0 — 58 White noise 0.02 g 15.0 —
17 20 0.1 g 6.0 120 59 28 1.5 g 8.6 240
18 White noise 0.02 g 15.0 — 60 White noise 0.02 g 15.0 —
19 24 0.1 g 5.0 120 61 29 1.5 g 8.3 240
20 White noise 0.02 g 15.0 — 62 White noise 0.02 g 15.0 —
21 27 0.1 g 4.4 120 63 30 1.5 g 8.0 240
22 White noise 0.02 g 15.0 — 64 White noise 0.02 g 15.0 —
23 30 0.1 g 4.0 120 65 31 1.5 g 7.7 240
24 White noise 0.02 g 15.0 — 66 White noise 0.02 g 15.0 —
25 32 0.1 g 3.8 120 67 32 1.5 g 7.5 240
26 White noise 0.02 g 15.0 — 68 White noise 0.02 g 15.0 —
27 34 0.1 g 3.5 120 69 33 1.5 g 7.3 240
28 White noise 0.02 g 15.0 — 70 White noise 0.02 g 15.0 —
29 2 0.5 g 15.0 30 71 34 1.5 g 7.1 240
30 White noise 0.02 g 15.0 — 72 White noise 0.02 g 15.0 —
31 5 0.5 g 6.0 30 73 36 1.5 g 6.7 240
32 White noise 0.02 g 15.0 — 74 White noise 0.02 g 15.0 —
33 10 0.5 g 12.0 120 75 35 1.5 g 57.1 2000
34 White noise 0.02 g 15.0 — 76 White noise 0.02 g 15.0 —
35 15 0.5 g 8.0 120 77 20 1.5 g 24.0 480
36 White noise 0.02 g 15.0 — 78 White noise 0.02 g 15.0 —
37 20 0.5 g 6.0 120 79 15 1.2 g 16.0 240
38 White noise 0.02 g 15.0 — 80 White noise 0.02 g 15.0 —
39 24 0.5 g 10.0 240 81 10 1.5 g 24.0 240
40 White noise 0.02 g 15.0 — 82 White noise 0.02 g 15.0 —
41 27 0.5 g 8.9 240 83 5 2.4 g 24.0 120
42 White noise 0.02 g 15.0 —
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Table 6: Natural vibration frequency of the specimen.

Work
condition

Natural
frequency (hz)

Work
condition

Natural
frequency (hz)

Work
condition

Natural
frequency (hz)

Work
condition

Natural
frequency (hz)

1 49.76 26 42.48 46 42.39 66 37.67
8 49.72 28 42.48 48 42.37 68 39.16
10 49.73 30 42.39 50 42.49 70 39.19
12 49.71 32 42.38 52 42.37 72 39.19
14 49.76 34 42.48 54 42.37 74 39.18
16 44.50 36 42.35 56 42.37 76 39.20
18 44.80 38 42.47 58 42.47 78 26.85
20 44.80 40 42.46 60 39.17 80 28.80
22 44.50 42 42.49 62 37.68 82 28.95
24 42.48 44 42.37 64 39.18

Table 7: Extreme and enhanced coefficient of acceleration response (0.02 g).

Shock excitation frequency (Hz) 𝑎0(g) 𝑎1(g) 𝑎2(g) 𝑎3(g) 𝜇1 𝜇2 𝜇3

1 0.0191 0.00272 0.00274 0.00526 1.73 1.75 3.30
5 0.02435 0.00472 0.00508 0.00727 1.96 2.17 3.11
10 0.0177 0.00340 0.00376 0.00664 1.52 1.74 3.08
15 0.0179 0.00338 0.00377 0.00756 1.39 1.57 3.15
20 0.01757 0.00407 0.00443 0.00803 1.58 1.71 3.11
24 0.0193 0.00403 0.00418 0.00766 1.46 1.52 2.78

Figure 8: Speed sensor.

direction. The rolling bearing ensures steel frame motion
repetition in one direction. Figures 4 and 5 show this design.

2.2. Experimental Set-Up

2.2.1. VibrationTable. Theone-dimensional horizontal vibra-
tion table was provided by Heibei University of Engineering.
It is shown in Figure 3. The acquisition system used was a
32-channel data acquisition system. The characters of the
vibration table are shown in Table 1.

Figure 9: Microseism sensor.

2.2.2. Model Box. Themodel box was a 10-layer independent
square steel framework stacking ensemble. Each layer of
framework consisted of welded, four-groove steel.The groove
steel section sizewas 60mm× 30mm× 3mm(length×width
× thickness, referred as L×W×Hbelow).Theoverall internal
size of the model box was 400mm × 400mm × 650mm (L ×
W ×H). Four rolling bearings were set up to form free rolling
points to reduce friction and deflection between the two
square steel frameworks. Clearance between the two layers
was 6mm. Among these 10 layers of independent square
steel framework, 3 frameworks were selected for opening
3 square holes (45mm × 45mm) on the frame wall of
every framework for installing sensors. In order to effectively
lift the specimen after molding, steel bars (diameter 6mm,
spacing 100mm) and hooks were welded on the bottom of
the model box. According to this model box design, in-plane
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Table 8: Extreme and enhancement coefficient of acceleration response (0.1 g).

Shock excitation frequency (Hz) 𝑎0(g) 𝑎1(g) 𝑎2(g) 𝑎3(g) 𝜇1 𝜇2 𝜇3

1 0.0778 0.0107 0.01 0.027 1.65 1.54 4.16
5 0.107 0.0187 0.0193 0.04 1.77 1.88 3.89
10 0.11 0.022 0.0267 0.0503 1.58 1.99 3.75
15 0.13 0.0247 0.0287 0.0513 1.40 1.65 2.95
20 0.147 0.0247 0.0303 0.0603 1.18 1.44 2.87
24 0.104 0.02 0.0177 0.0403 1.35 1.19 2.71
27 0.0953 0.019 0.0193 0.0407 1.40 1.42 2.99
30 0.076 0.0173 0.0187 0.038 1.59 1.72 3.50
32 0.089 0.0197 0.0213 0.042 1.55 1.68 3.30
34 0.0854 0.0193 0.021 0.0423 1.58 1.72 3.47

lateral and torsion deformation is constrained, so only shear
deformation along the vibration direction is present.

2.2.3. Specimen. For the purpose of this experiment, the
specimen was divided into three parts: the coal roof, coal
bed, and coal floor. These three parts consisted of a concrete
mixture. Table 2 shows the material and mixing ratios.

500mm of the mixture was poured in the coal roof,
80mm in the coal bed, and 70mm in the coal floor to
simulate stress from overlying strata. The coal floor was cast
by concrete and medium sand placement. The coal roof was
cast layer-by-layer, where the thickness of each layer was 10∼
15mm. Talc powder was added between every layer to create
strata interface. The particle size of coal powder in the coal
bedwas 0–0.4mm in diameter. A 100mm long roadway (with
a net sectional area of 60mm × 60mm) was established in
the coal bed. Before the molding process, four rollers were
installed along the direction of vibration between every two
steel frames to reduce friction. Because the quality of the
steel frame is much lower than the model, the steel frame
was retained after molding. In the experiment, therefore, the
shear deformation in the frame was limited and the specimen
stiffness increased. This caused a vibration frequency greater
than the actual, natural value in the measured model.

2.2.4. Sensors. Acceleration, speed and microseism sensor
are used in this experiment. Figures 10 and 11 shows these
sensors’ distribution.
(1) Acceleration Sensor. A YD series voltage output piezoelec-
tric acceleration sensor was used in this experiment which
is shown in Figures 6 and 7. It is composed of a piezo-
electric accelerometer and special imported ICP chip, which
integrates a traditional piezoelectric acceleration sensor and
amplifier anduses the same cable for power supply and output
signals. Specific parameters of the YD series voltage output
piezoelectric acceleration sensor are shown in Table 3.

Three YD-32T acceleration sensors were used in this
experiment. These sensors were, respectively, arranged on
the 3 different points (the bottom, middle, and top of the
specimen) on the specimen’s side. 1#, 2#, and 3# acceleration
sensors correspond to the bottom of the model specimen,

themiddle, and the top, respectively. Acceleration sensors are
attached to the steel frame by magnet.

(2) Speed Sensor. A speed sensor measured the velocity
response and then calculated the natural vibration frequency
of the specimen. An 89.1-2 type speed sensor with high sen-
sitivity was provided by Institute of Engineering Mechanics,
China Earthquake Administration. The speed sensor which
is shown in Figure 8 was fixed to the specimen’s top center
using Vaseline.

(3) Microseism Sensor. Eight SF1500MEMS capacitive accel-
eration microseism sensors (which is shown in Figure 9),
produced byCOLIBRYSCompany, were attached to the spec-
imen’s surface using modified acrylate adhesive. The main
components of the SF1500MEMS microseismic sensor are a
silicon element by three-dimensional processing, low power
DSP, microcontroller, and temperature sensor. Technical data
of this kind microseism sensor is shown in Table 4.

2.2.5. Data Acquisition System

(1) Dynamic Acquisition Instrument. An amplifier and INV-
306DF signal collecting tester were connected to the acceler-
ation and speed sensors. DASP testing softwarewas employed
in the experiment to process signal data. There are 16
channels in the signal collecting tester. AD accuracy was
16, the maximum sampling frequency was 400 kHz, and
magnification was 1–16 times.

(2) Coal and Rock Dynamic Disaster Experiment Simulation
System of ZDKT-1 (ZDKT-1 System). Microseismic sensors
were connected to the ZDKT-1 system [17, 18]. It has 12
microseismic channels. The maximum sampling frequency
of this system is 51 kHz. In this experiment, the sampling
frequency was set to 17067Hz.

3. Determination of Specimen Nature
Vibration Frequency

The specimen’s natural vibration frequency is affected by
material, density, size, and shape factors, reflecting the natural
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Figure 10: Microseism sensor and EME sensors (electromagnetic emission sensors are used for measuring EME signals which are not
discussed in this paper) distribution.

dynamic characteristics of specimens. By taping the model
specimens to the top, transverse free vibration was produced.
The speed sensor fixed on top of the specimen collected
vibration signals and then amplified and filtered them.
Finally, the spectrum curve was obtained using the vibration
signals by fast Fourier transform (FFT). In this experiment,
data acquisition frequencywas 1300Hz.The results of the two
experiments are as shown in Figure 12. The natural vibration
frequency of the specimen was 49.7Hz.

4. Experimental Process

White noise is known as a random signal with a constant
power spectral density [19]. In this experiment, a horizon-
tal one-way input shock excitation wave was produced by
the synthesis of white noise and a sinusoidal wave (with
differing peak acceleration and frequency). The white noise
and sinusoidal wave were inputted alternately. White noise
scanning acceleration was set to 0.02 g., 0.02 g, 0.1 g, 0.5 g,
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Table 9: Extreme and enhanced coefficient of acceleration response (0.5 g).

Shock excitation frequency (Hz) 𝑎0(g) 𝑎1(g) 𝑎2(g) 𝑎3(g) 𝜇1 𝜇2 𝜇3

2 0.546 0.056 0.05533 0.0787 1.24 1.24 1.73
5 0.5 0.0543 0.0527 0.0717 1.10 1.10 1.49
10 0.505 0.0697 0.057 0.1037 1.09 0.93 1.68
15 0.5196 0.08 0.093 0.1233 1.13 1.34 1.77
20 0.4272 0.122 0.1747 0.2357 1.94 2.78 3.75
24 0.511 0.0977 0.1083 0.1393 1.34 1.48 1.91
27 0.4959 0.107 0.0767 0.0937 1.51 1.08 1.32
30 0.501 0.0883 0.069 0.1007 1.23 0.96 1.41
32 0.5088 0.089 0.0523 0.0967 1.22 0.72 1.33
34 0.524 0.0963 0.0477 0.092 1.29 0.64 1.23

Table 10: Extreme and enhanced coefficient of acceleration response (0.75 g).

Shock excitation frequency (Hz) 𝑎0(g) 𝑎1(g) 𝑎2(g) 𝑎3(g) 𝜇1 𝜇2 𝜇3

24 0.7719 0.133 0.1893 0.1687 1.21 1.72 1.53
27 0.8053 0.169 0.1153 0.1747 1.47 1.00 1.52
30 0.81 0.1673 0.0767 0.145 1.45 0.66 1.25
32 0.7636 0.1247 0.057 0.11 1.14 0.52 1.01
34 0.7904 0.1253 0.048 0.11 1.11 0.43 0.97

Figure 11: Arrangement of each sensor.

0.75 g, and 1.5 g peak acceleration, respectively. Experiments
were carried out in 5 stages according to the different
acceleration peaks. At each stage, the sine wave frequency of
the shock excitation wave changed. Table 5 further details the
experimental parameters.

These 83 working conditions were performed continu-
ously. The specimen rupture process was such as (1) initial
crack opening expansion, (2) derivative crack propagation,
(3) crack coalescence, and (4) specimen destruction.

5. Result and Discussion

5.1. Specimen Nature Vibration Frequency. The natural vibra-
tion frequency of the specimen, which changes during the
vibration period, reflects its natural dynamic characteristics.

The random vibration method, which scans white noise, was
used in this experiment to measure the specimen’s natural
vibration frequency. White noise scanning acceleration was
set to 0.02 g. The corresponding white noise frequency com-
ponents were measured to be the same as natural vibration
frequency and amplify in tandem. To obtain spectra, we
collected signals in the speed sensor and processed these
signals by fast Fourier transform (FFT). These spectra reveal
the natural vibration frequency in detail.

Here working condition 1 is selected to measured (other
working condition have similar process). The white noise
signals set in vibration are shown in Figure 13. The result
after FFT processing are shown in Figure 14. From this
result, it can be known that the specimen’s natural vibration
frequency was 49.76Hz, consistent with the result mentioned
in Section 3. Table 6 shows the natural vibration frequency of
the specimen in all conditions.

The specimen’s natural frequency decreases alongside an
increase in the amount of vibration. When the coal specimen
begins to display obvious failure characteristics, the natural
vibration frequency decreases rapidly. It can be seen from
Figure 15. As shown in the single-degree-of-freedom forced
vibration equation without damping, 𝑓 = (1/2𝜋)√𝑘/𝑚,
natural vibration frequency is mainly related to mass and
stiffness. In this experiment, the specimen quality was kept
constant. As the amount of vibration increased, cracks began
to appear in the coal specimen and gradually intensify. This
decreased the specimen’s lateral stiffness, reducing the natural
vibration frequency.

5.2. Acceleration Response. A total of five acceleration levels,
0.02 g, 0.1 g, 0.5 g, 0.75 g, and 1.5 g, were put into the vibration
table, respectively (see Table 5). Four groups of acceleration
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Figure 12: Free vibration curve and spectrogram.

Table 11: Extreme and enhanced coefficient of acceleration response (1.5 g).

Shock excitation frequency (Hz) 𝑎0(g) 𝑎1(g) 𝑎2(g) 𝑎3(g) 𝜇1 𝜇2 𝜇3

28 1.585 0.3183 0.349 1.1753 1.41 1.54 5.19
29 1.5107 0.3103 0.2153 0.8097 1.44 1.00 3.75
30 1.4597 0.3043 0.1837 0.5517 1.46 0.88 2.65
31 1.471 0.2703 0.1393 0.3253 1.29 0.66 1.55
32 1.432 0.2513 0.1627 0.395 1.23 0.80 1.93
33 1.4934 0.292 0.1523 0.4393 1.37 0.71 2.06
34 1.4743 0.29 0.2407 0.623 1.38 1.14 2.96
36 1.5159 0.2917 0.2283 0.5117 1.35 1.05 2.36
35 1.5157 0.311 0.2237 0.5077 1.44 1.03 2.34
20 1.5256 0.2873 0.3037 0.8097 1.32 1.39 3.72
15 1.2108 0.2117 0.2387 0.6663 1.22 1.38 3.85
10 1.6187 0.214 0.483 0.7983 0.93 2.09 3.45

0.02

0

−0.02

0 2 4 6 8 10 12 14

Time (s)

Flat noise

Figure 13: White noise signal of vibration table setting.

data were collected for every working condition. Sampling
frequency was set to 512Hz. The 0# acceleration sensor indi-
cated the actual acceleration on the vibration table surface.
The 1#–3# sensors indicated the specimen’s bottom, middle,
and top acceleration, respectively.

5.2.1. Shock Excitation Frequency Influence on Acceleration
Response. Because measured acceleration on the vibration

Table 12: Peak value of acceleration response.

Working condition 𝑎0 (g) 𝑎1 (g) 𝑎2 (g) 𝑎3 (g)
7 0.0193 0.0677 0.056 0.1797
19 0.104 0.14 0.1239 0.2821
39 0.511 0.6839 0.7581 0.9751
49 0.7719 0.931 1.3251 1.1809

table was not completely consistent with input acceleration,
a different value for altered shock excitation frequency was
observed. To acquire shock excitation frequency influence
on acceleration response, acceleration response enhancement
coefficient 𝜇 is defined. Peak acceleration on the vibration
table was set to 𝑎0 (0# sensor measurement), and 𝑎1, 𝑎2,
and 𝑎3 were the peak acceleration from the bottom to top,
respectively (1#–3# sensor measurements); then, 𝜇1 = 𝑎1/𝑎0,
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Figure 16: Enhancement coefficient curve of the acceleration
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Figure 18: Enhancement coefficient curve of the acceleration
response (0.5 g).

𝜇2 = 𝑎2/𝑎0, and 𝜇3 = 𝑎3/𝑎0. By comparing different accel-
eration response enhancement coefficients under a variety of
shock excitation frequency conditions, it is possible to obtain
the change law at work. Peak acceleration was measured,
and acceleration response enhancement coefficient 𝜇 was
calculated under different shock excitation frequencies. The
results are shown in Tables 7, 8, 9, 10, and 11.

(1) Result at Input 0.02 g Peak Acceleration of Vibration.
Figure 16 shows that the enhancement coefficient had no
obvious change as shock excitation vibration frequency
increased. In this set of experiments, the shock excitation
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Figure 20: Enhancement coefficient curve of the acceleration
response (1.5 g).

frequency was far lower than the natural frequencies of the
specimen, preventing resonance phenomenon. Due to the
small input acceleration to the vibration table combined with
the data collected by microvibration sensor (no effective
microvibration signal,) we deduced that the specimen was
still in the elastic deformation stage, where no obvious
damage occurred. Additionally, the enhancement coefficient
increased from bottom to top.

(2) Result at Input 0.1 g Peak Acceleration of Vibration. As
shown in Figure 17, the enhancement coefficient declined

Table 13: IMF component percentage of energy of original micro-
seism signals by EEMD in working condition 29.

IMF component Energy percentage (%)
IMF h1 51.1
IMF h2 19.3
IMF h3 12.4
IMF h4 12.4
IMF h5 3
IMF h6 0.795
IMF h7 0.324
IMF h8 0.639
IMF h9 0.273
IMF h10 11.6
IMF h11 0.0243
IMF h12 0.02
IMF h13 0.0191
IMF h14 0.00991
IMF h15 0.00378
IMF h16 4.71𝐸 − 05

IMF h17 1.03𝐸 − 05

Table 14: IMF component energy percentages of effective micro-
seism signals by EEMD in working condition 29.

IMF component Energy percentage (%)
IMF h1 66.8
IMF h2 15.6
IMF h3 14.2
IMF h4 2.88
IMF h5 0.222
IMF h6 0.115
IMF h7 0.0434
IMF h8 0.0249
IMF h9 0.0356
IMF h10 0.0218
IMF h11 0.0113
IMF h12 0.00279
IMF h13 0.000226
IMF h14 0.000126
IMF h15 0.00023
IMF h16 0.000115
IMF h17 0.000104

when shock excitation frequency was less than 24Hz and
then rose when shock excitation frequency was greater than
24Hz under 0.1 g acceleration input to the vibration table.
In these stages, microfractures and a web of micropores
began to appear, increasing the damping ratio and causing the
enhancement coefficient to decline. When shock excitation
frequency was greater than 24Hz, it grew near to the
specimen’s natural vibration frequency (44.5Hz).Though the
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Figure 21: Destruction of the specimen side figure.

Table 15: IMF component energy percentage for selected effective microseism signals by EEMD.

IMF components
Working condition

29
(%)

Working condition
35
(%)

Working condition
37
(%)

Working condition
41
(%)

Working condition
47
(%)

IMF h1 66.8 80.3 10 85.4 55.9
IMF h2 15.6 10.4 11.3 13.6 42.4
IMF h3 14.2 5.74 61.2 0.49 1.23
IMF h4 2.88 3.05 16.3 0.311 0.293
IMF h5 0.222 0.374 0.959 0.0857 0.0826
IMF h6 0.115 0.0826 0.146 0.0317 0.0314
IMF h7 0.0434 0.0449 0.0343 0.016 0.0161
IMF h8 0.0249 0.0198 0.0222 0.0088 0.00861
IMF h9 0.0356 0.00868 0.00808 0.00421 0.0042
IMF h10 0.0218 0.00266 0.00393 0.00286 0.00213
IMF h11 0.0113 0.000972 0.00388 0.00128 0.0012
IMF h12 0.00279 0.000577 0.00114 0.000586 0.000455
IMF h13 0.000226 0.000359 0.00086 0.000305 0.000322
IMF h14 0.000126 0.000242 0.00114 0.000217 0.000105
IMF h15 0.00023 0.000248 1.78𝐸 − 05 4.52𝐸 − 05 0.000184
IMF h16 0.000115 3.72𝐸 − 05 — 3.82𝐸 − 05 —
IMF h17 0.000104 — — — —

resonance phenomenon was not observed, the acceleration
response peak did enlarge according to resonance theory.
Because a 0.1 g acceleration peak is still not very high and
microsensors do not collect any obvious rupture signals
from the specimen, this paper assumes the specimen to have
remained in an apparent linear elastic deformation stage.

The results also indicate that the enhancement coefficient
increased from bottom to top.

(3) Result at Input 0.5 g Peak Acceleration of Vibration. As
shown in Figure 18, the enhancement coefficient inclined
when shock excitation frequency is less than 20Hz and
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Figure 22: Coal burst figure.
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Figure 23: Relationship curve of acceleration response and shock
excitation acceleration peak value.

declined when shock excitation frequency was greater than
20Hz under 0.5 g acceleration input to the vibration table.
The acceleration response amplitude at 20Hz was greater
than any other frequency. A resonance phenomenon was
observed to occur in the specimen (where the specimen
natural vibration frequency was 20Hz in our experiment).
This differs from the result in Section 5.1, 42.5Hz, which was
concluded as the specimen’s natural vibration.The difference
can be attributed to the 0.5 g acceleration input to the
vibration table in this section of the experiment, 249 times
greater than the 0.002 g used to measure natural vibration
frequency by white noise scanning in Section 5.1. When the
acceleration peak reached 0.5 g, damage occurred within the
specimen. Crack propagation, damping ratio increases, and
lateral stiffness decreases altogether caused the specimen’s
natural vibration frequency to drop to 20Hz. Damage to
the specimen can be demonstrated by microseism signals. In
addition, 𝑎3 was larger than 𝑎1 or 𝑎2 when shock excitation
was smaller than 24Hz. When shock excitation exceeded
24Hz, 𝑎2 shrank significantly.This phenomenon differs from
observations gathered at 0.02 or 0.1 g acceleration inputs to
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Figure 24: Microseism signals from different channels in working
condition 29 (CH indicates the sensors’ serial numbers).

the vibration table and is not in accordance with the vibration
response of an elastic system. We thus inferred that the
specimen was no longer in the elastic deformation stage.

(4) Result at Input 0.75 g Peak Acceleration of Vibration. As
shown in Figure 19, the enhancement coefficient declined as
shock excitation frequency increased under 0.75 g accelera-
tion input to the vibration table. The previous section allows
us to conclude that the specimen’s natural vibration in this
condition was less than 20Hz. At this stage, shock excitation
frequency varies considerably from natural frequency as it
increases, and acceleration response decreases. Additionally,
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Figure 25: Microseism signals of working condition 37.

the 𝑎3 value was not larger than 𝑎1 or 𝑎2, indicating the
specimen was not in the elastic deformation stage.

(5) Result at Input 1.5 g Peak Acceleration of Vibration.
Figure 20 shows enhancement coefficient curve of the accel-
eration response in this condition. When 1.5 g shock exci-
tation acceleration was inputted to the vibration table, the
microseismic signal amplitude enlarged and 𝑎2 and 𝑎3
remained high. As vibration continued, coal specimen frac-
tures became more serious. Horizontal cracks appeared in
many locations, the coal loosened, and coal particles began
to drop out of the specimen (Figure 21). During this process,
smoke was observed where the crack opened and closed.
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Figure 26: EEMD analysis results of original microseism signals
from 4# sensor in working condition 29.
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Figure 27: Effectivemicroseism signals from 4# sensor in condition
29.

Table 16: IMF component energy percentages of effective micro-
seism signals by EEMD.

IMF
components

Working
condition 43 (%)

Working
condition 53 (%)

Working
condition 63 (%)

IMF h1 70.7 64.1 64.5
IMF h2 27.4 29.4 32.8
IMF h3 1.31 5.03 1.9
IMF h4 0.384 1.07 0.414
IMF h5 0.0921 0.207 0.157
IMF h6 0.0296 0.0651 0.0773
IMF h7 0.0149 0.0285 0.0465
IMF h8 0.00777 0.0172 0.027
IMF h9 0.00509 0.00983 0.0136
IMF h10 0.0021 0.00427 0.00626
IMF h11 0.00103 0.00192 0.00445
IMF h12 0.000539 0.000885 0.00212
IMF h13 0.000197 0.000562 0.000543
IMF h14 0.000227 0.000847 0.001
IMF h15 7.32𝐸 − 05 0.000524 0.000759
IMF h16 6.79𝐸 − 06 1.2𝐸 − 05 9.34𝐸 − 05

Finally, when shock excitation acceleration reached 2.4 g,
severe destructive shaking occurred under shock excitation
frequency of 5Hz. After the experiment, the steel frame was
demolished. Damage was mainly concentrated in the coal
seam (Figure 22).
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Figure 28: EEMD analysis results of effective microseism signals
from 4# sensor in working condition 29.
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Figure 29: IMF components spectrum of effective microseism
signals in working condition 29.

To summarize, the specimen stayed in the elastic defor-
mation stage when the shock excitation acceleration peakwas
inputted at less than 0.5 g. If the shock excitation acceleration
peak was inputted beyond 0.5 g, the specimen entered the
inelastic deformation stage. Once shock excitation accel-
eration was determined, the shock excitation frequency’s
influence on acceleration response became obvious. When
shock excitation frequency was close to the specimen’s
natural vibration, the acceleration response increased and a
resonance phenomenon occurred once the shock excitation
frequency and natural vibrationwere equal. During that time,
the specimen grew prone to fracture due to the force of
inertia.

5.2.2. Shock Excitation Acceleration Influence on Acceleration
Response. To effectively study shock excitation acceleration
peak influence on acceleration response, data measured
under working conditions 7, 19, 39, and 49 were selected
for analysis. For this set of data, shock excitation frequency
is 24Hz, and acceleration peaks are 0.02 g, 0.1 g, 0.5 g,
and 0.75 g, respectively. The results are shown in Table 12
and Figure 23. Generally speaking, acceleration response
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Figure 30: Hilbert energy spectrum of effective microseism signals
in working condition 29.
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Figure 31: Hilbert marginal spectrum of effective microseism
signals in working condition 29.

increases as shock excitation acceleration increases. Using
the least square method, acceleration response data from 𝑎1
(reflecting the vibration of the bottom of the specimen)meets
fitting equation 𝑦 = 1.1858𝑥 + 0.0388 (where 𝑥 represents 𝑎0
data reflecting shock excitation acceleration peak values,) and
𝑅2 = 0.9951. Its law of change forms a linear relationship.

5.3. Microseism Signal Characters. Eight microseism signal
sensors were installed in the specimen, detailed in Section 2.
1#, 3#, 5#, and 8# sensors measured microseism signals along
the horizontal vibration direction, and 4#, 6#, and 7# sensors
measured microseism signals perpendicular to the vibration
table. 2# sensor sat atop the specimen. Sampling frequency
was set to 17067Hz for each working condition. Data from
5# sensor was discarded due to function failure.

5.3.1. Microseism Signal Characters at Specimen Start to Crack.
Effective microseism signals began to appear in working
condition 29, in which 0.5 g shock excitation acceleration
and 2Hz frequency were inputted to the vibration table, and
vibration cycle was 30.

Microseism signals were concentrated at 9 s–11 s from
Figure 24. Signal amplitude from 1#, 3#, and 4# sensors
reached about 2.5, 0.6 from 2# and 6#, and 0.5 from 7# and
8#.This indicates that 1#, 3#, and 4# sensors were close to the
fracture location. When the direction of sensors matched the
vibration direction, such as with 1# and 3#, the signal from
these sensors not only contained a high-frequency signal that
caused the coal to burst, but also a low-frequency signal due
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Figure 32: Effective microseism signals for certain working conditions (4# sensor).
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Figure 33: HHT analysis results in working condition 35.
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Figure 34: HHT analysis results in working condition 37.

to the specimen’s vibration. These kinds of signals display
the same characteristics as a carrier wave. Microseism signals
from 1#, 3#, and 4# sensors, perpendicular to the direction
of vibration, also presented carrier signal characteristics,
partially due to installation deviation. The 2# sensor was on
top of the specimen quite far from the coal seam, so its signal
amplitude was the smallest, as we concluded that destruction
was mainly concentrated in the coal seam.

5.3.2. Microseism Signal Characteristics When Resonance
Occurs. Resonance occurred in working condition 37, evi-
denced by analyzing acceleration response data. In this con-
dition, a 0.5 g shock excitation acceleration and 20Hz fre-
quency were inputted to the vibration table, and the vibration
cycle was 120. The specimen’s natural vibration frequency
matched the result from Chapter 5.1 (which measured white
noise and a shock excitation acceleration of 0.02 g) 42Hz.
When shock excitation acceleration changed, the state of
destruction in the specimen also changed, causing the natural
vibration frequency of the specimen to fluctuate.

Figure 25 shows that the microseism signal in working
condition 37 was greater than in working condition 29.
This indicates that the number of fractures increased when

resonance occurred.The acceleration response peak from the
upper part of the specimenwas bigger than the bottom.These
signals also display carrier wave characteristics.

5.3.3. Microseism Signal Analysis Using Hilbert-Huang
Transform Method

(1) Analyzing Microseism Signals in Working Condition 29 by
Hilbert-Huang Transform Method. Hilbert-Huang transform
(HHT) is a primary signal analysis method. By using the
ensemble empirical mode decomposition (EEMD) method,
it decomposes a signal into an intrinsicmode function (IMF).
Instantaneous frequency data is also obtained though the
Hilbert spectral analysis (HAS) method [20].

In working condition 29, the first original microseism
signal appeared. The IMF component of the 4# sensor can
be obtained by decomposing this original signal using the
EEMD method. The following section aims to introduce
the HHT method used in this experiment by processing
microseism signal from the 4# sensor.

The original microseism signal decomposed into 17 IMF
components. Shown in Table 13 and Figure 26, the frequency
decreased from IMF 1 to IMF 17. By processing every IMF
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Figure 35: HHT analysis results in working condition 41.

component using the fast Fourier transform (FFT) method,
we find that IMF 10, 2Hz, which accounted for 11.6% energy,
is the sine signal caused by the vibration table’s vibration
due to input shock acceleration. IMF1–IMF4 components
possess microseism signal characteristics of coal fracture and
account for a considerable percentage of the energy. These
IMF components are considered effective microseism signal
components, and the other IMF components are attributed to
environmental noise signals.

An effective microseism signal, shown in Figure 27, is
composed of IMF1–IMF4 components and decomposed
using the EEMDmethod.

17 new IMF components were obtained from the effective
microseism signal (shown in Figure 28 and Table 14). The
energy percentages of IMF1, IMF2, and IMF3 were far greater
than any other components.These three components account
for 96.6% of the energy, dominating the frequency of all
components.

The FFTmethod was used to obtain spectra of IMF com-
ponents. Shown in Figure 29, IMF1 has the widest range of
frequency, from 1000–4500Hz. Its frequency is concentrated
at 1000–2000Hz, and its peak appears at 1850Hz. The range
of IMF2 is from 500 to 2000Hz, and its peak appears at

600Hz.The IMF3 frequency range is 200–1000Hz and peaks
at 500Hz. In conclusion, the dominant frequency due to coal
fracture is 200–4500Hz.

Hilbert energy spectrum and marginal spectrum are
acquired by processing IMF components using Hilbert trans-
form.

Figure 30 shows the relationship between frequency,
time, and amplitude of effective microseism signals. In this
figure, the deeper the color, the greater the energy. Energy
is concentrated below 4000Hz. Instantaneous frequency in
this figure fluctuates up and down around a center frequency,
maintaining a large amplitude. This indicates that the micro-
seism signal has a wide frequency range.

The Hilbert marginal spectrum (Figure 31) expresses the
range of the global frequency, representing an accumulation
of all amplitudes in the statistical view. This indicates the
possibility for some frequencies to appear. The signal of the
frequency between 500 and 4000Hz is most likely to appear.
500, 1700, and 2470Hz are the main frequencies.

In conclusion, effectivemicroseism has a frequency range
between 200 and 4200Hz while main frequencies are 500,
1700, and 2470Hz under shock excitation acceleration 0.5 g
and 2Hz vibration input to the vibration table.
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Figure 36: HHT analysis results in working condition 47.
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Figure 37: Effective microseism signals in certain working conditions.

(2) Shock Excitation Frequency Influence on Microseism Sig-
nals. We selected 0.5 g shock excitation acceleration con-
ditions to analyze shock excitation frequency’s influence
on microseism signals. Part analysis results are shown in
Figures 32, 33, 34, 35, and 36 and Table 15. When input
frequency is less than 20Hz, microseism is relatively sparse,

and the amplitude of microseism signals varies widely. Max-
imum amplitude appears randomly. At a shock excitation
frequency of 20Hz, microseism signals become very dense
and amplitude increases. When shock excitation frequency
is over 20Hz, the microseism signals become sparse again
and amplitude decreases. Combining the results of Figure 18
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Figure 38: HHT analysis results of working condition 43.

result indicates that resonance has occurred, at which time
the acceleration response peak reaches its maximum.

In working condition 37 (with a shock excitation fre-
quency of 20Hz) the IMF3 component accounts for most of
the energy percentage, where the frequency range is 200Hz–
2000Hz and the main frequencies are 300 and 1500Hz. 37
differs from other working conditions in that IMF1 has the
maximum energy percentage and a dominant microseism
signal frequency range of 200Hz–4500Hz and 500, 1700,
and 2740Hz as main frequencies. The microseism signal
frequency shifts from high to low likely due to the increased
stress caused by inertia effect when resonance occurs.

In summary, shock excitation frequency has a clear
influence on microseism signals. When shock excitation
frequency is far from natural vibration frequency, coal frac-
tures randomly occur once stress reaches a critical point.
The specific cause of fractures or the amplitude of rupture
duration time are unknown, demonstrating that microseism
possesses the same characteristics. If shock excitation is close
to natural vibration frequency, a large number of fractures
are produced. Obvious microseism signals appear in every
vibration cycle where frequency shifts lower.

(3) Shock Excitation Acceleration Influence on Microseism
Signals. The previous section proved that the relationship
between acceleration response and shock excitation accel-
eration peak changes from linear to nonlinear after the
specimen cracks.This relationship affectsmicroseism signals.
Data from the 4# sensor under working condition 43 (at a
shock excitation peak of 0.5 g,) 53 (shock excitation peak
0.75 g,) 63 (shock excitation peak 1.5 g,) were selected to
study shock excitation acceleration’s influence onmicroseism
signals. The frequency of these three working conditions was
30Hz. Figures 37 and 40 show HHT analysis results of the
selected data.

As shown in Figure 37, sparse microseism appeared
when shock excitation acceleration peak reached 0.5 g and
amplitude 0.61. When shock excitation acceleration peak
reached 0.75 g, the number of small peak microseism signals
increased while the microseism signals with larger amplitude
remained sparse. The maximum amplitude in this situation
was 0.62. In working condition 63, the shock excitation
acceleration reached 1.5 g,microseism increased significantly,
and density was enhanced. The maximum amplitude was
3.08. We thus conclude that coal crack microseism signals
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Figure 39: HHT analysis results of working condition 53.

amplitudes and number of fractures both increase as shock
excitation acceleration peak increases.

From Figures 38, 39, and 40 and Table 16, it can be seen
IMF1 and IMF2 are the main IMF components of effective
microseism, and IMF1 accounts for the largest proportion of
energy. As the shock excitation acceleration peak goes from
0.5, 0.75 g to 1.5 g, the frequency range also changes. IMF1
frequency range shifts from 3000Hz–4000Hz to 1000Hz–
4000Hz, while IMF2 is unchanged. As evidenced by the IMF1
component, the microseism signal frequency range widens
and the domain frequency shifts lower. Demonstrated by the
Hilbert energy spectrum, microseism signal energy increases
as shock excitation peaks incline. By forming an analysis
which uses a combination of Hilbert energy spectrum and
Hilbert marginal spectrum, we find that the instantaneous
frequencies for these three signals are 1600Hz or 2740Hz. An
instantaneous frequency of 2740Hz appears more often than
1600Hz when shock excitation frequency is 0.5 or 0.75 and
hardly at all when excitation frequency is 1.5 g.

Based on these observations, we conclude that as shock
acceleration and excitation peaks rise, the following phe-
nomena occur: microseism signal density rises, amplitude
enlarges, energy increases, number of fractures increases,

dominant frequency shifts lower, and frequency range
expands.

6. Conclusion

Vibration, which can cause coal destruction, reduce coal
strength, and induce coal outbursts, is a very common
phenomenon inherent to coal mining processes. When
vibration occurs, energy signals such as microseism and
EMR signals are generated and propagate. By receiving these
signals and analyzing their characteristics, it is possible
to evaluate damage and, ultimately, to dynamically predict
disaster conditions.

Because of the complexity of geological conditions, it
is difficult to simulate site environments accurately. In this
paper, a simple experiment specimen was designed to effec-
tively simulate a coal seam. A destruction situationwithin the
specimenwas simulated, and itsmicroseism signal character-
istics were gathered by acceleration and microseism sensor.
The experimental data was then thoroughly analyzed. It was
observed that, (1) with increased vibration, the specimen’s
natural frequency decreases and fractures begin to appear.
(2) Shock excitation frequency significantly affected the coal
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Figure 40: HHT analysis results of working condition 63.

specimen acceleration when the shock excitation acceler-
ation peak remained unchanged. When shock excitation
frequency nears the specimen’s natural vibration frequency,
the acceleration response peak increases and reaches its
maximum when resonance occurs. (3) As shock excitation
peak increases, the specimen’s acceleration response peak also
increases until the specimen enters an inelastic deformation
stage. (4) When shock excitation acceleration is 0.5 g and
input frequency is 2Hz, effective microseism signals in the
frequency range 200–4200Hz begin to appear, while the
main frequencies are 500, 1700, and 2470Hz. (5)When shock
vibration acceleration is 0.5 g and input frequency is less than
20Hz,microseism is relatively sparse.Themicroseism signals
begin to vary wildly, andmaximumamplitude appears at ran-
dom. When shock excitation frequency is 20Hz, microseism
signals become dense and amplitude increases. When shock
excitation frequency is more than 20Hz, microseism signals
become sparse again and amplitude decreases. (6) When the
input frequency is 30Hz, microseism signal density rises,
amplitude enlarges, energy increases, number of fractures
grows, dominant frequency shifts low, and frequency range
expands as shock acceleration and excitation acceleration
peaks increase.

Notably, these results were all obtained in experimental
conditions—in-site situations aremore complex. In a real-life
scenario, signals are affected by many other relevant factors,
such as distance and varying vibration forms that would likely
alter microseism signals significantly.
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A limitation in research on bolt anchoring is the unknown relationship between dynamic perturbation and mechanical
characteristics. This paper divides dynamic impulse loads into engineering loads and blasting loads and then employs numerical
calculation software FLAC3D to analyze the stability of an anchoring system perturbed by an impulse load. The evolution of the
dynamic response of the axial force/shear stress in the anchoring system is thus obtained. It is revealed that the corners andmiddle of
the anchoring system are strongly affected by the dynamic load, and the dynamic response of shear stress is distinctly stronger than
that of the axial force in the anchoring system. Additionally, the perturbation of the impulse load reduces stress in the anchored rock
mass and induces repeated tension and loosening of the rods in the anchoring system, thus reducing the stability of the anchoring
system. The oscillation amplitude of the axial force in the anchored segment is mitigated far more than that in the free segment,
demonstrating that extended/full-length anchoring is extremely stable and surpasses simple anchors with free ends.

1. Introduction

Prestressed anchoring technology, characterized by its high
efficiency and profound economic benefits, has been widely
applied and highly developed in various civil engineering
applications [1].This innovative methodology is theoretically
based on an implied stress transfer mechanism under ten-
sion load and is widely used in collieries. Technicians and
researchers worldwide have carried out many experiments
and field tests to gain a detailed understanding of the mech-
anisms and performance of the technology.

The mechanism of mechanical transfer between a bolt/
cable and grouting has been investigated [2–8]. Kang focused
on the coupling relationship among the bolt prestress, bolt
length, and prestressed field distribution using FLAC3D

software [9]. Lu et al. investigated the stability of a road-
way that was affected by adjacent excavations, ultimately
obtaining a relationship between the deformation of the
roadway and the anchoring force [10]. Moosavi et al. tested
the mechanism of anchor failure [11]. Nevertheless, the
aforementioned results mainly focused on static mechanical
analysis and ignored blasting effects, rock burst impacts,

seismic wave disturbance, and similar impulse loads induced
by underground mining. Frequent periodic weighting, driv-
ing loads, and coal-mining cyclic loading greatly threaten
the stability of the surrounding rock mass in mining. This
threat is evenmore prominent for deep rockmasses for which
stress concentrations are higher and dynamic disturbances
are fiercer [12, 13]. Anchoring units are thus affected and
eventually destroyed by the evolution of the dynamic load.
There is thus a scientific need to study the evolution of the
anchoring system under different loads rather than conduct
simple static mechanical analysis. Gao et al., for instance,
investigated the evolution of the stress field of a rock mass,
displacement field, and plastic zone under dynamic load
disturbance, thus revealing the relevant mechanism that
destabilizes or destroys a deep high-stress roadway in a mine
[14]. The authors of this paper numerically studied the stress
evolution of a bolt subjected to a dynamic load [15–17].

The present paper employs the dynamics module of
FLAC3D software to numerically simulate the transfer/evolu-
tion of stress along a bolt/cable and themechanism of mutual
stress transfer between an anchoring system and rock mass
in the case of impulse dynamic load disturbances such as
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2 Shock and Vibration

Table 1: Initial parameters for fitting curves of shear stress.

Shear modulus of a different lithology/GPa Shear modulus of
resin/GPa

Radius of
bolts/m

Radius of
contact face/m

Elasticity modulus
of cable/GPaStable Moderate stable Unstable

5.6 2.8 1.4 1.2 0.011 0.025 195

Figure 1: Schematic illustration of three-dimensional model.

those generated by blasting, seismic loading, and periodic
weighting during mining.

2. Numerical Model and Schemes

2.1. Model and Parameter Initiation. A model is established
using the Hoek-Brown yield criterion in FLAC3D. The thick-
ness and depth of the coal seam are specified as 20 and
800m, respectively. The immediate surroundings and floor
comprise moderate stable strata. Relevant parameters are
given in Table 1.

The modeled roadway has a rectangular cross-section
and is located at the center of the coal seam. The roadway
has a width of 5.0m and height of 3.0m. The total model
size is 50m × 15m × 60m (𝑋 × 𝑌 × 𝑍), as schematically
illustrated in Figure 1. All free faces except the upper face
are fixed. Incipient perpendicular stress is generated by the
dead weight of overlying strata. The side pressure coefficient
is 1. The roof of the roadway is supported by 2.8-meter-long
bolts with an anchoring length of 1.6m and exposed length
of 100mm. A pretension force is applied to the free segments
of the bolts. The bolts are spaced 750mm in rows that are
spaced 1000mm.The side walls of the roadway are supported
by bolts in a scheme similar to that of the bolts supporting
the roof but with bolt spacing of 650mm and row spacing of
1000mm. Note that the cell size in the dynamic calculation
must be less than 1/8 to 1/10 of the wavelength corresponding
to the highest frequency of the input waveform; hence, the
maximal cell size is 1m for the stress wave employed in this
simulation.

Themodel is first built in a static state in FLAC3D and the
incipient stress field is equilibrated.The roadway is excavated
for a length of 7m and the prestressed bolt supporting
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Figure 2: Arrangement and serial numbers of bolts.

scheme described above is then implemented. Each bolt has
four units; the first and second free units are both 0.5m in
length, while the first and second anchoring units are 0.85m
in length. The anchoring scheme is specified as extended
anchoring. A pretension force of 40 kN is applied to bolts
and the simulation is allowed to run until equilibrium is
reached. The initial fixed boundary is then replaced by a
static boundary to begin the dynamic analysis module. An
impulse load wave is imposed near the excavated head-on of
the roadway so as to simulate the impact of a blasting load
on antecedent installed bolts. Because themodel and impulse
load are symmetrically built and distributed, it is reasonable
to analyze half of the roadway for the sake of simplicity. The
arrangement and serial numbers of several bolts are presented
in Figure 2.

2.2. Optimization of Dynamic Boundary Conditions. To
absorb wave energy reflected from the model boundary as
much as possible and thus guarantee calculation precision,
relevant static boundary conditions and free-field boundary
conditions are established.

A power source can be applied to the cells of a model
directly to provide the impulse load. There is therefore
no need to add an additional free-field boundary, and a
static boundary is already capable of effectively reducing the
reflection of wave energy. A static boundary and dynamic
boundary are shown in Figure 3. All faces except the upper
face are fixed to obtain the static solution. Stress of 20MPa
is applied to simulate the dead weight of overlaying strata.
In the next procedure of dynamic response model, all these
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Figure 3: Boundary conditions of the static solution and dynamic solution; (a) boundary conditions of the static model; (b) boundary
conditions of the dynamic model.

boundary conditions are removed and viscous boundary
conditions are applied to all faces.

2.3. Damping Settings. All propagation media have damping
characteristics relating to their inner friction and possible
contact surfaces and interfaces. It is thus essential that the
maximum extent of reappearing their own undisturbed
damping properties and value should be reached during
numerical simulation to ensure high reliability. However,
the largest problem in dynamic numerical calculation is
that damping differs for different values. FLAC3D provides
Rayleigh damping, local damping, and hysteresis damping as
damping schemes.

Rayleigh damping and hysteresis damping are generally
applied in rock engineering [18]. The Rayleigh damping
scheme involves two parameters: the critical damping ratio
and central frequency of vibration.The critical damping ratio
can typically be set as 2%–5% or obtained in a laboratory
test. However, the application of an elastic-plastic model
results in much energy being consumed in plastic flow
and thus requires a small critical damping ratio, such as
1%. Local damping is widely applied to structural units in
FLAC3D; 8% is taken in this analysis. The central frequency
is difficult to evaluate but may be obtained for a relatively
simple model.The natural vibration frequency should first be
determined for the model, and the value is then used as an
approximation of the central frequency. This paper employs
this methodology to obtain a central frequency of 50Hz.

2.4. Processing of the Impulse Load. The so-called impulse
load is a physical quantity that changes instantaneously and
returns to its original value. Such a load is generated in events

such as blasting, the sudden breakage of a roof, and seismic
activity. Much energy can be generated in the event of an
impulse load. Part of the energy is released to adjacent rock
mass and triggers the crushing and fracturing of the rock
mass. The remainder enters the surrounding rock mass at
the speed of splitting propagation, which is characterized
by an extremely unstable dynamic wave. This dynamic wave
destabilizes the anchoring system.

After a seismic wave has entered the rock mass, the rock
not only undergoes compression but also a shear effect.There
is thus shear failure within the rock mass; that is, there is a
shear wave, or 𝑆wave, propagating at lower speed andmainly
comprising horizontal fluctuation [19].This paper focuses on
the region close to the impulse source, and the seismic waves,
wave speeds, and the like all relate to the primary wave, or 𝑃
wave. The propagation speed and attenuation of the dynamic
wave are strongly related to the mechanical properties of the
rockmass. Commonly used equations for the velocities of the
𝑆 and 𝑃 waves are

𝑉
𝑃
= [

𝐸 (1 − 𝜇)

𝜌 (1 + 𝜇) (1 − 2𝜇)
]

1/2

,

𝑉
𝑆
= [

𝐸

2𝜌 (1 + 𝜇)
]

1/2

,

(1)

where 𝐸 is the elastic modulus of the propagation medium, 𝜇
is Poisson’s ratio, and 𝜌 is the density of the medium.

An oscillogram has a high-frequency component during
the postprocessing of impulse data because of the discrete
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Figure 4: Filtering and baseline correction of the impulse wave source.

measurement of the initial load. The high-frequency com-
ponent is detrimental to the calculation in the simulation,
because as mentioned above the cell size of the grid must
be less than 1/10 of the wavelength. The component limits
the size of a cell to a very tiny range, and the tiny value
is impossible to calculate. It is thus necessary to execute
baseline correction and filtering before applying the load so
as to filter out the high-frequency component of the wave.
It is eventually possible to increase the model cell size and
thus reduce the calculation cost and simultaneously diminish
potential residual deformation in the dynamic calculation of
a plastic constitutive model.

Here Seismic Signal software is adopted for the filtering
and baseline correction of the history of the perpendicular
load speed [20]. The Butterworth filter is a linear filter that
provides the required precision and has a smooth bandpass
frequency-response curve and gentle amplitude-frequency
curve.

Frequency bands of the primary wave are determined
from the Fourier amplitude and higher amplitude in Figure 4
so as to define the chopping frequency. The figure shows that
the chopping frequency of the impulse wave selected in this
paper is approximately 30Hz. This frequency is the criterion
used in filtering and baseline correction; that is, only waves
having frequency lower than 30Hz are allowed to pass. The
preprocessing data curve and processed data curve are shown
in Figure 4.

3. Discussion and Analysis of
Simulation Results

3.1. Dynamic Response of the Axial Force of the Anchoring
System. It is commonly acknowledged that the amplitude of
a wave decreases at a decreasing rate during the propagation
of the wave in a medium. The attenuation rate is defined as
the difference between the amplitude of two adjacent peaks
of a wave divided by the amplitude of the first peak.

Figure 5 presents the evolution of the simulated axial
force for four bolts placed from the roof center to the roof
corner at a distance 0.5m from the excavated head-on. As
seen in Figure 5(a), the axial force of the free segment of
each bolt increases while oscillating under the effect of the
incipient impulse wave, and tension and loosening effects
occur repeatedly. The rods thus must have high fatigue
resistance. The duration of the process is short and the bolts
regain their initial stability after approximately 0.05 s; thus,
the high-frequency component ismainly concentratedwithin
the first 0.05 s.

Increments in axial forces after applying an impulse load
wave at the head-on of the roadway differ among the bolts,
with the axial force of bolt number 4 undergoing the largest
change because of the central position of bolt number 4 in
the roof. Among the first row of bolts in the roof, the axial
force of the free segment is the smallest for bolt number 1,
having a value of 50.24 kN. The axial force of this bolt surges
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Figure 5: Evolution of axial forces of the first row of bolts in the roof; (a) free segment and (b) anchoring segment.
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Figure 6: Evolution of the axial force in the simulated anchoring system; (a) evolution of the axial force along the free segment of bolt number
4; (b) evolution of the axial force along the anchored segment of bolt number 4.

by 49.56% to 75.14 kN after the application of the impulse load
wave, and the attenuation rate of the firstwave cycle is 65.06%.
The axial forces of bolts numbers 2, 3, and 4, respectively,
increase from initial values of 73.16, 83.61, and 86.93 kN to
final values of 94.5, 8.61, and 107 kN (i.e., increases of 29.17%,
17.94%, and 23.08%). Apparently, an impulse blasting wave
strongly affects the upper corners and central areas, where the
anchoring system shows certain instability. The percentage
increase in the axial force is greatest for corner bolt number
1; this increase is distinctly larger than that for central bolt
number 4. This is explained by (1) the central bolt reaching
a stable state earlier than the other bolts and its axial force
only slowly increasing with an increase in roof subsidence
and (2) bolt number 4 already being highly stressed before
the application of the impulse load wave and thus responding
little to the dynamic wave.

Figure 5(b) shows that the axial forces of the anchoring
segments of the bolts in the first row have an overall
increasing trend in response to roadway excavation.The axial
force in the anchoring segment of bolt number 1 increases by
52.1% from 4.51 to 6.86 kN after the application of the impulse
load wave, and the attenuation rate in the first wave cycle is
16.49%. Axial forces of bolts numbers 2, 3, and 4, respectively,
increase from initial values of 7.69, 9.54, and 10.19 kN to final
values of 10.42, 12.53, and 13.30 kN (i.e., increases of 35.50%,

31.34%, and 30.52%). Similar to the case for the free segments,
the increment in the axial force is greater for bolt number 1
than for bolt number 4, and the difference is due to the wave
attenuation rate dropping more dramatically than in the case
of the free segment. This demonstrates that resin bonds the
bolt and rock mass tightly, and the rock mass relieves the
shockwave that should initially impact the anchoring system
and thus prevents the system from being isolated.

Figure 6(a) presents the evolution of the axial force in the
free segment of bolt number 4 for different distances to the
entry’s head-on (i.e., the central bolts in different rows). It is
seen that all of the middlemost bolts in a certain range are
affected by the blasting wave and their axial forces have an
increasing trend. The increment ratio is a maximum 23.08%
for the bolt 0.5m from the head-on, while the ratios for the
bolts 2.5, 4.5, and 6.5m from the head-on are 5.42%, 4.23%,
and 3.89%, respectively. The results reveal that a bolt further
from the head-on is less affected by the impulse load and
has the characteristics of a slower dynamic response, lower
oscillation frequency, and lower oscillation amplitude.

Figure 6(b) presents the evolution of the axial force for the
anchored segment at different distances to the entry’s head-
on.The characteristics of the evolution under the dynamic are
similar to those of the free end shown in Figure 6(a), although
the curves in Figure 6(b) have a lower frequency of oscillation
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Figure 8: Dynamic response curves for the surrounding rock mass; (a) vertical stress in the roof, (b) vertical stress in the floor, (c) horizontal
stress in the right wall, and (d) horizontal stress in the left wall.

and aweaker response, demonstrating that resinmitigates the
effect of the blasting impulse load.

3.2. Dynamic Response of Shear Stress along Resin. The
dynamic response of shear stress along the resin in a pre-
stressed anchoring system under the effect of a blasting wave
is illustrated in Figure 7(a).The shear stress for the anchoring
segment of the first row of bolts oscillates dramatically and
eventually stabilizes to a certain average value. The shear
stress is maximal for central bolt number 4. Shear stress
increment ratios of bolts numbers 1, 2, 3, and 4 are 41.37%,
4.50%, 6.64%, and 22%, respectively. Accordingly, the bolts
most affected are the central and corner bolts, which match
the evolution of the axial forces of the bolts. Figure 7(b)

presents the evolution of the shear stress in the anchoring
segment of bolt number 1 for different distances to the head-
on of the entry (i.e., the corner bolts in different rows). It is
seen that the shear stress plummets and the vibration rate
reduces as the distance to the head-on increases, revealing
that the scope of the effect of excavation blasting on the
anchoring system is approximately 1.5m. The stability of
the anchoring system thus requires special attention during
blasting so as to guarantee the mechanical properties and
active support of the system.

3.3. Dynamic Response Characteristics of Stress in anAnchored
Rock Mass. Figure 8 presents dynamic load response curves
for different positions in the anchored rock mass. It is
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concluded that the rock pressure at all positions oscillates
and attenuates with an increase in the distance to the head-
on under the effect of a blasting impulse load. The reduction
of the pressure amplitude is a maximum at a distance 0.5m
from the head-on of the entry. The reduction is 14.72% for
the leftwall of the roadway, 12.86% for the roof, 14.70% for the
right wall, and 14.58% for the floor. Additionally, the decrease
in amplitude of the stress in the anchored area plummets
and almost reaches zero as the distance from the head-on
increases; hence, the scope of the effect in the rock mass is
approximately 1.5m.

4. Conclusions

(1)Numerical calculation software FLAC3D was employed to
determine the load stability of an anchoring system under
the action of an impulse load wave. The results show that the
dynamic response of the axial force conforms to the pertinent
waveform of the dynamic impulse load on the whole. The
strength of the effects of this impulse perturbation depends
on the positionwithin the anchoring system, with the corners
and middle being most affected. The dynamic response of
shear stress also conforms to the corresponding evolution of
the axial force on the whole; however, the oscillations of shear
stress are larger and affect both the corners and middle of the
anchoring system dramatically.
(2) Anchoring rods are greatly affected by repeated

tension and loosening under the perturbation of an impulse
load. This means that the rods must be highly resistant to
such perturbation.The oscillation amplitude of the anchoring
segment is much lower than that of the free segment,
revealing that resin acts as an effective buffer that absorbs a
certain amount of the impulse load. It is thus beneficial to
employ extended or full-length anchoring and thus reduce
interference in engineering.
(3)Thestress state in an anchored rockmassmay decrease

under frequent effects, including blasting impulse loads, of
head-on excavation. The effects are strongest close to the
source of the blasting impulse load. There is eventually stress
loss of the initially intact anchored rockmass that reduces the
stability of the anchoring system.
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Shallow depth coal seams are widely spread in Shendongmining area, which is located in the Northwestern region of China.When
working face is advanced out of concentrated coal pillar in upper room and pillar goaf, strong strata behaviors often cause support
crushing accidents, and potentially induce large area residual pillars instability and even wind blast disaster. In order to predict the
precise time when the accident happens, guaranteeing life-safety of miner, microseismic monitoring system was for the first time
applied in shallow coal seam. Based on damage mechanics correlation theory, the damage energy model is established to describe
relationship between damage level and cumulative energy of microseismic events. According to microseismic monitoring data of
two support crushing accidents, the damage energy model is verified and an effective early warning method of these accidents is
proposed. The field application showed that the early warning method had avoided miners suffering from all support crushing
accidents in Shigetai coal mine.

1. Introduction

The shallow depth coal seams which had been mined in the
Shendong mining area have led to large area roof weighting
frequently due to large thickness, high tensile strength, and
small overlying load of the main roof. To prevent the large
area roof weighting accidents, deep-hole presplit blasting
technology for controlling roof caving is a suitable method
and has been widely applied in somemines [1]. Furthermore,
the mechanism and influence of these accidents have been
exploited mainly by theoretical analysis, numerical simu-
lation, and engineering verification [2–6], but prediction
method of these accidents is barely analysed.

In geophysical techniques, seismic methods are widely
applied to monitor and warn rock dynamic hazards in coal
mines due to its abundant spectrum and broadband charac-
ter, which can monitor the fracturing form of surrounding
coal and rock, roof falls, and the high stress concentration
distribution. During the past two decades, microseismic
monitoring technique emerged from a pure research mean
to a main stream industrial tool for daily safety monitoring at

various fields of geotechnical engineering. In recent years, it
has beenwidely applied inChina.Amicroseismicmonitoring
system was for the first time installed for stability analysis of
a high steep rock slope in China [7]. It has been proven to be
very promising in instability prediction of rock slope subject
to identification and delineation of potential slip surface
and failure regions. Dou et al. [8] improve mining safety
for water inrush in the goaf by more effective monitoring
and proposed a monitoring method using partitioning and
time sharing. According to a case study, the energy emission
rate of microseismic events can be used to analyze the
microseismic activity in time and the energy spatial density
in space. Jiang et al. [9] investigate the progressive failure
of geological structures (faults, karst collapse columns) and
predicted water inrush with microseismic activities. Liu et al.
[10] use an operation microseismic monitoring system of
ESG to understand the relation between background stress
field of three-dimensional numerical simulation with micro-
seismicity and water inrush probability, combined with an
engineering case of grout curtain community for Zhang-
matun iron mine. Then, the accumulated three-dimensional
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geometry spaces of microrupture are delineated and the
possible dangerous water inrush regions of grout curtain
community are divided. Jiang et al. [11] analyzed and pre-
dicted that fracturing of high and thick strata of hard rocks
causes strong dynamic response by theoretical calculation
and microseismic monitoring based on high and thick strata
of hard magmatic rock at working front 10416 in Yangliu
coal mine. Lu and Dou [12] simulated and analyzed vertical
stress concentration and gradient distribution rules by on-
site monitoring of seismic, EME, and drilling bits volume
for nearly a year in the whole mining process of 9202
working face in Sanhejian coal mine of Xuzhou coal mining
group in China. Xia et al. [13] improved 5 risk forecasting
indexes to predict coal mine rock burst with microseismic
monitoring data. Zhu et al. [14] provided a new method for
recognizing blasting vibration and rock fracture signals and
use the calculated distribution feature of signals energy to
recognize microseismic waveforms as feature index based
on in situ microseismic data. Lu et al. [15] evaluated and
monitor the danger and intensity of roof dynamic fracture
by the evolution rules of frequency spectrum. With SOS MS
monitoring system, the hard andweak roof fracture processes
are measured in field. Yuan and Li [16] collected abundant
microseismic signals by seismic monitoring system during
the period of three pillar type rock bursts that occurred
in number 11 mine of Pingmei group. The time sequence
of microseismic signal in this period is obtained and the
frequency spectrum and spatial distribution are analyzed
by fast Fourier transformation (FFT) algorithm and fractal
theory.

As an irreversible phenomenon, rock damage process
was obtained by many experiments. Experimental study and
theoretical research demonstrate that the damage evolution
equation of rock based on analysis of energy dissipation can
well characterize the damage evolution process of rock [17].
Wang et al. [18] proposed a rheological damage constitutive
model for sandstone by using the damage theory and by
introducing the concept of the whole process of damage
into Burgers rheological model based on the Mazars damage
evolution law. Zhang et al. [19] investigated the fatigue
damage properties of intact sandstone samples subjected to
axially cyclic loads with different frequencies at confining
stress state and studied influence of frequency on dynamic
mechanical features of sandstone by the MTS-815 rock and
concrete test system. Acoustic emission tests under triaxial
compression of limestone were carried out byMTS815 servo-
controlled rock mechanical test system and AE21C acoustic
emissionmonitor. Yang et al. [20] analyzed the characteristics
of limestone damage evolution under triaxial compression
through acoustic emission parameters.

Despite a great deal of work on application of microseis-
mic monitoring system and analysis of rock damage process,
there are a few reports about the relationship between rock
damage process and the law of monitoring energy change by
seismic monitoring system. In this paper, structure damage
model will be established by damage mechanics theory based
on the microseismic monitoring energy. Then, the damage
characteristics of supporting-beam structure will provide

a theoretical basis for an early warning method for large area
roof caving in shallow depth seams.

2. Accident Analysis

Room and pillar mining was applied in Shendong mining
area before large-scale exploitation, which controlled roof
and surface subsidence by the remaining coal pillars to
support mining. But the room and pillar mining is a low
mining rate method, and it not only wastes a lot of resources
but also forms a large area of room and pillar goaf and
residual coal pillar. The residual coal pillar would form local
stress concentration areas and increase difficulty of below
contiguous seam mining.

With the increasing exploitation of strength, first primary
mineable coal bed in Shendong mining area has been mined
out mainly by room and pillar mining. Currently, longwall
fully mechanized mining method is applied in second pri-
mary mineable coal bed. Due to close coal seam interval,
strong strata behaviorswould happen inmining face and even
cause support crushing accident, such as accident in Shigetai
coalmine ofWulan group [1–3], accident inDaliuta coalmine
of Shenhua group [4, 5], and accident in Bulianta coal mine
of Shenhua group [6].

There is large area of room and pillar goaf in 2-2 coal seam
above 31201 working face in 3-1 coal seam in Shigetai coal
mine of Shenhua group. According to geological conditions
in Shigetai coal mine which is shown in Table 1, the depth of
room and pillar goaf in 2-2 coal seam is about 81.3m. The
distance between 2-2 coal seam and 3-1 coal seam is about
34.5∼39m.

The depth of 31201 working face was about 120m and
the width of 31201 working face was about 300m. Three-
dimensional structure of 31201 working face is shown in
Figure 1. In Figure 1, the direction of black arrow is the
direction of face advance and blue zones include concentrated
coal pillar and residual room pillars. Support which had
18000KN working resistance was applied in the face, but
support crushing accident still happened in the midnight of
December 16, 2013, when 31201 working face was mining
15.5m out of concentrated coal pillar in upper room and
pillar goaf. In the accident, 22#∼142# support was crushed
to death in less than 30 seconds and the descending amount
of piston increased sharply to 1.3m∼1.5m. Different field
situations before and after accident are shown in Figure 2.
Theminimumoxygen concentrationwas 9% in return airflow
corner and 14% in return airflow roadway.When the pressure
was stable, the value of pressure gauge ranged from 45MPa
to 80MPa (19300KN∼34000KN). Fortunately, the accident
did not happen in working time, and no one was hurt in the
accident.

According to the accident, support load was much higher
than supporting ability, and the instantaneous value of pres-
sure gauge in working face jumped to 800 bar (34000KN).
Thus, there is no support which can resist the overwhelm-
ing pressure and the support crushing accident cannot be
prevented only by support type choice. So, an early warning
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Table 1: Stratigraphic column of Shigetai mine.

Stratigraphic order Lithology Average thickness/m Depth/m Lithological column

1 Aeolian sand 18.1 18.1

2 Packsand 15.9 34

3 Siltstone 16.2 50.2

4 Packsand 12.7 62.9

5 Medium granular
sandstone 6.1 69

6 Packsand 8.2 77.2

7 2-2 coal seam 4.1 81.3

8 Siltstone 12 93.3

9 Medium granular
sandstone 16 109.3

10 Sandy mudstone 8 117.3

11 3-1 coal seam 4 121.3

12 Siltstone 7.6 128.9

Working face

Concentrated coal pillar

Residual room
pillars

Figure 1: Three-dimensional structure of 31201 working face in Shigetai mine.

Coal wall
Support’s column

Shield

(a) Normal working face

Support’s column
Shield

(b) Support crushing accident in working face

Figure 2: Comparison diagram in working face.
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methodwill play an important role in guaranteeing life-safety
of miners.

3. Damage Energy Model

3.1. Surface Subsidence Features. After roofweighting, surface
subsidence values of this day can be obtained by the difference
of measuring points altitude values in two neighboring
days. For researching the difference between normal period
weighting and large area roof weighting, the surface sub-
sidence curve was used to measure roof sinking state in
shallow depth seams. Along the middle line in the advancing
direction above 31201 working face, measuring points in
the surface subsidence curve were arrayed at intervals of
10m from open-off cut to the stopping line. Figure 3 shows,
respectively, curves of surface subsidence values one day after
two kinds of roof weighting. It is obviously concluded from
Figure 3 that when normal period weighting happens, only
surface subsidence values of the measuring points behind
the working face are obvious. But after large area structure
fracture, obvious surface subsidence values will happen in
measuring points in front of and behind the working face,
and the values will be much bigger than the values caused
by normal period weighting. Due to these phenomena, the
difference of the two roof weighting is that large area roof

weighting will cause 2-2 coal seam roof fracturing in front
of working face position.

3.2. Supporting-Beam Structure Damage Model. The process
of large area roof weighting can be abstracted to a model
in the left diagram of Figure 4. The concentrated coal pillar
starts to collapse after first roof weighting while mining out
of concentrated coal pillar. Due to the high stress transfer
process from concentrated coal pillar to residual roompillars,
the maximum bending moment value of 2-2 coal seam roof
will be gradually increased to its limit. And then, with 2-2 coal
seam roof collapsing, large area of bending and sinkingwould
happen in the roof of room and pillar goaf, causing large area
of residual room pillars collapse. The weight of concentrated
coal pillar and its upper strata would force on all supports
in working face suddenly. Finally, the whole process would
cause support crushing accident.Thus, the 2-2 coal seam roof
plays a key role in support crushing accidents. In order to
determine mechanism of these accidents, continuum dam-
age mechanics model is established in maximum bending
moment cross section of 2-2 coal seam roof, which is shown
in the right diagram of Figure 4.

3.3. Damage Process Energy Analysis. Plenty of researches
show that rock will inevitably release energy in the form
of acoustic or seismic signals before its irreversible damage.
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Each seismic signal contains abundant information about
the internal changes of rock mass. Seismic monitoring is a
primary requirement for mining in rock burst coal mines.
By analyzing the important parameters of seismic signals,
such as seismic waves (P-wave and S-wave) initial arrival
time, moment, magnitude, and the epicenter coordinates,
the reliable and important information for determining coal
and rock fracturing energy and the corresponding dynamic
disasters warning can be obtained [12].

In the process of roof fracturing, part of energy which
is doing work by external force transfers to elastic energy of
the structure and another part of it is dissipated by creating
new cracks. Energy which can be monitored by microseismic
monitoring system is exactly a part of the fracturing energy.
So, total energy which can be monitored by microseismic
monitoring system is defined by the following function:

𝑈 = 𝐾 (𝑊 − 𝑉) , (1)

where𝑊 denotes the supporting-beam structure doing work
by external force and𝑉 is elastic energy which is transformed
by part of 𝑊. 𝐾 is proportional coefficient of total energy
which can be monitored by microseismic monitoring system
to total fracturing energy in one roof weighting.

According to fracture mechanics theory [21], the energy
release rate formula can be defined as

𝐺 =
𝑑𝑊

𝑑𝐴
−

𝑑𝑉

𝑑𝐴
, (2)

where 𝐴 is the lost area.
Equation (3) can be easily derived from (2) and (1):

𝑑𝑈

𝑑𝐴
= 𝐾𝐺. (3)

Damage variable of the supporting-beam structure is
given by the relation

𝐷 =
𝐴
0
− 𝐴

𝐴
0

, (4)

where 𝐴
0
denotes the initial area of the undamaged section

in maximum bending moment cross section and 𝐴 can be
interpreted as the actual area of the cross section.

According to the beam geometry, the lost area𝐴 is related
by

𝐴 = 𝐴
0
− 𝐴. (5)

Taking into account (5), by the derivation of (4), (6) can
be obtained:

𝑑𝐴

𝑑𝐷
= 𝐴
0
. (6)

Taking into account (3) and (6), energy data monitored
by microseismic monitoring system per unit time is

𝑉
𝑈

=
𝑑𝑈

𝑑𝑡
=

𝑑𝑈

𝑑𝐴

𝑑𝐴

𝑑𝐷

𝑑𝐷

𝑑𝑡
= 𝐾𝐺𝐴

0

𝑑𝐷

𝑑𝑡
. (7)

In this paper, a formula of the damage evolution time of
the supporting-beam structure with the exponential distribu-
tion is presented:

𝐷(𝑡) =
{
{
{

0 (𝑡 ≤ 𝑡∗)

𝑎𝑒𝑏(𝑡−𝑡
∗

) (𝑡∗ ≤ 𝑡 ≤ 𝑡max) ,
(8)

where both 𝑎 and 𝑏 are materials constants, which are related
to stress state. 𝑡∗ is the moment when the stress at 𝑦

0
= ℎ
0
is

maximal and 𝑡max is the moment when ℎ is equal to zero.
Based on the cumulative energy data of microseismic

events, (8) and (9) lead to the damage energy model

𝑈 (𝑡) = ∫
t

0

𝑉
𝑈
𝑑𝑡 = 𝐾𝐺𝐴

0
𝐷 (𝑡)

=
{
{
{

0 (𝑡 ≤ 𝑡∗)

𝐾𝐴
0
𝐺𝑎𝑒𝑏(𝑡−𝑡

∗

) (𝑡∗ ≤ 𝑡 ≤ 𝑡max) .

(9)

Due to the fact that 𝐷(𝑡max) = 1, 𝑈(𝑡max) = 𝐾V𝐺𝐴
0
⋅

𝑈(𝑡max) is the total cumulative energy which can be moni-
tored bymicroseismicmonitoring system in one roof weight-
ing.

4. Field Applications Analysis

4.1. Microseismic Monitoring System. For monitoring seismic
signal of supporting-beam structure while mining, a micro-
seismic monitoring system, named KJ768, which is made
by China coal research institution, was installed in 31201
working face. The KJ768 system has sophisticated hardware
and powerful software features in data acquisition and data
analysis. It is comprised of ground central station, GPS timer,
exchanger, power, substation, and sensors. Series and parallel
layout are shown in Figure 5.

Once the amount of sensors to be installed in 31201 work-
ing face is determined, it is necessary to conduct a reasonable
arrangement of the sensors. Through theoretical analysis
and field observation, the ultimate optimal arrangement and
distribution of the twenty sensors are shown in Figure 6.
Those twenty sensors are connected to three substations.
With the advance of 31201 working face, the sensors will be
moved forward one by one fromone period to the next period
and the width of every period is 210m. In Figure 6, four black
sensors in ground surface are connected to one substation,
five blue sensors in coal wall of air-return roadway and two
red sensors in roof of air-return roadway are connected to one
substation, and five blue sensors in coal wall of belt roadway
and two red sensors in roof of auxiliary haulage roadway are
connected to one substation.

The processing system in the central station digitizes the
data with a sampling frequency of 60 kHz and performs pre-
liminary event detection when the recorded signals of three
substations exceed a given threshold. Example waveforms of
one artificial blasting test are shown in Figure 7, so constant
P-wave and S-wave velocities are initially estimated from
artificial blasting tests and used to calculate event locations.
Then, the traces can be used to evaluate the energy size as well
as the location of the event.
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Figure 5: Example waveforms of a microseismic event recorded in artificial blasting test.
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Figure 6: Sensors arrangement and distribution.

4.2. Damage Energy Application. The energy of microseismic
events during the process of two supports crushing accidents
that happened separately on the 20th of April and 22nd of
April was monitored by KJ768. The relevant data of these
processes are shown in Tables 2 and 3.

The curve of cumulative energy data of two large area roof
weighting is described in Figure 8 by the data in Tables 2 and
3. The result of curve fit analysis by damage energy model
is shown in Table 4. Indexes of SSE, 𝑅-square, and RMSE
indicate that fitting effects are very satisfactory. So, the dam-
age energy model is suitable for describing variation law of
cumulative energy which can be monitored by microseismic
monitoring system in one roof weighting.

According to Figure 8, when the cumulative energy value
ofmicroseismic eventswasmore thanmax cumulative energy
value ofmicroseismic events𝑈

𝑃max in normal roofweighting,
the field monitoring process entered into warning region.
Because time in damage energy model obeyed exponential
distributions, when the cumulative energy value ofmicroseis-
mic events was more than 𝑈

𝑃max and condition which was
̇𝑈(𝑡
1
) > ̇𝑈(𝑡

2
) > ̇𝑈(𝑡max) satisfied 𝑡

1
> 𝑡
2
, a warning message

was sent to inform miners escaping from the dangerous area

in working face. After ending warning region, roof weighting
appeared and caused supports crushing accident. Fortunately,
thanks to the effective early warning method, life-safety of
miners was guaranteed in these accidents.Thus, for life-safety
of miners, warning time and escaping time must be sufficient
in warning region.

4.3. Warning Area Analysis. For brittle material, damage
evolution law equation can be assumed as follows:

̇𝐷 = 𝐶(
𝜎

1 − 𝐷
)
V
, (10)

where 𝜎 is the normal stress and both 𝑐 and V are thematerials
constant.

According to supporting-beam structure damage model
in Figure 4, at the stage of latent fracture, the normal stress in
maximum bending moment cross section is given by

𝜎 =
𝑀∗

𝐼
𝑚0

𝑦
0

𝑢, (11)
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Table 2: Microseismic monitoring data on the 20th of April.

Time Energy/J Time Energy/J Time Energy/J Time Energy/J
8:09:04 4.30𝐸 + 04 15:03:49 4.80𝐸 + 04 16:04:04 4.40𝐸 + 04 17:00:44 4.10𝐸 + 04

8:10:19 3.70𝐸 + 04 15:08:29 4.10𝐸 + 04 16:09:29 5.20𝐸 + 04 17:01:04 4.20𝐸 + 04

8:51:19 4.20𝐸 + 04 15:20:29 3.80𝐸 + 04 16:12:14 2.60𝐸 + 04 17:02:04 5.10𝐸 + 04

9:47:54 3.30𝐸 + 04 15:21:04 4.20𝐸 + 04 16:14:44 4.80𝐸 + 04 17:02:14 4.70𝐸 + 04

9:51:14 2.20𝐸 + 04 15:21:44 3.20𝐸 + 04 16:21:54 4.60𝐸 + 04 17:03:09 3.80𝐸 + 04

11:26:14 5.60𝐸 + 04 15:25:04 3.50𝐸 + 04 16:26:34 6.10𝐸 + 04 17:04:54 4.60𝐸 + 04

12:20:29 5.00𝐸 + 04 15:25:24 4.30𝐸 + 04 16:32:09 4.60𝐸 + 04 17:05:14 4.50𝐸 + 04

12:36:54 4.40𝐸 + 04 15:28:19 4.40𝐸 + 04 16:34:14 4.70𝐸 + 04 17:05:19 3.70𝐸 + 04

12:38:14 5.10𝐸 + 04 15:31:34 3.00𝐸 + 04 16:38:49 5.10𝐸 + 04 17:06:29 3.30𝐸 + 04

13:08:24 2.10𝐸 + 04 15:36:24 4.20𝐸 + 04 16:41:24 4.10𝐸 + 04 17:06:54 3.30𝐸 + 04

14:16:14 4.20𝐸 + 04 15:38:59 5.20𝐸 + 04 16:41:44 6.40𝐸 + 04 17:06:59 5.10𝐸 + 04

14:20:39 4.30𝐸 + 04 15:40:49 4.80𝐸 + 04 16:43:19 3.50𝐸 + 04 17:07:04 3.30𝐸 + 04

14:27:44 3.80𝐸 + 04 15:45:04 4.00𝐸 + 04 16:51:44 4.50𝐸 + 04 17:07:39 3.00𝐸 + 04

14:35:49 3.90𝐸 + 04 15:45:54 4.70𝐸 + 04 16:52:04 4.40𝐸 + 04 17:07:59 5.90𝐸 + 04

14:39:39 2.80𝐸 + 04 15:54:39 3.50𝐸 + 04 16:54:29 5.90𝐸 + 04 17:08:19 5.20𝐸 + 04

14:55:24 4.20𝐸 + 04 15:56:09 6.20𝐸 + 04 16:58:39 4.70𝐸 + 04 17:08:29 4.70𝐸 + 04

14:55:44 4.60𝐸 + 04 16:02:49 5.00𝐸 + 04 17:00:19 3.80𝐸 + 04 17:09:14 3.30𝐸 + 04
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Figure 7: Example waveforms of a microseismic event recorded in artificial blasting test.
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Table 3: Microseismic monitoring data on the 22nd of April.

Time Energy/J Time Energy/J Time Energy/J Time Energy/J
17:38 4.20𝐸 + 04 21:40 5.00𝐸 + 04 22:25 2.60𝐸 + 04 22:33 4.20𝐸 + 04

18:23 2.90𝐸 + 04 21:48 5.70𝐸 + 04 22:27 5.70𝐸 + 04 22:33 3.50𝐸 + 04

19:20 4.80𝐸 + 04 21:49 5.00𝐸 + 04 22:28 3.90𝐸 + 04 22:34 3.00𝐸 + 04

19:23 5.00𝐸 + 04 22:02 6.90𝐸 + 04 22:28 4.00𝐸 + 04 22:34 4.30𝐸 + 04

19:27 5.80𝐸 + 04 22:02 5.10𝐸 + 04 22:29 5.20𝐸 + 04 22:35 3.30𝐸 + 04

19:30 6.00𝐸 + 04 22:05 3.20𝐸 + 04 22:29 3.60𝐸 + 04 22:35 5.00𝐸 + 04

20:17 5.60𝐸 + 04 22:12 6.10𝐸 + 04 22:29 6.60𝐸 + 04 22:36 6.90𝐸 + 04

20:17 6.30𝐸 + 04 22:17 4.50𝐸 + 04 22:30 3.60𝐸 + 04 22:38 4.40𝐸 + 04

20:49 5.00𝐸 + 04 22:17 5.80𝐸 + 04 22:31 4.30𝐸 + 04 22:38 5.30𝐸 + 04

21:08 5.40𝐸 + 04 22:19 4.50𝐸 + 04 22:31 4.40𝐸 + 04 22:40 6.40𝐸 + 04

21:15 4.10𝐸 + 04 22:19 6.40𝐸 + 04 22:31 4.40𝐸 + 04 22:42 3.80𝐸 + 04

21:39 2.40𝐸 + 04 22:23 3.90𝐸 + 04 22:32 5.30𝐸 + 04

Table 4: Fitting parameters.

Date 𝑈(𝑡max)/J 𝑎 𝑏
Goodness of fit

SSE 𝑅-square RMSE
20th of April 2.92𝑒 + 06 4.35𝑒 − 03 0.592 8.539𝑒 + 11 0.983 1.137𝑒 + 05

22nd of April 2.23𝑒 + 06 7.78𝑒 − 04 1.404 1.161𝑒 + 12 0.9401 1.606𝑒 + 05
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Figure 8: Energy damage process comparisons between low-speed mining and high-speed mining.

where 𝑀∗ is the maximum bending moment in supporting-
beam structure and 𝑢 is the materials constant. 𝐼

𝑚0
is the

generalized moment of inertia.
According to the damage mechanics theory [22], latent

fracture time when the stress reaches maximum is

𝑡∗ = [(V + 1) 𝐶(
𝑀∗

𝐼
𝑚0

)
V

ℎ𝑢V
0
]

−1

, (12)

where ℎ
0
is the initial height of the undamaged section in

maximum bending moment cross section.
At ℎ = 0, the beam structure is completely fractured, and

the corresponding time of fracture is

𝑡 =
2𝑛 + 1

2𝑛 − 1
𝑡∗ =

(2𝑛 + 1) 𝐼
𝑚0

V

(2𝑛 − 1) (V + 1) 𝐶ℎ𝑢V
0
𝑀∗V

. (13)

According to formula (13), damage time which the beam
structure needs to be completely fractured will be decreased

in exponential level with the increase of the max bending
moment 𝑀∗. It can be concluded from Figure 8 that, in the
process of high-speed mining, observation time in warning
area was only about half an hour, but observation time in
warning area was increased rapidly to an hour and a half in
the process of low-speed mining. Therefore, for increasing
the finite observation time in warning area, the method of
decreasing the max bending moment increasing speed by
controlling mining speed was applied to obtain more time in
warning area in the next similar situation.

5. Conclusion

Aiming at strong strata behaviors in shallow coal seam while
mining out of the concentrated coal pillar in Shigetai coal
mine of Shenhua group, microseismic monitoring system is
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for the first time applied in shallow coal seam. According to
the features of ground surface subsidence, the supporting-
beam structure damage model is established. Based on the
damage mechanics correlation theory, formula of energy
damage model is deduced to describe the change laws of
cumulative energy of microseismic events. Using energy
data of two support crushing accidents, parameters of the
formula are obtained by fitting test and an effective early
warning method of these accidents is determined by the
laws of formula. By adopting the microseismic monitoring
system and mining speed controlling method while mining
out of the concentrated coal pillar, the early warning method
has successfully avoided miner suffering from all support
crushing accidents in Shigetai coal mine.
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The paper presents an interpretation on the abnormal roof shock in longwall coal mining under gullies using physical modeling,
numerical modeling, and mechanical analysis. The modeling results show that the roof movement causes the shock load onto the
stope in longwall coal mining under surface gully. The triggering mechanism of shock load depends on the direction of the face
retreat with respect to the bottom of the surface gully. The slope tends to slide along the interface plane with a long periodical
weighting intervals when mining towards the bottom of the gully (downslope direction), while the overburden strata may be split
into blocks and tend to topple towards the free face of gully when mining away from the bottom of the gully (upslope direction).
Themechanical models showed that, during the period of mining in downslope direction, planar sliding and key fragmental blocks
cause a sudden roof shearing off which could result in shock load and, during the period of mining in upslope direction, the
overburden blocks may become unstable due to shearing off which could resulted in large shock pressure onto the stope.

1. Introduction

With the development of coal mining technology and equip-
ment in China, the mining scale becomes larger and larger.
And the center of coal resource exploitation has transferred to
western coalfield, where there is rich coal resource [1, 2]. The
coal is shallow, thick, and excellent in quality. For example,
Shenfu-Dongsheng coalfield with 223.6 billion tons coal in
proved reserves is the biggest coalfield in China and one of
seven biggest coalfields in the world [3]. However, the ground
surface is bare andhas been subjected to seriouswater erosion
for long time, resulting in that wide spread of surface gullies,
especially in Northwest of China.The gully depthmay exceed
100m.

Abnormal phenomena such as coal bump and roof
shock are observed in shallow longwalls under gullies. In
Dongsheng coalfield, sudden spalling of barrier pillars and
crushing of face hydraulic supports without warning fre-
quently occurred in underground stopes (see Figure 1).These
events cannot be explained according to traditional theories
on coal mine ground pressure [4–6]. In general, coal and/or
rock bump usually occurs in deep coal mining due to the
super-high ground pressure [5–7]. As the mining depth in

this region is less than 200m, the absolute ground pressure
is not great enough to trigger a coal or rock bump. It is
found that most of these dynamic events are involved in coal
mines operated under surface gullies. Therefore, the slope
movement of gullies is thought of as an additional factor
resulting in the abnormal underground pressure.

Many researchers studied the influence of underground
mining on surface slope [8–15]. It is accepted that under-
ground mining may cause surface slope sliding or even
geological disaster. The effect of surface topography on
underground mining was rarely taken into consideration in
the previous researches, but it is sensitive and strong and,
at times, can play a dominant role on ground pressure in
shallow coal seammining under surface gully.Therefore, it is
very urgent and important to clearly understand the mining-
induced roof shock in gully areas.

2. Mechanisms of Overburden Movement

Based on the geological condition of Houhayewusu Gully
at Nalinmiao number 2 Coal Mine, physical simulation and
numerical modeling were conducted to analyze the effect of
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(a) (b)

Figure 1: The abnormal phenomena in underground mining under gullies. (a) Pillar gets inclined and spalls; (b) slope rock is broken and
bare.

Table 1: Key properties of the overlying rock.

Lithology Thickness Density Young’s modulus Cohesion Friction angle Poisson’s ratio
/m /kg⋅m−3 /GPa /MPa /∘

Loess 10 1810 — — — —
Mudstone 3.5 2500 15 1.5 30 0.3
Fine sandstone 8 2600 35 2.2 33 0.2
Sandy mudstone 11 2510 16 1.8 32 0.25
Fine sandstone 12 2545 23 2.1 34 0.22
Sandy mudstone 9 2510 16 1.6 32 0.25
Fine sandstone 20 2600 38 2.6 35 0.2
Sandy mudstone 2.5 2510 16 1.6 32 0.25
Fine sandstone 8 2600 38 2.6 35 0.2
Sandy mudstone 0.5 2510 16 1.6 32 0.25
Coal 6.5 1370 39 2.3 34 0.23
Siltstone 4 2580 42 2.6 36 0.22

underground coal mining on the overburden movement at
gully area.

2.1. Geology. The coal measure is mainly as Jurassic for-
mations which is covered with Quaternary unconsolidated
layers.The coal seam is 6.5m thick and the overlying bedrock
is 74.5m thick. A 10-meter-thick loess overlays the bedrock.
The maximum depth of gully is 73.5m and the average slope
of gully is 30∘ (see Figure 2). The generalized stratigraphy at
the studied area is shown in Figure 3. The overlying bedrock
is predominantly composed of fine sandstone and sandy
mudstone, and most of them are involved in the gully. The
properties of overlying strata are shown in Table 1.

2.2. Physical Simulation. Physical modeling is a scale model-
ing in which rock strata and mine structures are simulated
using scaled artificial materials. Physical simulation can
realistically model the layered structures and their failure
modes, much like that observed in underground coal mines,
and stratamovement can be observed directly in real time [5].

2.2.1. Model Setup. Simulated material selection is of great
importance for modeling the mining-induced overburden

Loess

Bedrock

Gully

Figure 2: A photo of Houhayewusu Gully at underground mining
area.

movement.Thematerial is alwaysmixed by the aggregate and
the adhesive. Sand is generally used as the aggregate.Themost
popular materials used as the adhesives are gypsum, cement,
calcium carbonate (CaCO

3
), lime, and kaolin [16]. In this

paper, sand, gypsum, and calcium carbonate were selected
as the mixed materials in some given proportions. According
to the widely accepted results on the mix proportions among
sand, gypsum, and calcium carbonate [16], the mix design of



Shock and Vibration 3

Loess, 10m

Mudstone, 3.5m
Fine sandstone, 8m

Sandy mudstone, 11m

Fine sandstone, 12m

Sandy mudstone, 9m

Fine sandstone, 20m

Sandy mudstone, 2.5m
Fine sandstone, 8m

Sandy mudstone, 0.5m
Coal, 6.5m

Siltstone, 4m

Figure 3: Generalized geological column at studied area.

Table 2: The mix proportion of simulated materials.

Lithology Sand
/kg

CaCO3
/kg

Gypsum
/kg

Water
/kg

Sawdust
/kg

Loess 95.8 6.8 6.8 18.8 3.4
Mudstone 44.6 5.2 2.2 6.5 /
Fine sandstone 105.8 10.6 10.6 15.9 /
Sandy mudstone 160.4 22.5 9.6 24.1 /
Fine sandstone 175.3 40.9 17.5 33.4 /
Sandy mudstone 159.6 22.3 9.6 23.9 /
Fine sandstone 356.7 59.4 59.4 67.9 /
Sandy mudstone 53.1 7.4 3.2 8.0 /
Fine sandstone 153.0 25.5 25.5 29.1 /
Sandy mudstone 10.6 1.5 0.6 1.6 /
Coal 138.1 19.3 8.3 20.7 /
Siltstone 76.5 12.8 12.8 14.6 /

different layers is listed in Table 2. Wood sawdust was mixed
with the above three materials to simulate loess material.

The geometric scale (𝛼
𝑙
) of this model is defined as 1 : 100

to the real. The gully is shaped like “V” in the model. The
model frame is 5m long, 0.3m wide, and 0.95m high. The
slope angle of gully is 30∘. 5 cm × 5 cm grid was painted on
the surface of model (see Figure 4). According to the scale
model theory, the similarity scale of gravity (𝛼

𝛾
) is about

1 : 1.67, and the similarity scale of stress 𝛼
𝑠
= 𝛼
𝑙
× 𝛼
𝛾
= 1 : 167.

The excavation was conducted from the left to the right. The
mining height is 6.5 cm and the excavation web is 5 cm. The
total mining void is 420 cm long.

2.2.2.Modeling Result. Thephysicalmodelingwas conducted
in two stages (see Figure 4).

(1) Downslope stage, in which the coalface is advancing
in the downslope direction and the gob is getting close

with the bottom gully. Typical overburden movement
was observed until the coalface is located underneath
the slope. Figure 5 shows some scenes of overburden
movement in downslope mining stage. When the
coalface was at 160m away from the setup line, a
downward crack appeared at the surface. Meanwhile,
the overlying slope subsided and slipped towards
gully due to lack of horizontal confinement.The inter-
faces were seriously broken with significant planar
sliding. The roof breakage interval became longer,
whichmay result in a roof shock in underground if the
roof suddenly collapses down (see Figure 5(a)).When
the coalface approached the bottom of the gully, the
roof sheared off along the coalface (see Figure 5(b)),
which may also initiate a shock load onto the face
support.

(2) Upslope stage, in which the coalface is advancing in
the upslope direction away from the gully. After the
coalface passed the bottom of the gully and moved
away from the gully, a crack linking the slope with
the gob developed in the roof. Figure 6 shows a scene
of overburden movement in upslope mining stage.
The broken roof was cut into blocks by gully and
mining-induced cracks. The formed blocks rotated
towards the gob, and sometimes it is hinged above the
retreating face. However, the hinged structure lost the
stability in a short time as the broken block sheared off
along the hinged point, which may also trigger a roof
shock onto the face hydraulic support.

2.3. Numerical Modeling. FLAC (Fast Lagrangian Analysis
of Continua) software was used to analyze the mechanism
of slope movement. The constructed numerical model was
shown in Figure 7.The geological column is based on the gen-
eralized stratigraphy shown in Figure 3. The Mohr-Coulomb
criterion was employed to estimate the failure of rocks. The
physical and mechanical parameters of the overlying strata
used in FLAC model are listed in Table 1. The left, the right,
and the bottomboundaries of themodel are fixed, and the top
boundary is free.

2.3.1. Model Calibration. The mechanical behavior of caved
zone (gob) greatly affects the overburden movement. An
appropriate gob model is crucial to analyze the mechanical
mechanism of slope deformation in response to underground
mining. Salamon’s model developed by Salamon is useful
to understand the compaction characteristics of caved rock
in gob [17], which is widely accepted by many researchers
[5]. Salamon’s model assumes the following strain hardening
model for gob material:

𝜎 =
𝐸
0
𝜀

1 − 𝜀/𝜀
𝑚

,

𝜀
𝑚
=
𝑏 − 1

𝑏
,

𝐸
0
=
10.39𝜎1.042

𝑐

𝑏7.7
,

(1)
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Base

Coal seam
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Gully slope Gully slope

30 ∘3
0
∘

Mining in downslope direction Mining in upslope direction

Figure 4: The original model for the physical experiment.

Planar sliding

Gob

Downdeveloping crack
Updeveloping crack

(a)

Gob

Planar sliding

Cracks are contacted

Shear off

(b)

Figure 5:The overburden movement in response to underground mining in downslope direction. (a)The slope slid obviously layer by layer.
(b) The roof sheared off along the coalface.

Hinged
Block

Block

Figure 6: The overburden movement in response to underground
mining in upslope direction.

User-defined groups
1 slitstone
2 coal
3 fine sandstone
4 sandy mudstone
5 fine sandstone

6 interbedded
7 fine sandstone
8 mudstone
9 loess

Figure 7: The model for FLAC modeling.

where 𝑏 is the bulking factor, 𝜀
0
is the compaction strain, and

𝐸
0
is the initial gob modulus.
However, there is no ready-made model for Salamon’s

model in FLAC. Double yield material model was selected
to simulate Salamon’s model. A process of trial and error is
used to match the stress-strain curve of Salamon’s model to

that of the double yield model [5], resulting in a set of input
parameters for converting Salamon’s model to the double
yield model (Tables 3 and 4).

Figure 8 shows the stress-strain behavior of a simple cube
gob model of 10 cm thick loaded at the top at a constant
velocity using the input data listed in Tables 3 and 4. It shows
a good match between the results of FLAC simulation and
Salamon’s model.

2.3.2. Modeling Result. Downslope stage: the distribution of
equivalent plastic stain in the overlying strata was plotted in
Figure 9(a) to analyze the fracture development.The fractures
in the overlying strata developed upward from the gob,
while the surface fractures extended downward. When the
coalface was at 42m away from the bottom of the gully, shear
failure was observed at the slope of the gully associated with
horizontal slippage at the bedding planes. When the coalface
was at 12m away from the bottom of the gully, the upward
and downward fractures became connected and the fractures
at bedding planes reached the slope of the gully. When the
coalface was 6m away from the bottom of gully, the overlying
strata sheared off along the face line.

Upslope stage: after the coalface passed the gully, the
overburden moved in different patterns (see Figure 9(b)).
When the coalface advanced at 36m away from the gully,
most of rock overlying the coalface was fractured and yields
in tension or shear.The angle between the fractured rock and
the horizontal line is less than 20∘. When the coalface is at
60m away from the gully bottom, the overlying strata are split
into polygons by a fractured zone which connects the slope
surface with the coalface. The same phenomena repeated in
every face retreat in the upslope stage.
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Table 3: Input parameters for the double yield model.

Property Density, kg/m3 Shear modulus, Pa Bulk modulus, Pa Friction angle, ∘ Dilation angle, ∘

Value 2410 1.19𝑒10 1.35𝑒10 10 5

Table 4: Volumetric strain-hydrostatic pressure relationship of the gob material.

Volumetric strain Hydrostatic pressure, Pa Volumetric strain Hydrostatic pressure, Pa
0 0 0.12 17725587.81
0.01 711498.289 0.13 21284942.79
0.02 1493364.541 0.14 25710086.82
0.03 2356581.038 0.15 31360655.35
0.04 3314540.81 0.16 38827478.06
0.05 4383747.523 0.17 49153934.99
0.06 5584774.241 0.18 64371871.52
0.07 6943600.091 0.19 89035423.82
0.08 8493510.825 0.20 135896173.2
0.09 10277861.84 0.21 259438148.8
0.10 10277861.84 0.22 1494857905
0.11 14800573.32
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Figure 8: Stress-strain curve of the gob model.

3. Mechanisms and Control of Roof Shock

The roof shock and coal bump in this case are mainly
caused by the sudden loss of roof structural stability. The
mechanisms of roof shock can be understood after the
mechanical analysis on roof structure.

Downslope stage: the physical and numerical modeling
results show that when the coalface becomes underneath the
gully, the overlying strata may slide towards the gully along
the interface planes, and subsequently, the roof may shear
off along the face line. The slope of the gully is considered

an additional free surface to the fractured blocks at overbur-
den strata. The fractured zone in the overburden strata can
be assumed as a beam which breaks into blocks (A, B, and C,
Figure 10(a)) in response to underground mining [18]. Block
B is stable due to the compressive forces applied from blocks
C and A. Block A loses the horizontal confinement from the
right side when the compressive force between blocks A and
B is greater than the total shear strength at the upper and
the lower interfaces. Block A may slide towards the gully
and, hence, block B will lose the stability and shear off at the
contact between blocks A and B. Consequently, a roof shock
occurs.

In order to calculate the compressive forces, a free body
diagram for blocks B and C was constructed as shown in
Figure 10(b). 𝑃B and 𝑃C are the applied forces on blocks B
and C, respectively. 𝑙B and 𝑙C identify the assumed positions
of blocks B and C where forces 𝑃B and 𝑃C act on the blocks,
respectively.𝑄A,𝑄B are the shear force at the hinged contacts
between blocks. The lengths of blocks B and C are the
periodical weighting interval, say 𝑙.𝑅C is the supporting force
of caved rock onto block C. 𝑇 is the horizontal compressive
force between A and B. 𝜃B and 𝜃C are the rotation angles of
blocks B and C, respectively. 𝑎 is the height of contact face
between blocks A and B.

According to the key strata theory [7] and mechanical
analysis,

𝑄B [𝑙 cos (𝜃B − 𝜃C) + ℎ sin (𝜃B − 𝜃C) + 𝑙]

+ 𝑇 [ℎ − 𝑎 − 𝑙 (sin 𝜃B + sin 𝜃C)]

= 𝑃B [𝑙B cos 𝜃B + (ℎ −
𝑎

2
) sin 𝜃B]

𝑄A + 𝑄B = 𝑃B

𝑇𝑙 sin 𝜃C = 𝑄B𝑙,

(2)

where ℎmeans the thickness of the studied roof beam.
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(a) Mining in the downslope direction
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(b) Mining in the upslope direction

Figure 9: The failure status when mining under gully.
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Figure 10:Mechanicalmodel for roof beamwhenmining in downslope direction. (a)The assumedmechanicalmodel; (b)mechanical analysis
on blocks B and C.

Solving 𝑇 from (2),

𝑇 = 𝑃B
3𝐿 + 2𝑙

6𝐿 + 3𝑙

2

𝑖 + 2 sin (𝜃B/4) − sin 𝜃B
, (3)

where sin2(𝜃B/8) approximates 0 and is thus omitted; 𝑖means
the fragmentation degree of the block and is defined by 𝑖 =
ℎ/𝑙.

Focusing on block A, the maximum friction force or the
shear strength of the interfaces can be estimated by [19]

𝐹 = 𝑐𝐿 +
1

2
𝜌𝑔𝐿2 tan𝛼 tan𝜑, (4)

where 𝐿 is the length of block A, 𝑐 is the cohesion of the
interfaces, 𝜌 is the density of block A, 𝑔 is the gravity
acceleration, 𝛼 is the slope angle of gully, and 𝜑 is the friction
angle of the interface.

In order to keep block A out of sliding, the shear strength
of the interfaces between the adjacent strata and block A
should be greater than the compressive force; then

tan𝛼

≤
2𝑐𝐿

2𝜌𝑔𝑙 (3𝐿 + 2𝑙) /3 (𝑖 + 2 sin (𝜃B/4) − sin 𝜃B) − 𝜌𝑔𝐿2 tan𝜑
.

(5)

According to (5), the smaller the gully angle or the
rotation degree of block B gets, the less likely block sliding
and roof shock occur. Therefore, the block sliding can be
controlled by lowering the mining height which will reduce
the rotation angle significantly [19].

Upslope stage: the above simulations show that the slope
is cut into blocks by large mining-induced cracks and tends
to topple when mining in the upslope direction. A hinged

structure forms but is less stable. As the face continues to
advance, the blockmay shear off and the structure disappears,
which may result in a serious shock in underground.

In order to understand the structure stability, a mechan-
ical model focusing on two key blocks was constructed as
Figure 11 shows. 𝐺

1
and 𝐺

2
are the self-gravity of blocks A

and B, respectively. 𝑅
2
is the supporting force of caved rock

onto block #2. 𝜃 is the rotation angle of block #2. 𝑎 represents
the height of the contact between blocks. 𝑄A, 𝑄B are the
shear force at the hinged contacts between blocks. 𝑤 is the
subsidence of block #2. 𝛼 is the slope angle. 𝐻

1
, 𝐻
2
,and 𝐻

3

are the heights of the blocks. 𝐿 is the length of the blocks.
According to the key strata theory [7, 18],

𝑇

𝐺
1

= (
1

2
−
tan𝛼
12𝑖

)

⋅ ((𝑖 − tan𝛼) (1
2
+ tan𝛼 tan 𝜃)

+(
1

cos 𝜃
+
sin 𝜃
2

) − sin 𝜃max)
−1

,

𝑄A
𝐺
1

= 1 −
tan𝛼
cos 𝜃

⋅
𝑇

𝐺
1

,

(6)

where i is the average fragmentation degree of the block and
defined by 𝑖 = 𝐻

2
/𝐿 + (1/2) tan𝛼.

Block A does not shear off at contact A only if

𝑇 tan𝜑 ≥ 𝑄A. (7)
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Figure 11: Mechanical model for key blocks in upslope mining.

Substituting (6) into (7), then
𝑄A
𝑇

= ((𝑖 − tan𝛼) (1
2
+ tan𝛼 tan 𝜃)

+(
1

cos 𝜃
+
sin 𝜃
2

) − sin 𝜃max)

⋅ (
1

2
−
tan𝛼
12𝑖

)
−1

−
tan𝛼
cos 𝜃

≤ tan𝜑.

(8)

In order to analyze the block stability, a series of curves
showing the relationship between 𝑄A/𝑇 and 𝜃 at different
values of 𝛼, 𝜃max, and 𝑖 were drawn in Figure 12 based on (8).
Generally, 𝜃max values 8

∘ to 12∘, 𝑖 values 0.8 to 1.2, and tan𝜑
appropriates 0.5. According to Figure 12, all the 𝑄A/𝑇 values
at the designed conditions are greater than 2, which means
that the blocks may shear off with a large shock load onto
the face support. Therefore, a reasonable support capacity is
important to control the shock load and the stability of roof
blocks.

For the structure to be stable, a reasonable support
capacity 𝑅 must be equal to or greater than the downward
transferring loading; that is,

𝑅 + 𝑇 tan𝜑 ≥ 𝑄A. (9)
Substituting (6) into (9),

𝑅 ≥ [1 − ((
1

2
−
tan𝛼
12𝑖

) (tan𝜑 + tan𝛼
cos 𝜃

))

⋅ ((𝑖 − tan𝛼) (1
2
+ tan𝛼 tan 𝜃)

+(
1

cos 𝜃
+
sin 𝜃
2

) − sin 𝜃max)
−1

]𝐺
1
.

(10)
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Figure 12: Relationship between 𝑄A/𝑇 and 𝜃.

According to (10), the greater the block fragmentation
degree or the block rotation angle, the greater the needed
support capacity. Based on the definition of block fragmen-
tation degree i, the greater the slope angle or the less the
block length, the greater the needed support capacity. In other
words, if the support capacity cannot meet (10), the block
may shear off and roof shock will happen at the coalface,
which is hazardous to an underground coal mine. Therefore,
strengthening the face support capacity or lowering the
mining height may reduce the possibility of roof shock when
mining in the upslope direction.
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4. Conclusions

The paper presents the modeling results for understanding
the mechanisms of roof shock in coal mining under surface
gully. Two types of mining directions with respect to the
bottom of gully were analyzed: (1) in downslope periodwhere
the face retreats towards the bottom of the gully, the slope of
gully slid obviously layer by layer due to lack of horizontal
confinement, with a resultant roof shearing off; (2) in upslope
period, the overlying strata are split into polygon blocks
which may suddenly become unstable and shear off with
a large shock load onto face support. In order to avoid or
control the roof shock in mining under gully, layer sliding
should be controlled in downslope period and block shearing
off should be avoided in upslope period.

The paper constructs mechanical models to analyze the
roof structure stability in response to mining under gully.
The mechanical analysis results show that, (1) in downslope
period, the smaller the gully angle or the rotation degree of
formed blocks gets, the less likely block sliding and roof shock
occur; (2) in upslope period, the mining-induced blocks will
lose the stability in many scenarios. The roof shock can be
controlled by lowering the mining height and strengthening
the face support capacity.
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For limiting the damage range caused by explosive shock loads in vertical crater retreat (VCR) mining, the blasting damage
characteristics of surrounding rock were studied by two methods: numerical simulation and ultrasonic testing. Combined with
the mining blasting in Dongguashan Copper Mine of China, the VCR blasting shock characteristics under different conditions
are obtained by using LSDYNA. Based on statistical fracture mechanics and damage mechanics theories, a damage constitutive
model for rock mass subjected to blasting shock load was established. Then by using the fast Lagrange analysis codes (FLAC3D),
the blasting damage characteristics of surrounding rock were analyzed by applying the blasting shock loads obtained from the VCR
mining and the damage zone is obtained. At last, the relationship between the amount of explosives and the radius of damaged
surrounding rock mass was discussed, and its formula was also derived. The research provides a theoretical basis for rationally
controlling stope boundaries and optimizing mining blasting parameters.

1. Introduction

VCR (vertical crater retreat) mining technology is widely
used in mine engineering because it possesses many better
features, such as higher efficiency and more simple opera-
tion. In the mining process, the blasting shock originating
simultaneously from the rock-fracturing blasting load also
can damage surrounding rock. For better control of the stope
boundary, it is a key prospect in engineering application
to ascertain damage characteristics of surrounding rock
under mining blasting shock load and to optimize blasting
parameters.

Damage effects of rock mass under blasting load were
extensively studied at home and abroad, but these researches
weremostly based on in-site tests and laboratory experiments
[1–4]. In recent years, with the development of computer
technology, numerical simulation was increasingly adopted
to study blasting damage of rock mass [5–8]. Hao et al.
analyzed the rock damage under stress wave of blasting based
on an anisotropic damage constitutivemodel [9, 10].Wei et al.
studied the damage of rock mass subjected to underground
explosion [11]. Wang et al. analyzed the tensile damage of

brittle rockmass subjected to underground explosion and the
evolution characteristics of craters [12].

Based on the theories in statistical fracture mechanics
and damage mechanics, a damage model for rock mass
subjected to blasting load was established. At the same time,
damage characteristics of surrounding rock subjected to
mining blasting shock load in VCRmining and conventional
blasting shock load were analyzed by numerical simulations.

2. VCR Mining Blasting Shock Load

2.1. Numerical Model. Dongguashan Copper Mine is located
in Tongling, Anhui, China. It has the ability to produce
around 4.3million tons of copper ore annually, and its service
life is 28 years. As the largest copper mine of down-hole pit
mining in Asia, its mining depth is more than 1000 meters,
which ranks the first among the nonferrous metal mines in
Asia. The deposit is as long as more than 1800m in trend,
more than 500 meters wide, and 20–70m thick. It is divided
into panels every 100m, and there is an 18m wide barrier
pillar in each pair of adjacent panels. A panel is 100m wide,
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Figure 1: LSDYNA model.

Table 1: Parameters of the rock material.

Density
(g⋅cm−3)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal
friction (∘)

3.22 69.00 0.31 21.43 56.21

whose length and height equal the width and the thickness
of the deposit, respectively. Every panel consists of 20 stopes,
which are arranged along the trend of the deposit and 18m
wide. The room stope and pillar stope are 82m long and
78m long, respectively. In the mining blasting process, it
is significant to control the stope boundary for safety of
underground mining construction in the mine.

VCR mining method was adopted for underground
mining in Dongguashan Copper Mine. According to the
reality, large-diameter deep-hole blasting is introduced. The
blasthole diameter is 165mm, the charge length is 1.5m to
10.5m, and the stemming length is 1.2m to 2.0m. In this
study, a three-dimensional model is established using the
software LS-DYNA, as shown in Figure 1, which is measuring
20m in 𝑋-direction, 20m in 𝑌-direction, and 10m in 𝑍-
direction. 10 blasting holes are equally divided into 2 rows.
The distance between two rows is 3m, and the distance
between 2 adjacent holes in the same row is 2.8m. Only the
bottom surface is free, and the remaining surfaces are applied
with nonreflecting boundary.

2.2. Calculation Parameters. In LSDYNA simulation, Mohr-
Coulomb (M-C) model is selected as rock material’s model
[13]. According to the test results, parameters of stope rock
mass are listed in Table 1.

The JWL state equation can simulate the relationship
between pressure and specific volume in the explosion proc-
ess [14]. The equation is as follows:

𝑝 = 𝐴(1 −
𝑤

𝑅
1
𝑉
) 𝑒−𝑅1𝑉 + 𝐵(1 −

𝑤

𝑅
2
𝑉
) 𝑒−𝑅2𝑉 +

𝜔𝐸
0

𝑉
, (1)

where 𝐴, 𝐵, 𝑅
1
, 𝑅
2
, and 𝑊 are material constants, 𝑃 is

pressure, 𝑉 is relative volume, and 𝐸
0
is specific inter-

nal energy. The physical and mechanical parameters of

1
.5
1
.5

m
6
.0

m

Z

X
Y

Figure 2: Numerical models with 6m charging length.

Table 2: Parameters of the explosive.

Density
(g⋅cm−3)

Detonation velocity
(cm⋅𝜇s−1)

𝐴
(GPa)

𝐵
(GPa) 𝑅

1
𝑅
2

𝜔
𝐸
0

(GPa)
1.09 0.4 214.4 18.2 4.2 0.9 0.15 4.192

the dynamite are the same as those of the field test and are
listed in Table 2.

2.3. Blasting Load. Due to the model which is built sym-
metrically, a quarter of the model is calculated to reduce the
size of the research object. So the model was simplified as a
10m cube, and the charge length is 3m, 3.5m, 4.0m, 4.5m,
5.0m, 5.5m, and 6.0m, respectively. The charging length of
6.0m is shown in Figure 2. The bottom surface is free; the
front surface and the right surface are applied with normal
displacement constraint. The remaining surfaces are applied
with nonreflecting boundary, and the left sides are stope
boundaries [15].

As illustrated in the rock blasting theory, the crushed
zone radius is 2-3 times larger than the blasthole radius [16].
In order to obtain the blasting load applied on the crushed
zone boundary, the monitoring element was selected at a
horizontal distance of 0.33–0.50m away from the center of
the blasthole. For example, when the charge length is 6m,
Element H54050 was selected as the monitoring element, as
shown in Figure 3.

Figure 4 shows the pressure curve with time at Element
H54050. Shock wave pressure applied on the boundary of
crushed zone under blasting load increases to its maximum
within 0.5ms, up to 1.74GPa. In the same way, when the
charge length is 3m, 3.5m, 4m, 4.5m, 5m, and 5.5m, the
maximum shock wave pressure applied on the boundary
of crushed zone under blasting load is 1.4 GPa, 1.43GPa,
1.46GPa, 1.52GPa, 1.57GPa, and 1.61 GPa, respectively.
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Figure 3: Monitoring element in the model with 6m charging
length.
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Figure 4: Pressure time history of Element H54050.

3. Rock Damage Model under Blasting
Shock Load

According to statistical fractured mechanics [17], rock dam-
age is believed to occurwhen the crack density reaches a given
value, and the cumulation and growth of crack in rock can be
demonstrated in probability terms.The following agreements
have been achieved by the related research [18, 19]:

(1) a rock material does not fail if the applied stress is
lower than its static strength;

(2) when a rock material is subjected to a stress higher
than its static strength, a certain time duration is
needed so that the fracture can take place;

(3) the dynamic fracture stress of a rockmaterial is higher
than its static strength and is approximately cube root
dependent on the strain rate.

Z

XY

Figure 5: Numerical model with the charging length of 6m.

Table 3: Damage zone radiuses with different charge weights.

Charging
length (m)

Maximum one-stage charge
weight (kg)

Damage zone
radius (m)

3 696.75 5.504
3.5 812.875 5.942
4 929 6.478
4.5 1045.125 6.763
5 1161.25 7.065
5.5 1277.375 7.684
6 1393.5 8.141

So damage due to blasting loading can be defined as the
probability of fracture, written as follows:

𝐷
𝑖
= 𝑝
𝑓
= 1 − 𝑒−𝐶

2

𝑑𝑖 , 𝑖 = 1, 2, 3, (2)

where 𝑝
𝑓
is the fail probability of damaged rock mass, 𝐶

𝑑𝑖

is the crack density in 𝑖 direction, and 𝐷
𝑖
is damage value.

Obviously 𝐷
𝑖
has a value between 0 and 1, to respond to the

stiffness of the intact, undamaged rock with crack density
𝐶
𝑑𝑖

= 0, and the fully fragmented rock with an infinite 𝐶
𝑑𝑖
,

respectively. Crack density is defined as follows:

𝐶
𝑑𝑖

= {
0 (𝜀

𝑖
≤ 𝜀cr𝑖)

𝛼
𝑖
(𝜀
𝑖
− 𝜀cr𝑖)

𝛽
𝑖𝑡 (𝜀

𝑖
> 𝜀cr𝑖) ,

(3)

where 𝛼
𝑖
, 𝛽
𝑖
are material constants, 𝜀

𝑖
is the principle strain in

𝑖 direction, 𝜀cr𝑖 is the corresponding critical strain, and 𝑡 is the
time to reach fracture stress. In terms of isotropic damage, the
principle strain would be equivalent volume modulus.

Tensile strain is a quite important index to evaluate
whether rock mass is damaged or not [20], so generally
uniaxial tensile test is adopted to approximately simulate rock
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Figure 6: Damage growth on the bottom free surface.

damage. Critical strain can be obtained based on uniaxial
tensile test as follows:

𝜀cr𝑖 =
1 − 2]
𝐸
𝑖

𝜎st𝑖, 𝑖 = 1, 2, 3, (4)

where 𝜎st𝑖 is static tensile strength in 𝑖 direction and 𝐸
𝑖
is

equivalent elastic modulus. We define 𝜀
𝑓𝑖

and 𝐶
𝑑𝑓𝑖

as the
tensile strain and crack density in 𝑖 direction when rock mass
is cracked. Then 𝐶

𝑑𝑓𝑖
can be expressed as follows:

𝐶
𝑑𝑓𝑖

= 𝛼
𝑖
(𝜀
𝑓𝑖
− 𝜀cr𝑖)

𝛽
𝑖

(𝑡
𝑖
− 𝑡
𝑐𝑖
) , 𝑖 = 1, 2, 3, (5)

where 𝑡
𝑖
is the total time when the rock mas reaches the

fracture stress and 𝑡
𝑐𝑖
is the time duration when the tensile

strain reaches the critical value. Both of them can be obtained
by

𝑡
𝑖
=

𝜀
𝑓𝑖

̇𝜀
𝑖

, 𝑖 = 1, 2, 3,

𝑡
𝑐𝑖
=

𝜀cr𝑖
̇𝜀
𝑖

, 𝑖 = 1, 2, 3,

(6)

where ̇𝜀
𝑖
is tensile strain rate. Accordingly, (5) can further be

written as

𝐶
𝑑𝑓𝑖

= 𝛼
𝑖
(𝑡
𝑖
̇𝜀
𝑖
− 𝑡
𝑐𝑖

̇𝜀
𝑖
)
𝛽
𝑖 (𝑡
𝑖
− 𝑡
𝑐𝑖
) , 𝑖 = 1, 2, 3. (7)

The time interval between the critical damage to the fracture
of rock mass is given by

𝑡 = 𝑡
𝑖
− 𝑡
𝑐𝑖
= (

𝐶
𝑑𝑓𝑖

𝛼
𝑖

)

1/(1+𝛽
𝑖
)

̇𝜀−𝛽𝑖/(1+𝛽𝑖), 𝑖 = 1, 2, 3. (8)
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Figure 7: Damage growth along the height direction.

The relationship between the fracture stress and the corre-
sponding strain is

𝜎
𝑓𝑖

=
𝐸
𝑖
(1 − 𝐷

𝑓𝑖
)

1 − 2]
𝜀
𝑓𝑖
, 𝑖 = 1, 2, 3. (9)

Submitting (4) and (8) to (9), the strain rate dependent
constitutive relation is obtained:

𝜎
𝑓𝑖

= (1 − 𝐷
𝑓𝑖
) 𝜎st𝑖 +

𝐸
𝑖
(1 − 𝐷

𝑓𝑖
)

1 − 2]
(
𝐶
𝑑𝑓𝑖

𝛼
𝑖

)

1/(1+𝛽
𝑖
)

̇𝜀1/(1+𝛽𝑖),

𝑖 = 1, 2, 3,

(10)

where𝐷
𝑓𝑖
is the damage variable under the fracture state and

other variables are the same as previous meanings. Because
the dynamic tensile strength of a rock material is higher than
its static strength and is approximately cube root dependent
on the strain rate, the value of 𝛽 can be given as 2. For given
𝐷min and 𝐶

𝑑𝑓
, the material constant 𝛼

𝑖
can be calculated

based on the blasting crater test results.

According to the Construction Technical Specification
on Rock-Foundation Excavation Engineering of Hydraulic
Structure (SL47-94), 𝐷min should be 0.2 [21]. At the same
time, based on the in-site tests, 𝛼

𝑖
is equal to 3.16 × 106, and

other parameters are listed in Table 1.

4. Numerical Analysis of Rock Damage Zone

4.1. NumericalModel. Like the blastmodel above, a 3Dmodel
was established using FLAC3D. Hexahedral solid element is
selected when the model is meshed. Due to the model which
is built symmetrically, a quarter of the model is calculated to
reduce the size of the research object. For example, when the
charge length is 6m, a 10m long, 14m wide, and 14m high
model is established, as shown in Figure 5. The left side is
the stope boundary, and the hollow part is the boundary of
crushed zone of 2m × 6m × 7.5m.
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(g) Charge length is 6.0m

Figure 8: Damage zone after mining blasting.

The boundary conditions are the same as those in
Section 2.3. because themaximumpressure varies depending
on the charge and the blasting damage zone depending on the
charge can be simulated by applying different pressure on the
boundary of crushed zone. Mohr-Coulomb (M-C) model is
considered thematerial model for numerical simulation [22],
and the parameters are listed in Table 1. The applied dynamic
loads are equal to the results calculated above.

4.2. Analysis of the Damage Characteristics. For example,
when the charge length is 6m, the damage growth on the free
surface and along the height direction is shown in Figures 6
and 7.

Figures 6 and 7 show that the rock mass is not damaged
yet in 0.1ms after detonation whether on the free surface
or along the height direction. The damage of rock subject
to blasting load needs some time to develop. In the time
interval between 0.1ms and 1.5ms, the damage zone radius
is approximately 6.785m and it reaches about 8.142m in the
time interval between 1.5ms and 3.0ms. Combined with the
above analysis, the calculation results agree well with the first
two agreements (1) and (2) which are presented in Section 3.

Using the same way, the damage zone with the charge
length of 3m, 3.5m, 4.0m, 4.5m, 5.0m, 5.5m, and 6.0m is
shown in Figure 8. Damage under blasting loads grows faster
within the first 1.5ms after denotation than that in the latter
1.5ms.



Shock and Vibration 7

5

5.5

6

6.5

7

7.5

8

8.5

6.4 6.6 6.8 7.0 7.2 7.4

D
am

ag
e z

on
e r

ad
iu

s (
m

) 

ln(Q)

y = 3.6926x − 18.778

Figure 9: Fitting curve between damage zone radius and charge
weight.

Figure 8 shows the crushed zone with the damage value
of 0.2. The damage zone radiuses are listed in Table 3.

Based on the in-site parameters, the statistical relation-
ship between charge amount and damage zone radius is
established.

As shown in Figure 9, the function relation can be
expressed by

𝑟 = 3.693 ln𝑄 − 18.778, (11)

where 𝑟 is damage zone radius of surrounding rock and 𝑄 is
one-stage charge.

The rooms and barrier pillars are 18mwide. As illustrated
in (11), when 𝑟 = 9m, the maximum one-stage charge is
1848.26 kg. So the in-site maximum one-stage charge should
be less than 1848.26 kg. The maximum one-stage charge can
be precalculated by empirical formula when the blasting
operation is performed at any location in the stope, so that the
stope boundary can be under control, the surrounding rock
mass can be stable, and the safe production can be ensured.

5. Conclusions

The following conclusions can be drawn.

(1) Based on statistical fracture mechanics, damage due
to blasting shock load can be defined in the probabil-
ity form.The damage model was established. And the
damage characteristics were obtained by numerical
simulation.

(2) Under blasting shock load, the rock mass is not dam-
aged yet at the initial stage after detonation whether
on the free surface or along the height direction. The
damage of rock subject to blasting load needs some
time to develop. Damage under blasting loads grows
faster within the first 1.5ms after denotation than that
in the latter 1.5ms.

(3) According to the results in different blasting con-
ditions, the statistical relationship between charge

amount and damage zone radius is established. Fur-
thermore, the maximum one-stage charge was pro-
posed to be less than 1848.26 kg on the purpose of
controlling the stope damage boundary.
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To find efficient methods for classifying mine seismic events, two features extraction approaches were proposed. Features of
source parameters including the seismic moment, the seismic energy, the energy ratio of S- to P-wave, the static stress drop,
time of occurrence, and the number of triggers were selected, counted, and analyzed in approach I. Waveform characteristics
consisting of two slope values and the coordinates of the first peak and the maximum peak were extracted as the discriminating
parameters in approach II. The discriminating performance of the two approaches was compared and discussed by applying the
Bayes discriminant analysis to the characteristic parameters extracted. Classification results show that 83.5% of the original grouped
cases are correctly classified by approach I, and 97.1% of original grouped cases are correctly classified by approach II.The advantages
and limitations pertaining to each classifier were discussed by plotting the event magnitude versus sample number. Comparative
analysis shows that the proposed method of approach II not only has a low misjudgment rate but also displays relative constancy
when the testing samples fluctuate with seismic magnitude and energy.

1. Introduction

Mining excavations induce elastic and then inelastic defor-
mation within the surrounding rock mass. A seismic event is
a sudden inelastic deformationwithin a given volume of rock.
Having recorded and processed a number of seismic events
within a given volume of interest Δ𝑉 over time Δ𝑡, one can
then quantify the changes in the strain and stress regimes and
in the rheological properties of the rock mass deformation
associatedwith the seismic radiation [1, 2]. However, a variety
of dynamic processes in mines which radiate seismic waves
are detected by the seismic monitoring systems and in gen-
eral, seismograms generated by a development or production
blast and a shear fracturing or a sudden slip on a surface
of weakness are the majority of records [3–8]. As recorded
quarry blasts may mislead scientific interpreting and lead to
erroneous results in the analysis of seismic hazards in mines,
standard processing of seismic monitoring data require these
events to be separated. An automatic classifier is necessary
to be developed to reduce the dramatically arduous task of
finding to which class each recorded event belongs [9–17].

Many researches have been carried out on the topic
of source location during the last decade. All techniques
for source location methods can be classified under two
conditions that require prior knowledge of the sonic speed of
the structure [18] andmethods that do not require such infor-
mation [19–21]. However, few researches focused on the dis-
crimination of mine seismic events in the past. Generally two
steps, features extraction and statistical identification, could
be separated from all those limited amount discriminators.
Parameters characterizing the source (such as magnitude,
potency, moment, energy, static stress drop, apparent stress,
and apparent volume) and parameters directly extracted
from the seismograms (including amplitude, polarization,
frequency, correlation coefficient, and travel time) are the
two categories of discriminating features. Statistical method-
ologies like fisher discriminant classifier, logistic regression,
unascertained measurement, and neural networks have been
occasionally carried out onmine seismic events identification
and classification.

Malovichko selected the time of day, the repetition of
waveforms, the high-frequency versus the low-frequency
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Figure 1: The microseismic monitoring system installed at Yongshaba mine: (a) isometric view of the ground surface, tunnels, and the
microseismic monitoring system and (b) the configuration of the seismic network used in the project.

radiation and the radiation pattern as features and then
established the GaussianMaximumLikelihoodClassification
method for the classification [2]. This method provides
a way to identify signals of different type, but the great
amount of computation leads to low efficiency. Vallejos and
McKinnon proposed the identification of seismic records in
seismically activemines by considering the logistic regression
and the neural network classification techniques. An efficient
methodology was presented for applying these approaches to
the classification of seismic records [3]. However, the calcu-
lation of seismic source parameters requires precise signal
processing, namely expertise-required and time-consuming
P- and S-wave hand-picking. Besides, the statistical classifi-
cationmodels that only rely on source parameters show great
difference in accuracy when applied to different mine sites.

Liu et al. proposed a synthesis method to identify micro-
seismic event based on the triggering principle of short term
average to long term average [9]. But very small fluctuations
in the threshold would cause a great rate of misclassification
since the threshold setting completely depends on experi-
ence. Zhu et al. decomposed the microseismic signals into
5 layers to gain specified frequency bands using wavelet
analysis. Based on the box fractal dimensions and those
specified frequency bands, 23-dimensional values of pattern
recognition feature vector were established. The support
vector machine, which was adopted to train, classify, and rec-
ognize, shows a correct identification rate of 94% [10]. Jiang
et al. presented a three-step strategy to achieve the classifying
of local multichannels microseismic waveforms. The author
extracted the time-frequency, the amplitude distribution,
and the correlation coefficient as features and established
an effective judgment mechanism [11]. However, the studies
did not provide much attention to the huge workload of
calculation in practical application. Their input data could
not be obtained directly from the monitoring system and
their calculation algorithm is very complicated.The efficiency
of identification still needs further improvement since any
algorithm must be as simple as possible in order to run on
a small low-power microprocessor.

A classification method of mine blasts and microseismic
events suing the starting-up features in seismograms was
proposed. It is a method that presents less computation
with a relatively low misjudgment rate. In this study, the
Bayes discriminant classifier is applied to further analyse
the “starting-up features.” The differential discriminating
performances acquired by means of extracting the features
of, respectively source parameters and waveform, were com-
pared and discussed.

2. Data

2.1. Engineering Background. The Yongshaba Mine is located
at Gaobang, which is about 85 km northeast of Guiyang
(26∘38N, 106∘37E), Guizhou Province, PR China. It is the
main operation base of the Guizhou Kailin Co. Ltd. with
phosphate production capacity over 200,0000 tons/year. The
current exploitation stopes are mainly scattered on levels of
1090m to 840m with a relative depth of 500m to 700m
below the surface. Tens of millions of tons has cumulatively
excavated employing open stoping mining method since
initial operating in the 1950s.

The study region covers a volume of approximately
3000m × 300m × 350m, between the depths of 300m and
700m below the surface. The underground microseismic
monitoring system, used to inform the evolution of the
microfracture behavior, consists of 26 uniaxial and 2 triaxial
geophones (Figure 1). The geophone manufactured by IMS
holds a natural frequency of 14Hz and a sampling rate of
6000Hz. Signals from various dynamic processes, fracturing
in rock mass, production and development blasts, impacts,
and vibration of machinery, all are being recorded by the
microseismic monitoring system.

2.2. Databases. The sample databases used in this study
consist of two parts: the subset of the signals of blast events
and the subset of the signals of normal microseismic events.
Each of the signals in the blast subset has been confirmed
to be consistent with the blast operations according to
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Figure 2: Two typical seismic source processes inmines, blast (a) and shear fracturing (b) (Malovichko 2012). Radiation pattern of an idealized
explosion and of a strike-slip earthquake along a vertically dipping fault are shown correspondingly (Bormann, 2002). The arrows show the
directions of compressional (outward, polarity +, red shaded) and dilatational (inward, polarity −, green shaded) motions in P-wave.

the time and location records provided by the mining
workers.The subset of themicroseismic events can be divided
into two parts: those related to discrete, large-scale rock
mass failures and those not resulting in observable rock mass
damage. The observable ones also have been confirmed to
be consistent with the fact. For the unobservable ones, they
were processed manually by three independent processors.
To aid in determining whether an event is a microseismic
or not, the guide lines of an unequivocal classification
were listed in Table 1. Only when the three discriminating
results are exactly equivalent can the event be recruited into
the database. Those events that could not be determined
which type belongs to by manually approaches, were not
enrolled into the sample database. The databases used in this
paper contain a total of 103 seismic records with all seismic
parameters calculated, from which 56 are labeled as normal
events and the others are tagged as blasts.

3. Discriminating Features

3.1. Approach I: Source Parameters. A seismic event is the
sudden release of potential or stored energy in the rock.
The released energy is then radiated as seismic wave [7].
The two typical seismic source processes in mines (the blasts
and the shear fracturing of the microseismic events) and
its approximate radiation patterns are shown in Figure 2.
It is obvious that the explosion radiates predominantly P-
waves outward directing compressional directions while the
shear fracturing or slip on a surface radiates S-waves that
are stronger than P-waves. These characteristics can be used
to identify the type of source process and to discriminate
between blasts and microseismic events [2].

3.1.1. Seismic Moment. The basic characteristics of radiation
can be described by a seismic moment tensor. This tensor

represents a set of fictitious dipoles acting on a point in the
source area.Themoment tensor makes it possible to describe
the low-frequency amplitudes and polarities of seismicwaves.
Inverting the moment tensor from the observed waveforms
and analysis of its components allows the discrimination
of blasts from slip-type and, even, from crush-type events
[2, 13, 14].The logarithm of the seismicmoment is considered
as the feature of radiation.

Figure 3(a) shows that the values of the log(𝑀) at the
points with the highest probability density are 10.0 for blasts
and 8.0 for microseismic events. The seismic moment is
a relative useful performing discriminating feature as it
provides a relatively large separation between normal events
and blasts.

3.1.2. Seismic Energy. The energy release during rock frac-
turing and frictional sliding comes from the transformation
of elastic strain into inelastic strain [14]. This transformation
may occur at different rates ranging from slow creep-like
events to very fast dynamic seismic events. The average
velocity of deformation at the source is up to a few meters
per second. Unlike the dynamic sources of the same size,
the slow type events have long time duration at the source
and thus radiate predominantly lower frequency waves. In
terms of fracture mechanics, the slower the rupture velocity
is, the less energy the event radiates. A quasi-static rupture
would radiate practically no energy. Similarly for blasting,
smaller blasts make smaller changes to the rockmass ormore
gradual stress changes, so that the response is less dynamic
[12–16].

Observations from the probability density distribution
(Figure 3(b)) indicate that the seismic energy is one of the
best performing discriminating features. The value of log(𝐸)
distributed from−2 to 2 formicroseismic events and 0 to 6 for
blasts. More than 65% of the blasts events could be accurately
identified in terms of this single indicator.
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Table 1: Guidelines for mine seismic events classification manually.

Characteristics Description
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Blasts, especially stope firings, have multiple delays, which are
expressed in the seismogram as similar signals repeating closely
within a short time interval. The practice of decides whether an event
is a blast or a microseismic event is based on the repetition feature.
Besides, seismograms capturing a blast will have a monotonically
decreasing tail commonly. For the waveform of a microseismic signal,
a large amplitude difference exists between the maximum peak and
the peak closest behind, without a gradual decrease.

The steeper rise in the energy curve of the normal
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with energy curve Seismograms capturing a microseismic event usually associated with
shear fracturing and have an S-wave arrival more obvious than in the
cases of blasts due to the source of the latter are usually in the focal
mechanism of expansion and compression. Furthermore, blasting
events will typically have a consistent gradual rise in their energy
curve while seismic events will tend to have a steeper, more distinct,
rise in the energy curve, and the energy curves for blasting events can
be loosely compared to a positive sloping flat line.
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Another way to eliminate blasts from the microseismic catalogue is to
apply the time filters (i.e., generally mines have prescribed blasting
times, and the events that does not occur at the blasting time are
marked as microseismic events). Two main daily blasting shifts are
observed from the typical diurnal chart of Chinese mines, hours
between 10∼16 (stope firings) and 23∼1 (development firings), each of
which triggers an increase in seismicity. It has to be classified
referring to other features for the cases that recorded during the
blasting time and located close to the blasting area.
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A large number of actual observations and analysis show that blasts
or explosions usually radiate higher frequency waves compared to
normal microseismic events. The statistics show that the value of the
dominant frequency of the microseismic events varies from 10 to
100Hz and from 70 to 260Hz for blasts. In addition, blasting events
will typically not be well matched to the Brune’s model curve as
plotted in the Stacked Spectra Plot within TRACE (the software
provided by IMS). Spectral analysis is often considered as a relative
effective method to distinguish blasts from microseismic events.
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Table 1: Continued.

Characteristics Description

The maximum amplitude
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Themaximum amplitude of the waveform, which characterizes the
size of energy released, is also considered as an important reference
for the recognition of blasts and microseismic events. Generally the
maximum vibration velocity of microseismic events is about
10−5m⋅s−1 far less than 10−3 m⋅s−1 of the blasting. However, this
approach cannot be considered as universally applicable since it is
possible to have a scenario where a blast triggers shear fracturing that
radiates stronger seismic signals than the blast itself.

3.1.3. S : P Energy Ratio. There are several seismic phases, but
only S-waves and P-waves are commonly recorded in mining
induced seismicity. P-waves, or compressive waves, are the
first ones which arrive at receivers. When seismic waves
propagate, they carry energy from the source of the shaking
outward in all directions. The ratio between S-wave energy
and P-wave energy can be an indicator of seismic source
mechanism [4]. Seismic energy is proportional to the integral
of the square of the vectorial sum of the velocity waveform
and can be calculated separately for the P-wave and S-wave
[7]. For fault-slip type events in seismology (earthquakes),
there is considerablymore energy in the S-wave than in the P-
wave with the ratio of the S-wave energy to the P-wave energy
frequently greater than 10 [12]. Urbancic et al. noted that
for nonshear seismic source mechanisms, there would be a
deficiency in S-wave energy or relatively more P-wave energy
than for shearing events. For nonshearing eventmechanisms,
such as strain-bursting, tensile failure, and volumetric rock
mass fracturing, the ratio of S-wave energy to P-wave energy
is frequently in the range of 3 or less [14].

Observations from Figure 3(c) point out that the most
probability of the log(𝐸S/𝐸P) falls in the interval of 0.0 to
2.0 for microseismic events and −1.0 to 4.0 for blasts. It was
obvious that the S : P energy ratio performs not well in this
mine site since too small separation was provided.

3.1.4. Static Stress Drop. Shearer defined the term-stress
drop, Δ𝜎, as the average difference between the stress across
the fault before and after an earthquake [17]. There are
several different methods of determining the stress drop,
of which some use records of ground velocity and ground
acceleration. Stress drops can vary considerably from event
to event. For microseismic events in Yongshaba mine, the
range of log(SSD) is from 2.5 to 4.5 and 3.0 to 6.5 for blasts
(Figure 3(d)). This parameter plays a tremendous role in
Yongshaba mines seismic discrimination.

3.1.5. Time of Occurrence. Mining-induced seismic events
occur most of the time in the ultimate proximity of mine
workings and concentrate during blasting time. Statistical
results show that almost all the blasts occur at 10:00 to 15:00
and rarely occur in other time (Figure 3(e)). However, a
large number of microseismic events take place at this time
simultaneously.The performance of the “time of occurrence”
is discounted.

3.1.6. Number of Triggers. The Number of triggers is affected
by many factors. Mine layout, geological features, seismic
locations, and the sensor array all are likely to affect the
number of triggered sensors. It should be guaranteed that
the potential areas of microseismic occurring and blasting
operations are enclosed inside the sensor array. Only in
this way can the “number of triggers” reflect the pattern of
seismic wave propagation and the scale of seismic energy.
Figure 3(f) shows blasting events usually triggering more
sensors than normalmicroseismic events.The discriminating
feature of the “number of triggers” provides a relatively
medium separation between normal events and blasts.

3.2. Approach II: Waveform Features. The classification
method of mine blasts and microseismic events suing the
starting-up features in seismograms was proposed. Signals
from databases of different event types were drawn into a
unified coordinate system. All waveform sections are starting
at the point of each P-wave first arrival and ending in their
first peak points (Figure 4(a)). It is noticed that the starting-
up angle of the two types tends to be concentrated into
two different intervals. Since it is difficult to calculate the
starting-up angle directly due to the inaccuracy of P-wave
arrival’s picking, the slope value of the starting-up trend line
obtained from linear regression was proposed to substitute
the angle. Two slope values associated with the coordinates
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Figure 3: Distributions of the measured features for the database are displayed as histograms. The seismic energy is the best performing
discriminating feature as it provides maximum separation between normal events and blasts. The feature “time of occurrence” provides the
slightest separation between blasts and normal events.
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Figure 4: Comparison chart of signal starting-up before first peak within blasts and microseismic events (frame (a)) and the schematic
diagram of data points selecting and the trend line constructed by linear regression (frame (b), solid circles represent sampling points, and
the reds represent the selected). The x- and y-axis in frame (b) represent the time and the amplitude axis in frame (a).
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Figure 5: Comparison chart of slope value of the two starting-up trend lines within waveforms of blasts andmicroseismic events. Histograms
are used to illustrate the behavior of the discriminating features.

of the first peak and the maximum peak were extracted as the
characteristic parameters.

Set 𝐾
1
as the absolute value of the slope of the trend line

of the waveform section that is from the P-wave arrival to
the first peak, and set 𝐾

2
as the absolute value of the slope

of the trend line of the waveform section that is from the P-
wave arrival to the maximum peak. The two trend lines are
constructed by linear regression based on four points. The
method of the features extraction and their performance are
displayed in Figures 4 and 5.

4. Method

Bayes discriminant is a branch of modern statistics with the
basic hypothesis that some certain cognitions of the studying
collectivity had been received before extracting samples.
Generally using the priori probability to describe the level of
awareness, and then the posterior probability was obtained by
modifying it [22–26].

Suppose G = (X1,X2, . . . ,Xp)
𝑇 is a collectivity with 𝑝

member indexes, and 𝑓
1
(X) and 𝑓

2
(X) are the distribution
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density functions of the two collectivities: G1 which refers to
blasts and G2 which refers to microseismic events. Indexes
X1, X2, X3, X4, andX5 represent the characteristic parame-
ters, respectively.

The priori probability of G1 and G2 are calculated by the
following formulas:

𝑝
1
= 𝑃 (G1) =

𝑛
1

𝑛
1
+ 𝑛
2

, 𝑝
2
= 𝑃 (G2) =

𝑛
2

𝑛
1
+ 𝑛
2

, (1)

where 𝑛
1
and 𝑛
2
are the number of training samples belonged

to the collectivity G1 and G2.
Set Σ1, Σ2, and Σ as the covariance matrix of G1, G2,

and G. The Bayes discriminant function can be expressed as
follows when Σ1 = Σ2 = Σ:

𝑊
𝑗
(X) = (Σ−1𝜇j)

𝑇

− 0.5𝜇j
𝑇
Σ
−1
𝜇j + ln𝑝

𝑗
, 𝑗 = 1, 2, (2)

where 𝜇j is the mean vectors of Gj and the generalized
squared distance function can be obtained as

𝑑2
𝑗
(X) = (X − 𝜇j)

𝑇

Σ
−1 (X − 𝜇j) − 2 ln𝑝𝑗. (3)

The a posteriori probability function can be obtained as
follows:

𝑃 (Gj | X) =
𝑝
𝑗
𝑓
𝑗
(X)

𝑝
1
𝑓
1
(X) + 𝑝

2
𝑓
2
(X)

. (4)

Since pj𝑓𝑗(X) ∝ exp[−0.5𝑑2
𝑗
(X)], then

𝑃 (Gj | X) =
exp [−0.5𝑑2

𝑗
(X)]

exp [−0.5𝑑2
1
(X)] + exp [−0.5𝑑2

1
(X)]

. (5)

Normally 𝜇1, 𝜇2, and Σ are unknown and their estima-
tion values �̂�1, �̂�2, and Σ̂ can be obtained from the training
samples; then

𝑑2
𝑗
(X) = (X−�̂�j)

𝑇

Σ̂
−1

(X−�̂�j) − 2 ln𝑝𝑗. (6)

The estimation of a posteriori probability function is

�̂� (Gj |X) =
exp [−0.5𝑑2

𝑗
(X)]

exp [−0.5𝑑2
1
(X)] + exp [−0.5𝑑2

1
(X)]

. (7)

Bayes discriminant criterion can be expressed as

X ∈ G1, when �̂� (G1 | X) ≥ �̂� (G2 | X) ,

X ∈ G2, when �̂� (G1 | X) < �̂� (G2 | X) .
(8)

To estimate the reliability of the discriminator, the resub-
stitutionmethod was used to calculate the misdiscrimination
rate. All the training samples were regarded as the new
samples and resubstituted into the classifier. The rate of
misjudgment can be evaluated by the following index �̂�:

�̂� =
𝑛
12
+ 𝑛
21

𝑛
1
+ 𝑛
2

, (9)

where 𝑛
12

is the number of training samples regarded to be
G2 which belong to collectivity of G1 actually and 𝑛

21
is the

number of training samples discriminated as G1 but belongs
to G2 in fact.

Table 2: Prior probabilities for groups.

Type Prior Cases used in analysis
Unweight Weighted

Blast 0.5 47 47.0
Microseismic event 0.5 56 56.0
Total 1.0 103 103.0

5. Results

Theaimof the present study is to compare the two approaches
for event accurate identification of different classes.TheBayes
discriminant models for signal identification are established
after developing the theory discussed above to the 103 sets of
samples selected. The prior probabilities for different groups
and the classification function coefficients are listed in Tables
2 and 3.

As can be seen from the classification functions coef-
ficients, the features of source parameters are in the fol-
lowing order according to their importance in the accurate
identification of microseismic events: the seismic moment,
the static stress drop, the seismic energy, the S : P energy
ratio, the number of triggers, and the time of occurrence.
According to their importance in the accurate identification
of microseismic events, the waveform characteristics are in
order of the time of the first peak arrival (𝑥

11
), the amplitude

of the maximum peak (𝑦
21
), the slope value of the first trend

line (𝐾
1
), the slope value of the second trend line (𝐾

2
),

the amplitude of the first peak (𝑦
11
), and the time of the

maximum peak arrival (𝑥
21
).

The classification results show that 83.5% of original
grouped cases are correctly classified by approach I, and
97.1% of original grouped cases are correctly classified by
approach II (Table 4). The results show that the second
features extraction approach (waveform characteristics) has
higher accuracy. Although the input data used for classifi-
cation in approach II cannot be given directly by the moni-
toring systems, the calculation process of those characteristic
parameters are not complicated.

These misclassified events are labeled in Figure 6 accord-
ing to the order of moment magnitude. Figure 6 shows the
misclassified cases of both approaches falling without specific
magnitude intervals. It is concluded that the error rate is not
affected by the seismic magnitude or the scale of seismic
energy. Although approach I has a higher misclassified rate
with a more complex computation, it has been widely used in
many mines. Approach II is a new straight-forward method
with lower error rate and got very good application in the
Yongshaba mine. But in other mines or in more complex
cases (mines existing variety of dynamic processes which
radiate seismic waves, such as shock and vibrations induced
by orepass), the feasibility of this approach may need further
improvements.

6. Conclusion

(1) The considerations and the criteria of manual identifi-
cation of blasts and microseismic events were summarized
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Table 3: Classification function coefficients.

Approach I log(𝑀) log(𝐸) log(𝐸S/𝐸P) log(SSD) TOOa NOTb Constant
Blast 18.229 −9.827 2.964 18.790 0.625 −1.495 −11.242
Microseismic 18.248 −9.761 2.410 16.133 0.557 −1.596 −100.464
Approach II log(𝑥

11
) log(𝑦

11
) log(𝐾

1
) log(𝑥

21
) log(𝑦

21
) log(𝐾

2
) Constant

Blast −92.588 3.878 −8.471 −3.704 −33.644 −4.304 −186.187
Microseismic −91.487 2.263 −10.915 −0.344 −32.830 −7.053 −193.783
aTOO presents the time of occurrence; bNOT presents the number of triggers.

Table 4: Classification results.

Type
Predicted group membership Predicted group membership

(approach I) (approach II) Total
Blast Microseismic events Blast Microseismic events

Count
Blasts 39 8 46 1 47
Microseismic events 9 47 2 54 56

%
Blasts 83.0 17.0 97.9 2.4 100.0
Microseismic events 16.1 83.9 3.6 96.4 100.0

83.5% of original grouped cases are correctly classified by approach I, and 97.1% of original grouped cases are correctly classified by approach II.
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Figure 6: Events that are misclassified: frame (a) misclassified by approach I and frame (b) misclassified by approach II. The hollow ones
represent the misclassified cases.

based on experiences.Theguide lines listed in this study cover
well the majority of all the encountered situations in seismic
data processing. The sample databases of the two types’
events were established by three independent processors with
reference to these guidelines.

(2) Two features extraction approaches were proposed.
Features of source parameters including the seismicmoment,
the seismic energy, the energy ratio of S- to P-wave, the
static stress drop, the time of occurrence, and the number of
triggers were selected, counted, and analyzed in approach I.

Waveform characteristics consisting of two slope values and
the coordinates of the first peak and the maximum peak were
extracted as the discriminating parameters in approach II.

(3) The discriminating performance of the two
approaches were compared and discussed by applying the
Bayes discriminant analysis to the characteristic parameters
extracted. The classification results show that 83.5% of the
original grouped cases were correctly classified by approach
I, and 97.1% of original grouped cases were correctly classified
by approach II.
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(4) Comparative analysis shows that the misclassified
cases of the two approaches all fall without specificmagnitude
intervals. The error rate is not affected by the seismic magni-
tude. Although approach II has got very good application in
the Yongshabamine, the feasibility of this approachmay need
further improvements in other mines or in more complex
cases, mines existing in variety of dynamic processes which
radiate seismic waves, such as shock and vibrations induced
by orepass.
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Themechanism of preventing rockburst through deep-hole precracking blasting was studied based on experimental test, numerical
simulation, and field testing. The study results indicate that the deep-hole precracking could change the bursting proneness and
stress state of coal-rock mass, thereby preventing the occurrence of rockburst. The bursting proneness of the whole composite
structure could be weakened by the deep-hole precracking blasting.The change of stress state in the process of precracking blasting
is achieved in two ways: (1) artificially break the roof apart, thus weakening the continuity of the roof strata, effectively inducing
the roof caving while reducing its impact strength; and (2) the dynamic shattering and air pressure generated by the blasting
can structurally change the properties of the coal-rock mass by mitigating the high stress generation and high elastic energy
accumulation, thus breaking the conditions of energy transfer and rock burst occurrence.

1. Introduction

Rockburst is one of the major dynamic disasters in mining,
tunneling, and other underground engineering since it causes
numerous casualties and accidents in South Africa, Central
Europe, North and South America, China, and other coun-
tries of the world. Since the first rockburst which occurred at
Shengli coal mine in Fushun and was recorded in 1933, over
3,000 coal bursts had happened in nearly 140 coal mines in
China over the past 80 years. Rockbursts and their secondary
disasters have been associated with thousands of accidents
and casualties. For instance, on June 5, 2008, November 3,
2011, and March 27, 2014, three serious rockbursts accidents
happened in Qianqiu coal mine of Yima Coal Industry
Group, killing a total of 29 people and injuring more than
80 people. Also, on February 14, 2005, 214 workers were
killed in a gas explosion disaster induced by rockburst in
Sunjiawan coal mine in Fuxin, Liaoning Province. Rockburst
has become one of the major dynamic disasters in deep coal
mining in China.

As of now, understanding of rockburst mechanism is
not explicit because of so many uncertain factors such as

bursting proneness of coal and rock stratum, geological con-
ditions, andmining technology. Over the years, many studies
pertinent to evaluation [1–3], prediction, and prevention of
rockbursts have been conducted. To effectively predict rock-
burst, various methods and/or models have been established,
including fuzzy comprehensive evaluation method [4, 5],
Bayes’ discriminant analysis [6], unascertainedmeasurement
approach [7], Lyapunov indexmethod [8],maximumentropy
principle [9], rough set combinedwith genetic algorithm [10],
judgment index classification [11], stress state determination
[12], rough set theory [13], mining and seismological param-
eters [14–16], and optimal relative membership degree [9]. In
the field, methods and measures of optimal mining layout,
mining protection layer, coal seam water injection, hydraulic
fracturing [17], destress blasting [18–20], rock blasting [21–
24], deep-hole directional fracturing [25], destress drilling,
and deep-hole precracking blasting, and so forth, have been
developed and applied for burst prevention.

Deep-hole precracking blasting (DHPB) is conceptually
defined as blasting in the coal-rock mass with a blast hole
with a depth of more than 10m to develop fractures in the
coal-rock mass. A coal seam with thick hard roof strata, such
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(a) Pure coal (b) 1 : 1 coal-rock mass com-
plex

(c) 1 : 2 coal-rock mass com-
plex

Figure 1: The bursting proneness test samples of coal-rock mass combination.

as Qianqiu mine of Yima Coal Industry Group and Huafeng
coal mine of Xinwen Mining Group, uncaved roof strata in
mined-out area could accumulate energy and incur potential
rockburst. When adopting the approach of DHPB, the inte-
grality and continuity of roof can be directly broken. As a
simple process and effective rockburst preventing measure,
it has been widely used in these burst-prone coal mines in
China. To further study the rockburst mechanism of DHPB,
experimental test, numerical simulation, and field testing
were conducted and corresponding results were presented in
this paper.

2. The Influence of DHPB on the Bursting
Proneness of Coal-Rock Mass

2.1. Bursting Proneness Test of “Roof-Coal” Combination. The
bursting proneness is an inherent property of coal-rock mass
incurring bursting damage. In order to compare and study
the bursting proneness of “roof-coal” combination, samples
of roof stratum only, coal only, and two “roof-coal” combina-
tions were tested with TAW-2000 microcomputer-controlled
electrohydraulic servo rock triaxial testingmachine in the lab.
Figure 1 illustrates these three classified samples utilized in
the test. Both roof rock and coal were taken from Yuejin coal
mine of Yima Coal Industry Group and the samples of “roof-
coal” combinations are glued together with columns of coal
and roof rock. The finished cylindrical test specimens were
about 50mm in diameter and 100mm in height.

The bursting proneness measurements of roof strata were
conducted by following the Chinese national recommended
standard GB/T25217.1-2010, which is named “Methods of test,
monitoring and prevention of rockburst—part 1: Classifica-
tion and laboratory test method on bursting liability of roof
strata.” In this standard, bending energy index was express
appointed to determine and evaluate the bursting proneness
of roof strata, just as Table 1 listed.

Table 1: Classification of bursting proneness of coal.

Classification Type I Type II Type III
Bursting proneness None Weak Strong
Bending energy
index (𝑈WQS)/kJ

𝑈WQS ≤ 15 15 < 𝑈WQS ≤ 120 𝑈WQS > 120

The bursting proneness measurements of coal and “roof-
coal” combinations were conducted by following the Chinese
national recommended standard GB/T25217.2-2010, which
is named “Methods of test, monitoring and prevention of
rockburst—part 2: Classification and laboratory test method
on bursting liability of coal.” To determine and evaluate the
bursting proneness of coal, four indexes, including dura-
tion of dynamic fracture (DT), elastic strain energy (𝑊ET),
bursting energy (𝐾

𝐸
), and uniaxial compressive strength (𝑅

𝑐
),

were utilized in the testing and analysis. The classification of
bursting proneness of coal is listed in Table 2.

2.2. Bursting Proneness Testing Results and Analysis. Based
on measured uniaxial compressive strength, tensile strength,
density, and elastic modulus of the roof stratum, the bending
energy index of the roof was calculated as 22.09 kJ, which
indicates that the bursting proneness of the roof stratum is
weak.

Table 3 indicates sample groupnumbering, values of these
four indexes of coal, and corresponding bursting proneness.
Groups A, B, and C in Table 2 represent samples of coal, 1 : 1
coal-rock mass complex sample, and 1 : 2 coal-rock complex
sample, respectively. The testing and calculation results indi-
cate that the bursting proneness of these three group samples
A, B, and C are weak, weak, and strong, respectively.

As indicated in Table 2, with the increase of roof stratum
volume, the duration time of dynamic damage of the sample
deceased, but the bursting energy, elastic energy, and uniaxial
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Table 2: Classification of bursting proneness of coal.

Classification Type I Type II Type III
Bursting proneness None Weak Strong
Indexes

Duration of dynamic fracture (𝐷𝑇)/ms 𝐷𝑇 > 500 50 < 𝐷𝑇 ≤ 500 𝐷𝑇 ≤ 50
Elastic strain energy index (𝑊ET) 𝑊ET < 2 2 ≤ 𝑊ET < 5 𝑊ET ≥ 5
Bursting energy index (𝐾

𝐸
) 𝐾

𝐸
< 1.5 1.5 ≤ 𝐾

𝐸
< 5 𝐾

𝐸
≥ 5

Uniaxial compressive strength (𝑅
𝑐
)/MPa 𝑅

𝑐
< 7 7 ≤ 𝑅

𝑐
< 14 𝑅

𝑐
≥ 14

Table 3: Bursting proneness testing results of coal and coal-rock
mass combination.

Sample
number 𝐷𝑇/ms 𝐾

𝐸
𝑊ET 𝑅𝑐/MPa Bursting

proneness degree
A-1 316 1.44 3.10 10.08

WeakA-2 358 1.55 2.37 13.64

A-3 379 1.93 2.41 15.21

Average 351 1.64 2.63 12.98
B-1 218 2.06 5.49 15.89

WeakB-2 132 3.82 2.74 16.98

B-3 150 2.57 3.52 15.96

Average 166 2.82 3.92 16.28
C-1 16 7.83 6.62 17.26

StrongC-2 8 10.83 4.50 21.23

C-3 13 9.68 5.87 19.12

Average 12.3 9.44 5.53 19.20

compressive strength increased. When volume of roof stra-
tum in the sample is two times large as the coal, the bursting
proneness of the coal-rock mass became strong. It suggests
that the roof stratum has a great influence on the bursting
proneness of the coal seam. Although the bursting proneness
of samples in Groups A and B is considered as weak, the
average bursting proneness of coal-rock mass is greater than
that of pure coal.

2.3. The Impact of DHPB on the Bursting Proneness of Roof-
Coal Mass. As mentioned above, the roof stratum has a
great impact on the bursting proneness of the coal seam.
When assessing the bursting proneness of a specific coal
minemerely using the bursting proneness result from a single
seam or rock layer, the assessment result might lead to be
conservative. The actual degree of bursting proneness of the
coal seam in the active working, which is actually determined
by the combination of roof strata and coal seam, is greater
than that obtained from the lab testing.The lab testing results
above indicate that the bursting proneness of the coal mass is
actually greater with the increase of roof strata in the reality.

When applying the approach of DHPB, the integrity
and continuity between the roof strata and coal seam are
structurally broken, thus weakening and/or reducing their
bursting proneness.

3. The Influence of DHPB on
Changing Stress State

3.1. Numerical Simulation of DHPB. Based on the geotechni-
cal condition of working face 25110 of Yuejin coal mine, the
numerical analysis software FLACwas utilized to simulate the
influence of DHPB on stress distribution in coal-rock mass.

The mechanical properties of coal-rock used in the
numerical model are listed in Table 4. 𝐻 is the thickness
of the coal-rock strata, m; 𝜌 is the density, kg⋅m−3; 𝐶 is the
adhesion stress, MPa; 𝜙 is the internal friction angle, ∘; 𝐺 is
the bulk modulus, GPa; 𝐸 is the shear modulus, GPa; and 𝜎

𝑐

is the tensile strength, MPa. The simulation of the blasting
influence on the coal-rock mass was achieved by weakening
the mechanical property values of the coal-rock mass within
the influencing area of the roof blasting, including density,
elastic modulus, Poisson’s ratio, tensile strength, cohesion,
and frictional angle.There aremultiple factors influencing the
results of DHPB, such as blast hole angle, sealing length, and
explosive dose. In this model, the depth and sealing length of
the blasting hole are 20m and 10m, respectively.The blasting
hole angles of 30∘, 45∘, and 60∘ were successively applied in
the model as a comparison.

3.2. Numerical Simulation Results and Analysis. There are
four cases simulated in this study.

(i) Case-1: no blasting hole.
(ii) Case-2: blasting angle is 30∘.
(iii) Case-3: blasting angle is 45∘.
(iv) Case-4: blasting angle is 60∘.
Figure 2 indicates the distribution and change of the

side-abutment pressure of these four cases. The numerical
modeling results indicate that the peak side-abutment pres-
sure is 83.7MPa when not deploying precracking blasting.
When applying the precracking blasting in the model, the
peak side-abutment pressure decreases as the hole angle
increases from 30∘ to 60∘ with decrements of 24.0%, 15.5%,
and 9.2% as comparing with Case-1. In other words, the
stress magnitude developed in the coal-rock mass can be
effectively reduced/relieved by the precracking blasting with
the effective blasting range.The degree of the stress reduction
is mainly determined by the blasting hole angle when the rest
of the parameters remain the same.

Furthermore, the main influences of DHPB on coal-rock
mass stress environment can be summarized as follows.
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Table 4: The physical and mechanics properties of rock layers in numerical simulation.

Rock layers 𝐻/m 𝜌/kg⋅m−3 𝐶/MPa 𝜙/∘ 𝐺/GPa 𝐸/GPa 𝜎
𝑐
/MPa

Roof sandstone 40 2550 17 35 12 11 4.9
Roof mudstone 20 2700 13.5 29.2 8.2 7.8 2.6
Coal seam 10 1400 9 26.9 1.7 1.5 0.8
Backplane mudstone 4 2500 13.8 29.5 12.8 10 4.6
Backplane sandstone 26 2500 16.4 30.8 12.1 11.9 5.2
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Figure 2: The changing curve of side-abutment pressure.

(1) Properly applying DHPB can break the roof and
effectively induce roof caving in the gob area. Also,
it can weaken the integrity and continuity of the roof
in the gob and ahead of the face, thus reducing the
impact when roof pressure comes.

(2) The dynamic shattering and air pressure generated
by the blasting can structurally change the properties
of the coal-rock mass by mitigating the high stress
generation and high elastic energy accumulation,
thus breaking the conditions of energy transfer and
rockburst occurrence at a certain degree.

4. Case Study of DHPB Application

4.1. Basic Geotechnical Conditions of Yuejin Mine. Yuejin
coal mine was constructed and put into operation in 1959;
it is attached to Yima Coal Industry Group and located
2 km to the south of Yima City, Henan Province. The mine
geographical coordinates are 111∘5037 ∼111∘5615 east
longitude and 34∘3900∼34∘4313 north latitude; the area
is about 21.4 km2.

Theminingmethod utilized by Yuejinmine is fullymech-
anized retreat longwall. The cover depth varies from 580m
to 1,030m.The overburden mainly consists of sandstone and
hard conglomerate with a thickness of 400m in average.
Since the first rockburst occurred at face 25090 in 2000, the
recorded bursting accidents are up to 40 times, causing entry
damage as long as 2,500m across the mine. Due to its strong

A

A A-A section

Roof

Blast hole Blast hole

Roadway
Roadway

10m 10m

44m

2
2

m

33
m

45 ∘
30
∘

Figure 3: The schematic diagrams of DHPB.

bursting proneness, the roof needs to be caved in a well-
managed way.

4.2. Rockburst Prevention Test with DHPB. The precracking
blasting testing site is located at the tailgate, 330m away from
the stop line of longwall 25110.Three stations ofDHPB testing
site were determined for deploying these blast holes, which
are 285m, 320m, and 345m away from the longwall stop
line, respectively. The spacing between these two adjacent
stations is 10m. In a fan-shaped arrangement, three blast
holes with a hole spacing of 10m for each station were drilled
perpendicularly to the entry (Figure 3).The drilling angles of
these two side blast holes are 30∘ and 45∘ relative to the coal
seam, respectively. The depths of these two side blast holes
are, respectively, 44m and 33mwhile the middle one is 22m.
The diameter of these blast holes is approximately 75mm.

In order to detect and examine the rockburst prevention
effectiveness of DHPB, the cuttings weight, mining induced
stress, and working resistance of the hydraulic support
were monitored. The arrangement of monitoring locations
is shown in Figure 4. The three cuttings weight measuring
points were 285m, 320m, and 345m away from the terminal
mining line.The twomining induced stress measuring points
were 325m and 345m away from the terminal mining line.
And the serial number of the 4 supports was 83, 103, 113, and
123.

4.3. Evaluation of Rockburst Prevention Effectiveness

4.3.1. Cuttings Weight. Shown in Figure 5 are the cutting
weights before and after the blasting from these three moni-
toring stations. It can be seen that the cutting weight obtained
from the middle station greatly decreased after the blasting
conducted on November 17th. However, a minor change was
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Figure 4: The arrangement of monitoring points.
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Figure 5: Cutting weight variation before and after blasting.

recorded in other two stations. Usually, there is a reliable
correlation between the cutting weight of coal and the stress
developed in the coal-rockmass. A decreasing cutting weight
suggests the stress was relieved. It should be noted that the
influence range ofDHPB is not infinite. For the area that is out
of the influence range, the cuttingweight and stress developed
in the coal-rock mass do not change much.

4.3.2. Mining Induced Stress. To monitor the vertical stress
developed in the coal seam, twoKSE-II borehole stressmeters
were installed at a distance of 325m and 340m apart away
from the longwall stop line. The depth of the blast hole at
325m is 12m and the other one is 15m. The stress variation
before and after blasting is shown in Figure 6. It can be
seen that the stresses from both locations became much
lower after the first blasting on November 11th. The lower
stress developed in the surrounding rock of the entry greatly
decreased the bursting proneness as expected. As indicated
in Figure 6, the stress was getting higher after the blasting on
November 20th due to the longwall mining activity, but its
peak value is lower comparing with the one obtained before
the blasting.

4.3.3. Working Resistance of Hydraulic Support. The major
purpose of DHPB is to make the strong roof from hard-
to-cave to periodic caving as the longwall moves, reducing
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Figure 6: Borehole stresses variation before and after the blasting.

0.00

5.00

10.00

15.00

20.00

25.00

30.00

Nov. 12 Nov. 14 Nov. 16 Nov. 18 Nov. 20 Nov. 22 Nov. 24

su
pp

or
t (

M
Pa

)
W

or
ki

ng
 re

sis
ta

nc
e o

f 

Data

Number 83 support
Number 103 support

Number 113 support
Number 123 support

DHPB

Figure 7:Working resistance variation of hydraulic supports before
and after DHPB.

the span of the hanging roof and the pressure around the
longwall face. Therefore, the pressure of the face support can
be considered as another index indicating the effectiveness of
DHPB.

There are 124 hydraulic supports installed in the longwall
face 25110 of Yuejin mine. These supports were numbered
from the head gate to the tailgate as #1, #2, . . . , #124. As
mentioned above, these blasting holes were drilled in the
tailgate. When comparing the support resistances across the
face, it can be seen that supports #1 to #80 experienced
a minor pressure change while the rest evident. Figure 7
illustrates the working resistance variation of supports #83,
#103, #113, and #123, which are closer to the tailgate, before
and after the blasting. The recorded working resistance
evidently indicates the pressure greatly reduced after applying
DHPB. For the support #83, the pressure decreased by 73.6%
from 25MPa to 6.6MPa. Additionally, the field observation
indicated that, when the shearer was approaching the tailgate,
the vibration generated from the drumwas not visible and no
coal squeezed out from the face, indicating a lower pressure
from both the roof and the floor.
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5. Conclusions

(1) Roof strata has a great influence on the bursting
proneness of coal seam. The bursting proneness tests
of pure coal and coal-rock mass complex showed
that, comparing with the pure coal, the duration
of dynamic fracture of coal-rock mass complex was
decreased from 351ms to 12.3ms, the elastic strain
energy index was increased from 1.64 to 9.44, the
bursting energy indexwas increased from2.63 to 5.53,
and the uniaxial compressive strength was increased
from 12.98MPa to 19.20MPa.The bursting proneness
of coal-rock mass combination is evidently higher
than pure coal or rock strata only. The thicker the
strong roof stratum, the higher the bursting prone-
ness of coal-rock. The combination of roof rock and
coal, both with weak bursting proneness, can form
a coal-rock mass complex with a strong bursting
proneness.

(2) Properly applying DHPB can structurally break the
original composition of the roof strata and coal,
thus reducing its bursting proneness. The dynamic
shattering and air pressure generated by the blasting
can structurally change the properties of the coal-
rockmass bymitigating the high stress generation and
high elastic energy accumulation, thus breaking the
conditions of energy transfer and rockburst occur-
rence.

(3) The field testing data, including cutting weight, min-
ing induced stress, working resistance of the hydraulic
support, and microseismic events and energy from
Yuejin coal mine, indicate that the stress concen-
tration of coal-rock mass was greatly mitigated by
DHPB. It can be conclusive that the approach of
DHPB is applicable and reliable in reducing the
bursting proneness for a burst-prone mine.
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To investigate the blast-induced damage effect on surrounding rock in vertical shaft excavation, 4 kinds of millisecond blasting
model tests with three-circle blastholes were designed and carried out with excavation blasting in vertical shaft as the background.
The longitudinal wave velocity on the side of concrete model was also measured before and after blasting. Then blast damage
factor was then calculated by measuring longitudinal wave velocity before and after blasting. The test results show that the blast-
induced damage factor attenuated gradually with the centre of three-circle blastholes as centre. With the threshold value of 0.19 for
blast-induced damage factor, blast-induced damage zones for 4 kinds of model tests are described and there is an inverted cone
blast-induced damage zone in concrete model. And analyses of cutting effect and blast-induced damage zone indicate that in order
to minimize the blast-induced damage effect and ensure the cutting effect the reasonable blasting scheme for three-circle blastholes
is the inner two-circle blastholes initiated simultaneously and the outer third circle blastholes initiated in a 25ms delay.

1. Introduction

In recent decades, drilling blasting technology has been
widely used in mining engineering, tunneling engineering,
large slope engineering, underground engineering, and other
kinds of rock engineering [1]. Only part of explosive energy
is used to crush rocks to achieve the goal of rock mass
excavation, while most of the energy is transferred into
surrounding rock mass as heat, vibration, and air shock
wave to make surrounding rock mass or structure damaged
or even destroyed at the same time [2, 3]. Rock blasting
damage affects the security, support, and reinforcement cost
of underground engineering directly or indirectly.

The mechanical properties of blasting damaged rock
and the regularities of rock damage by blasting have been
investigated in various distances and blasting conditions
with marble, and both spreading regularities of mesocrack
and damaged properties of blasting damaged rock have
also been analyzed by elastic-brittle mesodamage model
[3]. The excavation damage zones of Renhechang tunnel
resulting from blasting have been studied by an ultrasonic
wave measurement, and blasting effect for two types of

detonators, nonel detonator and electronic detonator, have
been compared. As the delay time of electronic detonator
can be arbitrarily set up, the use of electronic detonator
can lead to not only a small extent of excavation damage
zones, but also a lower degree of rock breakage in excavation
damage zones [4]. A new model for predicting the extent of
blast-induced damage in rock mass has been proposed based
on Langefors’ theory of rock blasting [5]. The excavation
damage of a granite tunnel resulting from blasting has been
characterized by carrying out ultrasonic wave velocity and
amplitude measurements around one quadrant of the test
tunnel [6]. Blast design wants to cause minimum damage
and overbreak with respect to existing in situ stress filed and
support system; then the controlling parameters for blast-
induced damage and overbreak have been investigated [7].
The cumulative effect of blast-induced damage and damage
evolutive law of rock mass have been researched by carrying
out sound wave measurement for surrounding rock after
blasting repeatedly; then a cumulative expanded model for
predicting blast-induced damage has been put forward with
the baseline of rock mass wave velocity reducing ratio [2, 8].
According to the similarity theory, blasting-induced damage
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Table 1: Charging scheme.

Model number CM-1 CM-2 CM-3 CM-4
Detonation delay 25ms 50ms 25ms 50ms

First circle Electric detonator segment
I

Electric detonator segment
I

Electric detonator segment
I

Electric detonator segment
I

Second circle Electric detonator segment
I

Electric detonator segment
I

Electric detonator segment
II

Electric detonator segment
III

Third circle Electric detonator segment
II

Electric detonator segment
V

Electric detonator segment
III

Electric detonator segment
V

model test is conducted in simulated coal, and both ultrasonic
wave velocity and blasting strain waves have been measured.
The results indicate that the simulated coal damage is the
results of the interaction of blasting shock wave, blasting
stress wave, detonation gas, and coal gas [9, 10].

Excavation and surrounding rock protection are always
a contradiction problem in blasting engineering. In order to
investigate the blast-induced damage effect on surrounding
rock in vertical shaft excavation, 4 kinds of millisecond
blasting model tests with three-circle blastholes have been
implemented, and the blast-induced damage of millisecond
blasting to surrounding rock has also been investigated by
ultrasonic wave velocity measurement. Then a reasonable
blasting parameter for engineering blasting design and in situ
blasting engineering construction has been put forward.

2. Design of Millisecond Blasting Model Test

In order to investigate the blast-induced damage on sur-
rounding rock in vertical shaft excavation, 4 kinds of mil-
lisecond blasting model tests with three-circle blastholes in
concrete model have been designed with parallel cut blasting
in vertical shaft as prototype.

P.O 42.5 ordinary Portland cement was adopted to pre-
pare the concrete specimen. The fine aggregate used in this
study was natural river sand with a fineness modulus of
2.6, a silt content of 2.0%. The coarse aggregate used was
gravel with continuous grading from 16mm to 31.5mm, a silt
content of 0.6%. Moreover, HNT-K3 concrete waterproofing
agent was mixed. The mix proportion of cement, water,
sand, gravel, and admixture in concrete is 1.00, 0.43, 1.49,
2.89, and 0.08, respectively. The length of concrete model is
1000mm, the width is 1000mm, and the height is 600mm.
The basic mechanical test after curing 28 d shows that the
cubic compressive strength of model concrete is 42.8MPa,
and its splitting tensile strength is 2.58MPa. Ultrasonic wave
velocity measurement indicates that the longitudinal wave
velocity of model concrete is 4209m/s [11].

Three-circle blastholes are arranged in the middle of
concrete model. The diameter of first circle is 60mm, and
there are 4 blastholes in the first circle with a space of 43mm.
The diameter of second circle is 120mm, and there are 6
blastholes in the second circle with a space of 60mm. The
diameter of third circle is 200mm, and there are 10 blastholes
in the third circle with a space of 62mm. The depth of
blastholes in the first circle and second circle is 180mm, while
the depth of blastholes in the third circle is 160mm.Blastholes

CM-1

Figure 1: Blasting effect of concrete model with three-circle blast-
holes.

are formed by pulling out embedded circular steel bar after
initial setting and before final setting. Each blasthole charges
with one number 6 millisecond delay electric detonatar.
The 4 kinds of millisecond blasting model tests are named
CM-1, CM-2, CM-3, and CM-4. The charging scheme for
millisecond blasting model tests is shown in Table 1.

3. Blasting Effect in Concrete Model

After blasting, the cutting effect in concrete model is shown
in Figure 1. Then the blasting cavity is cleaned and blasting
fragments are gathered. The cutting depth is measured by
ruler and its value is the mean of 4 measured depths.
Delimiting the boundary of blasting cavity, the cavity radius
is the mean of longest radius and shortest radius. After
measuring cutting depth and cavity radius, put a plastic film
on blasting cavity and fill blasting cavity with dry fine sand.
The cutting volume of blasting cavity can be calculated by
measuring the volume of dry sand in blasting cavity. The
cutting depth, cavity radius, and cutting volume of 4 kinds
of millisecond blasting model tests are shown in Table 2.

4. Blast-Induced Damage Measurement

4.1. Indicator for Blast-Induced Damage. The break and dam-
age of rock mass resulting from blasting can be reflected
by the deterioration of mechanical properties and initiation
and development of inner crack. At present, damage variable
is adopted to describe the blast-induced damage and the
evolutive law of blast-induced damage. And damage variable
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Table 2: Blasting effect of millisecond blasting model test.

Model
number

Cutting depth/
mm

Cavity radius/
mm

Cutting volume/
cm3

CM-1 64 260 3010
CM-2 57 290 2805
CM-3 49 369 4975
CM-4 118 427 10705

can be evaluated by damage area, density change, elastic
modulus change, longitudinal wave velocity change, and CT
value change before and after blasting [10, 12]. Since the
longitudinal wave velocity is very sensitive about the joints
and cracks in rock mass or concrete specimens, rock or
concrete damage characteristics can be well described by
longitudinal wave velocity change. And ultrasonic detection
is a simple, undamaged, practicable, and widely used method
for rock or concrete damage evaluation.

After comprehensive comparison, longitudinal wave
velocity change before and after blasting is selected to evaluate
the blast-induced damage in concrete model [12–14]. The
blast-induced damage factor 𝐷 can be calculated by the
following equation:

𝐷 = 1 − (
V
V
0

)
2

= 1 − 𝜂2, (1)

where V
0
and V are the longitudinal wave velocity of concrete

model before and after blasting, and its unit is m/s. 𝜂 is the
reduction rate of longitudinal wave velocity after blasting.

4.2. Arrangement of Measuring Points. To investigate the
blast-induced damage effect on the model concrete, measur-
ing points for longitudinal wave velocity test are arranged
with horizontal and vertical lines at the center of the concrete
model profile as the baselines. There are 36 measuring points
in 4 lines and 9 rows with a space of 100mm. The distance
from themeasuring points in the first line to the upper surface
of concrete model is 150mm which is a little higher than the
charging center.Themeasuring points on concretemodel can
be seen in Figure 2.

The longitudinal wave velocity of concrete model is mea-
sured by NM-4A nonmetal ultrasonic detecting instrument.
When measuring the longitudinal wave velocity of concrete
model before and after blasting tests, the transmitter probe
and receiver probe should be clingy on the concrete surface
at measuring points with vaseline as couplant. During the
test, the center of probe should be at the same position
with the measuring points. The longitudinal wave velocity
measurement is conducted in turn from top to bottom, from
left to right. The value in stable waveform is the test result.

4.3. Measuring Results of Blast-Induced Damage. After ana-
lyzing the measuring results of longitudinal wave velocity
of concrete model before and after blasting tests, the blast-
induced damage factors for 4 kinds of concrete models are
obtained, which can be seen in Table 3.

1

2

3

4

1 2 3 4 5 6 7 8 9

Measuring points

Figure 2: Measuring points of longitudinal wave velocity on
concrete model.

According to the blast-induced damage results of mil-
lisecond blasting model test, the change curve of blast-
induced damage factor in concrete model is drawn in
Figure 3.

In CM-1, CM-2, and CM-3, the change trends of blast-
induced damage factor in the first line and second line of CM-
1 and the first line of CM-2 are obviously different from other
lines. But both the peak value of blast-induced damage factor
in the first line and second line of CM-1 and the peak value of
blast-induced damage factor in the first line of CM-2 appear
in the first row. The peak value of blast-induced damage
factor in most of lines in CM-1, CM-2, and CM-3 appears
in the fifth row which is the middle of concrete model. The
singular change trend in CM-1 and CM-2 is the result of the
blast-induced crack crossing themeasuring points.The blast-
induced damage factor attenuates with the center of three-
circle blastholes as center.

In CM-4, the concrete model has been broken and some
large cracks have been extended to themodel boundary.Thus
the blast-induced damage factor is much bigger than other
concrete models. And the change trend of blast-induced
damage factor has been changed because of those large
cracks.

5. Analyses of Blast-Induced Damage

When the reduction rate of longitudinal wave velocity after
blasting exceeds 10%, the rock mass can be regarded as
damage and the critical blast-induced damage factor is 0.19
[12]. Then the threshold blast-induced damage factor, 0.19, is
adopted to define the blast-induced damage zone. The blast-
induced damage in CM-1 and CM-2 is mainly on the left
side of concrete model. The depth of blast-induced damage
for CM-1 is about 280mm, seen in Figure 4(a). The depth
of blast-induced damage for CM-2 is about 321mm, and the
blast-induced damage zone has extended to the left boundary
of concretemodel and extended to the right about 140mm, as
seen in Figure 4(b). The depth of blast-induced damage for
CM-3 is about 273mm, and the blast-induced damage zone
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Table 3: Blast-induced damage factor in concrete model with three-circle blastholes.

Model number Line Row
1 2 3 4 5 6 7 8 9

CM-1

1 0.692 0.109 0.110 0.075 0.110 0.072 0.077 0.084 0.087
2 0.300 0.047 0.345 0.126 0.137 0.082 0.058 0.031 0.014
3 0.041 0.083 0.060 0.072 0.066 0.067 0.044 0.044 0.051
4 0.018 0.004 0.010 0.021 0.047 0.031 0.027 0.031 0.034

CM-2

1 0.707 0.423 0.405 0.257 0.330 0.231 0.111 0.063 0.086
2 0.075 0.099 0.108 0.135 0.290 0.180 0.100 0.066 0.017
3 0.073 0.082 0.078 0.094 0.150 0.106 0.069 0.035 0.000
4 0.023 0.032 0.059 0.042 0.112 0.062 0.022 0.032 0.000

CM-3

1 0.067 0.078 0.095 0.195 0.503 0.493 0.470 0.236 0.170
2 0.010 0.024 0.056 0.091 0.202 0.179 0.107 0.064 0.115
3 0.000 0.000 0.037 0.064 0.105 0.094 0.069 0.051 0.071
4 0.007 0.000 0.030 0.036 0.072 0.121 0.054 0.057 0.054

CM-4

1 0.774 0.809 0.793 0.878 0.917 0.876 0.870 0.846 0.806
2 0.772 0.773 0.695 0.796 0.792 0.790 0.833 0.760 0.633
3 0.609 0.659 0.673 0.802 0.811 0.512 0.698 0.865 0.539
4 0.595 0.692 0.748 0.750 0.687 0.657 0.844 0.770 0.743

0.8

0.6

0.4

0.2

0.0

D

1 2 3 4 5 6 7 8 9

Measuring points in row

1st line
2nd line

3rd line
4th line

(a) CM-1

0.8

0.6

0.4

0.2

0.0

D

1 2 3 4 5 6 7 8 9

Measuring points in row

1st line
2nd line

3rd line
4th line

(b) CM-2

0.8

0.6

0.4

0.2

0.0

D

1 2 3 4 5 6 7 8 9

Measuring points in row

1st line
2nd line

3rd line
4th line

(c) CM-3

0.8

0.6

0.4

0.2

1.0

D

1 2 3 4 5 6 7 8 9

Measuring points in row

1st line
2nd line

3rd line
4th line

(d) CM-4

Figure 3: Curve of blast-induced damage factor𝐷.
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Figure 4: Blast-induced damage zone in model.

has extended to the left about 103mm and to the right about
370mm, as seen in Figure 4(c). For many cracks in CM-4,
the blast-induced damage factor is much big and the smallest
blast-induced damage factor is 0.512. So the whole concrete
model in CM-4 is in blast-induced damage zone. The blast-
induced damage zone is in an inverted cone distribution with
the center line of three-circle blastholes as center line, as
seen in Figure 4.The bold line in Figure 4 corresponds to the
threshold value of blast-induced damage factor, 0.19.

It is considered that the left side of concrete model which
has not been vibrated compactly for its longitudinal wave
velocity is a little smaller than the right side. So the blast-
induced damage zone in CM-1 is mainly on the left side of
concrete model not in the blastholes area. And the blast-
induced damage zone in CM-2 is mainly on blasthole areas
and left side of concrete model, and the depth in blastholes
areas is bigger than that in left side.

Comparing CM-1 with CM-2, the blast-induced damage
factor in CM-2 is much bigger than that in CM-1, and its
depth is about 1.15 times bigger than that for CM-1. And the
cutting depth and cutting volume for CM-1 are better than

that in CM-2, and its cavity radius is smaller than that in CM-
2, which means a light overbreak.

The blast-induced damage zone in CM-3 is mainly on
the blastholes areas and right side of concrete model, in
an inverted coned distribution. For the large blast-induced
damage factor, the whole concrete model in CM-4 is in
blast-induced damage zone. The cavity radius of CM-4 is
427mm which is much bigger than the radius of the third
circle blastholes, causing a heavy overbreak and damage to
surrounding rock. Comparing CM-3 with CM-4, the cutting
depth, cutting volume, and cavity radius of CM-4 are much
bigger than that of CM-3, but its blast-induced damage effect
is too large and a serious influence of surrounding rock
stability presents. So the blasting parameters in CM-4 are not
suggested to be adopted.

CM-3 shows that the cutting volume is big, and the
cutting depth is small, which means an overbreak in CM-
3. Comparing CM-1 and CM-3, the blast-induced damage
factor for CM-1 is much smaller than that in CM-3.

After comprehensive consideration of the blast-induced
damaged factor, blast-induced damage zone distribution, and
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cutting effect in 4 kinds of millisecond blasting model tests,
it is thought that the CM-1 presents not only a smaller
blast-induced damage factor and blast-induced damage zone
distribution but also a bigger cutting depth and smaller
cavity radius. So in order to minimize the blast-induced
damage effect on surrounding rock under the condition of
good cutting effect, the reasonable blasting scheme for three-
circle blastholes is the inner two-circle blastholes initiated
simultaneously and the outer third circle blastholes initiated
in a 25ms delay.

6. Conclusions

(1) The measured longitudinal wave velocity on the side
of concrete model before and after blasting indi-
cates that the blast-induced damage factor attenuates
gradually with the centre of three-circle blastholes as
centre.

(2) With the threshold value of 0.19 for blast-induced
damage factor, blast-induced damage zone for 4 kinds
of model tests is in an inverted cone distribution with
the center line of three-circle blastholes as center line.

(3) In order to minimize the blast-induced damage effect
on surrounding rock under the condition of good cut-
ting effect, the reasonable blasting scheme for three-
circle blastholes is the inner two-circle blastholes
initiated simultaneously and the outer third circle
blastholes initiated in a 25ms delay.
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Based on the foreboding information monitoring of the energy released in the developing process of rock burst, prediction system
for rock burst can be established. By using microseismic method, electromagnetic radiationmethod, and drilling bits method, rock
burst in Yangcheng Mine was monitored, and a system of multi-index monitoring and evaluation on rock burst was established.
Microseismic monitoring and electromagnetic radiation monitoring were early warning method, and drilling bits monitoring was
burst region identification method.There were three identifying indexes: silence period in microseismic monitoring, rising period
of the intensity, and rising period of pulse count in electromagnetic radiation monitoring. If there is identified burst risk in the
workface, drilling bits method was used to ascertain the burst region, and then pressure releasing methods were carried out to
eliminate the disaster.

1. Introduction

Rock burst is one kind of typical dynamic disasters in coal
mining. When the rock or coal is under ultimate strength
state, energy in the rockwill be released abruptly and severely.
This will cause instantaneous rock burst damage, which
threatens workers’ life and the coal production [1–3]. Rock
burst is difficult to research duo to its complex occurrence
conditions, multiple influence factors, and various fracture
modes [4, 5].

In the developing process of rock burst, the rocks’ stress
state changes constantly, and energy releases accompanying
with some physical effects, such as microseismic, acoustic
emission, electromagnetic radiation, and so forth. By analyz-
ing the foreboding information, monitoring system can be
established to predict rock burst disaster [6–9]. At this stage,
many rock burst monitoring methods are used in mining
widely and popularly, such as pressure observation method,
drilling method [10], electromagnetic radiation method [11–
13], microseismic method [14–16], and seismic CT technol-
ogy [17, 18].

Different monitoring methods have various monitoring
principles, objectives, accuracy, and regions. In rock burst
prediction, multiple methods should be combined together
to establish more effective multi-index monitoring technol-
ogy. In this paper, Yangcheng Mine in China was taken
as the research site. Microseismic method, electromagnetic
radiation method, and drilling bits method were combined
to monitor rock burst. A system of multi-index monitoring
and evaluation on rock burst was established, and field
applications showed that this evaluation system predicted
rock burst effectively.

2. Site Conditions

The coal seam’s ground elevation of 1304 workface in
Yangcheng Mine rangs from −535m to −660m, and the
mining area is 159824m2. The coal seam dip angles change
from 17∘ to 21∘, and the average angle is 19∘. The thickness
ranges from 7.0m to 8.2m, and the average thickness is 7.5m.
The workface length is 184m, and the mining distance is
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870.5m. The mining method is long-wall fully mechanized
top-coal mining overall height all caving method.

The hardness coefficient of the coal is 1.5, and the coal
seam ismediumhard.The immediate roof is siltstone, and the
main roof is grayish fine sandstone.The floor is siltstone.The
upper coal seam shows strong burst trend, and the bottom
seam shows light trend. The roof and floor show light burst
trend.

3. Monitoring Approaches

3.1. Microseismic Monitoring. Energy of seismic wave can be
generated and spread around when the underground rock
mass fractures. Microseismic monitoring equipment is used
to receive and record these seismic waves. According to
monitoring results, various characteristics of the rock fracture
can be analyzed, such as the amount, frequency, intensity,
density, and dimension [19].

Microseismicmonitoring system can identify and analyze
the development of mine vibration according to the energy
release, the center position and waveform diagram of the
vibration, and so forth. And then the occurrence possibility
of rock burst can be predicted. According to the seismology’s
basic equation of Gutenberg-Richter formula, the relation
between the frequency and the number of microseismic can
be expressed as [20]

lg𝑁 = 𝑎 − 𝑏𝑀, (1)

where 𝑁 is the frequency of microseismic events; 𝑀 is the
number of microseismic events; 𝑎 and 𝑏 are constants.

The relation between the frequency of rock burst and its
magnitude shows a linear correlation. According to this law,
we can predict the maximum magnitude of rock burst based
on the information of occurring rock burst. The detecting
method is to take 1 for the Gutenberg-Richter formula, which
means there is only one maximum rock burst, and the
maximummagnitude𝑀

𝑚
is

𝑀
𝑚
=
𝑎

𝑏
. (2)

According to the change rule of value 𝑏 in the formula
(2), the trend of rock burst’s occurrence can be predicted.
If 𝑏 increases, the possibility of the large magnitude rock
burst will decrease. If 𝑏 decreases, the possibility of the large
magnitude rock burst will increase.

3.2. Electromagnetic Radiation Monitoring. Electromagnetic
radiation in coal or rock is a release expression of electromag-
netic energy in the process of deformation, and it has a close
relation with the deformation process [21]. The occurrence
of rock burst is a process of instantaneous energy release.
When the accumulated energy of coal or rock reaches the
strength limit, rock burst will happen. In the fracture process
of the rock under high stress, cracks and friction can produce
electromagnetic radiation. High stress and intense fracture
will release strong electromagnetic radiation. The strength of
electromagnetic radiation signal indirectly reflects the degree
of stress concentration in the coal and rock. The higher

Monitoring
computer

Receiving
probe

Roadway
10∼20m

7
∼
2
2

m

Monitoring region
60

∘

Figure 1: The region of electromagnetic radiation monitoring [21].

the degree of stress concentration is, the greater rock burst
risk will be. We can predict the risk degree of rock burst
by monitoring the intensity and changes of electromagnetic
radiation signal.

The hardware of electromagnetic radiation monitoring
system mainly includes the monitoring computer, receiving
probes, conversion interface, and communication cable. It
has characteristics of noncontact, regional, continuous mon-
itoring. The main monitoring indicators are the intensity
of amplitude and the number of pulses. In the applica-
tion to monitor electromagnetic radiation in the mining
area, noncontactable inductance type wideband directional
receiving probe is usually used. The distance between the
electromagnetic radiation instrument and the measured area
is in the range of 0.6∼1.0m, and the station spacing is about
10m. The effective monitoring depth ranges from 7m to
22m.The layout of the electromagnetic radiationmonitoring
positions is shown in Figure 1. Electromagnetic radiation
signal is recorded according to the number of measuring
points in sequence, and the monitoring time for the data at
each point is 180 s.

3.3. Drilling Bits Monitoring. When drilling one hole in the
high stress area of the coal seam, the drilling process can show
dynamic characteristics, like the coal near the wall suddenly
squeezing into the hole, accompanyingwith the phenomenon
of vibration, noise, or microshock. Drilling bits method is a
practical way to identify rock burst according to the coal dust
amount and the relevant dynamic effect [22].

Indexes of drilling bits method for monitoring rock burst
are coal dust amount, drilling depth, and dynamic effect. Coal
dust amount is the discharged amount of the coal dust per
meter. Drilling depth is the length between the coal wall and
the dust amount measured location. Dynamic effect includes
sticking of the drill, shock of the hole, and changes of particle
size of the coal dust.

The danger of rock burst is often identified by dust
amount index𝐾 [22]:

𝐾 =
𝑄

𝑄
0

, (3)

where𝑄 is the practical amount of the coal dust and𝑄
0
is the

normal amount.
Identification standard of the coal dust amount is listed in

Table 1. The higher rate of the coal dust than the calibration
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Table 1: Coal dust index for identifying rock burst [22].

Drilling depth/mining thickness 1.5 1.5∼3 3
Coal dust amount index ≥1.5 2∼3 ≥4
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Figure 2: Microseismic events statistical data curve.

value shows the raised degree of stress concentration and the
increased risk of rock burst.

For the convenience of calculation, the index of dust
amount can be converted into an easilymeasured critical dust
amount:

𝐺
𝑙
= 𝐺 ⋅ 𝐾 ⋅ 𝛼, (4)

where 𝐺
𝑙
is the critical dust amount and 𝐺 is the standard

amount; 𝐾 is the dust index; and 𝛼 is the correction coeffi-
cient.

When using drilling bits method to monitor the danger
of rock burst, if the actual amount of coal dust exceeds
the critical value, there will be a trend of rock burst in the
monitoring area. Measures of relieving pressure should be
taken to prevent the occurrence of rock burst.

When drilling in the high stress area, there will be brittle
fracture in the coal without the participation of the drill,
because the coal around the drill has come into the ultimate
limit state of stress. So the drill grinds the coal slightly, and
particle sizes of dust are large. Therefore, the proportion
of large-size particles (the diameter is larger than 3mm
generally) in the dust can be used as an index for predicting
the local rock burst.

4. Results and Discussion

4.1. Microseismic Data. Microseismic data per time and per
day were recorded and shown in Figures 2 and 3. Before
“8.14 rock burst,” the microseismic events were few, and the
released energywas low, with the value smaller than 1.0× 104 J
mostly. This period was called microseismic silence period
or energy accumulation period. After “8.14 rock burst,” there
was a high-incidence period of microseismic events, and it
lasted four days. In this period, microseismic events occurred
frequently, and the amount of released energy per day was
very high. This period was called microseismic active period
or energy release period.

Before rock burst, there is a silence period, in which
microseismic events are few, and the total microseismic
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Figure 3: Total microseismic energy and frequency curves.
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Figure 4: Electromagnetic radiation signal curves.

energy per day is smaller than 5 × 104 J. If the energy exceeds
5 × 104 J, the silence period ends, and burst risk should be
warned. The lasting time of the silence period can be long
or short and generally longer than five days. The longer the
lasting time is, the greater the rock burst trend will be.

4.2. Electromagnetic Radiation Data. The electromagnetic
radiation data in the workface was shown in Figure 4. From
August 1 to August 8, the intensity and pulse count of
the electromagnetic radiation fluctuated around the normal
value, which showed that the stress distributed in the coal
was stable. Form August 11 to August 14, the intensity and
pulse count of the electromagnetic radiation rose steadily.The
increasing valuewas very large, nearly ten times of the normal
value.The stress in the coal increased fast. High stress caused
coal fracture and severe friction, accompanying with strong
electromagnetic radiation signal. And then in August 14, rock
burst happened.

Before “8.14 rock burst,” there were a rising period of the
intensity and a rising period of pulse count in electromagnetic
radiation. The rising period reflected the increasing stress in
the coal, and the steadily increasing stress caused rock burst.

4.3. Drilling Bits Data. At the beginning of the mining, five
holeswere drilled in the roadway of theworkface, and the coal
dust amount data was recorded in Figure 5. The dust amount
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Figure 6: Large size dust proportion changing curves.

mainly ranged from 1.5 kg/m to 2.5 kg/m, and the max value
was 3.6 kg/m. No. 1 drill was 15m far from the workface, and
the stress in the coal was high under the influence of advanced
support pressure. When the dust amount reached 3.6 kg/m,
there was dynamic effect like sticking of the drill.

The proportion of particles larger than 3mm in the dust
at different drilling depth in five holes was shown in Figure 6.
At the coal wall, the coal was more fractured and bigger coal
pieces dropped under the drill vibration, so the proportion
at the drill outer end was high. The energy at the coal wall
was already released, and there was no burst trend. The
proportion at the wall could not be taken asmonitoring index
data.

Multi-index monitoring and evaluation on rock burst

Rising period
of intensity?

Microseismic monitoring Electromagnetic radiation monitoring

Silence period?

One period exists
Rock burst risk

Warning

Burst region identification
by drilling bits method

Rising period
of pulse count?

None exists
No rock burst risk

No warning

Pressure relief

Figure 7: Flow chart ofmulti-index evaluation systemon rock burst.

The average thickness of the coal seam is 7.5m, so the
critical dust amount is 3.68 kg/m, calculated from formula (4)
by setting 𝐾 to be 1.5 and 𝛼 to be 1.1. If the actual amount
of coal dust exceeds the critical value, there will be a trend
of rock burst in the monitoring area. If there are dynamic
effects like sticking of the drill, or the proportion of large-size
particles in the dust is higher than 30%, there will be burst
risk though the dust amount is smaller than the critical value.
When using drilling bits method to monitor the risk of rock
burst, multiple indexes should be considered together.

4.4. Multi-Index Evaluation. By analyzing the monitoring
data, we found that therewas a silence period inmicroseismic
monitoring, as well as rising periods of intensity and pulse
count of electromagnetic radiation monitoring.The forebod-
ing information is taken as prediction index for rock burst,
and a system of multi-index monitoring and evaluation is
established, as shown in Figure 7.

There are three identifying indexes in the evaluation
system.They are the silence period in themicroseismic events
and rising period of the intensity and rising period of pulse
count in electromagnetic radiation. If any one of the three
periods exists, it is identified burst risk. Only when the three
periods all do not exist, there is no burst risk in the workface.
If there is identified burst risk, the drilling bits method is
used to ascertain the burst region. Then pressure releasing
methods will be carried out to eliminate the disaster.

5. Conclusions

By using microseismic method, electromagnetic radiation
method, and drilling method, rock burst in Yangcheng Mine
was monitored, and a multi-index monitor and evaluation
system for rock burst was established. The investigations
show the following.

(1) There is one microseismic silence period before rock
burst, as well as one active period after burst. The
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longer the silence period lasts, the greater the rock
burst trend probability will be. The silence period is
one index to identify burst risk.

(2) There are steadily rising period of intensity and rising
period of pulse count in electromagnetic radiation
when the stress in the coal increases, which can cause
rock burst. These two periods are other two indexes
to identify burst risk.

(3) Drilling bits method can ascertain the burst region
after identifying burst risk. Coal dust amount,
dynamic effect, and proportion of large-size particles
should be considered together.
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The cemented coal gangue backfill (CGB) in coal mining is normally made of gangue (particle size of 0–15mm), fly ash, cement,
and water. In this study, the effects of the weight content (ranging from 20% to 60%) of fine gangue (0–5mm) on the microscopic
characteristics, resistivity, and compressive strength of CGB were investigated at 3 d and 28 d curing times, respectively. The test
results indicate that the strengths of the CGB, regardless of the curing time, increased with fine gangue content changing from 20%
up to 40%. Further increase in fine gangue introduced a decrease in the strength. Another observation is that, at 3 days, a general
increasing trend of CGB resistivity was noted with fine gangue content. At 28 days, the resistivity of CGB decreased with increase
in the fine gangue content. Correlations between the resistivity and compression strength of CGB show a concave pattern, which
attribute to the various micromechanism influenced on the resistivity and strength of CGB with different fine gangue content. It
indicates that using resistivity to derive strength of CGB is not appropriate.

1. Introduction

Coal gangue is a solid waste discharged during coal mining
and washing processes. The major chemical components of
coal gangue are silica (SiO

2
) and alumina (Al

2
O
3
), whereas

the mineral components are quartz and feldspar [1]. In 2010,
the world coal production was 7,273Mt, with a waste yield
of 1,455Mt [2]. In China, coal gangue has accumulated to
an amount of approximately 1,000Mt, and the coal gangue
discharge increases annually by 100Mt/a. A vast area of land
would be required to process such a large quantity of coal
gangue, which would also cause serious environmental prob-
lems [3]. In addition, coal mining causes surface subsidence
in the mining area. Cemented coal gangue backfill (CGB)
produced from gangue is one of the solutions to support
the overlying strata when transported to the underground
goaf through pipelines [4, 5]; CGB can reduce landfill area
requirements and help solve environmental problems.

CGB used for coal mining backfilling is an engineered
mixture of milled gangues (75–85% solids by weight), fly ash,
hydraulic binder (3–7% of total weight of dry paste), and
water. Each component of CGB plays a significant role on

its short- and long-term performance (i.e., transportation,
placement, strength, and stability) [6, 7].

Gangue is one of themost important components of CGB
for coal mining; this is because crushed gangue exhibits a
pozzolanic activity and a certain degree of strength [8–10].
However, considering the slurry transportation restriction
and the compressive properties of the CGB, the maximum
particle size of coal gangue is normally 15mm at maximum.
Previous researchers have evaluated the fine gangue (0–
5mm) content on the performance of CGB. According to
Zheng et al. [10], increasing the fine gangue content may
enhance the slump and pumpability of the paste. Fall et al.
[11] found that fine tailings are not suitable for CGB because
they provide much lower strength than CGB made of coarse
tailings. The research on use of Na

2
SO
4
as chemical activator

for paste backfill was also carried out. Besides, the effect of
desliming and pozzolans on paste backfill strength has been
recently studied [12, 13].

The resistivity is an important character of cementmatrix.
It is related to the microstructure of the matrix (pore struc-
ture, porosity, and pore-size distribution). It is also a function
of the concentration andmobility of ions in the pore solution
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[14]. In concrete, resistivity was investigated to understand
the corrosion resistance and the hydration reaction process
[15, 16]. The change in the content of the raw material for
concrete changes its resistivity. For instance, a decrease in the
water/cement ratio causes an increase in the resistivity [17].
Adding rice husk ash to the concrete increases its resistivity
[18]. An increase in the volume fraction of the aggregate
facilitates the formation of current transport at the interface
between the aggregate and the slurry, which results in an
increase in the resistivity [19]. Comparedwith concrete, fewer
studies focus on the resistivity of CGB.

Several authors have discussed the relationship between
resistivity and compressive strength of concrete. Wei et al.
[20] made several samples with different cements and mea-
sured their resistivity at 24 h, as well as the compressive
strength at 28 d. They found that there existed a linear
relationship between the two couples of values and con-
cluded that the compressive strength and resistivity mainly
depended on the pore structure and micromorphology of
products, which were influenced by hydration. Lübeck et al.
[21] used White Portland cement, ground granulated blast-
furnace slag, and Na

2
SO
4
to make different samples with

three water-to-binder ratios and discovered that the resistiv-
ity and compressive strength with the same binder followed
a nearly linear relationship owing to the compactness of
the structure irrespective of the concrete saturation degree,
together with the pore solution conductivity which imposed
the influence on the resistivity. Ferreira and Jalali [22]
observed a linear relationship between electrical resistivity
and compressive strength for the concrete samples prepared
by ordinary Portland cement and fly ash cement, because
the variation of compressive strength and electrical resistivity
depended on the pore structure and the sample geometry
change caused by cement hydration. Ramezanianpour et al.
[23] prepared 57 concrete mixtures by Portland cement with
some supplementary materials including tuff, pumice, rice
husk ash, metakaolin, and silica fume. Interestingly, the
compressive strength and resistivity of concrete mixtures
prepared with different cementitious materials presented no
sensible correlation, because the interfacial transition zone
(ITZ) only affected the compressive strength but had no
obvious influence on the resistivity of concrete, whereas
the chemical composition of the pore solution played an
important role in resistivity but had little effect on the
compressive strength of concrete.

In this study, the effects of fine gangue content on
compressive strength, resistivity, and microstructure of CGB
at 3 and 28 days curing times were investigated. Attempts
were also made to link the strengths of CGB to the resistivity.

2. Materials and Methods

2.1. Materials

2.1.1. Coal Gangue. The coal gangue samples were obtained
fromXinyang Colliery, which is situated in the west of Shanxi
Province of China. The samples were mechanically crushed
and then categorized into two groups based on particle
size, fine gangue aggregate (0–5mm), and coarse gangue

Table 1: Chemical composition and physical properties of themate-
rials used.

Major element Cement
(%) Fly ash (%) Gangue

(%)
SiO2 22.27 52.42 28.46
Al2O3 5.59 32.48 16.11
Fe2O3 3.47 3.62 10.86
CaO 65.90 3.05 7.15
MgO 0.81 1.01 3.50
TiO2 — 1.26 0.80
Specific gravity
(g/cm3) 3.1 2.2 2.0

Specific surface
(m2/kg) 349 415 499

Fineness
(>45𝜇m) (%) 5 42.54 53.78

Moisture content
(%) — 0.56 8.0

Loss on ignition
(%) 2 3.8 —

Notes: for measuring SiO2, samples were first burned at 800∘C to remove
organic matter and then measured in a NaOH solution at 650∘C. All other
oxides were measured from samples subject to sealed digestion in HF +
HNO3 at 185

∘C.

aggregate (5–15mm). According to the Chinese Standard
for Technical Requirements and Test Method of Sand and
Crushed Stone (or Gravel) for Ordinary Concrete (JGJ52-
2006), the sieving method was used to determine the particle
size distribution of the gangue aggregates (Figure 1(a)). The
fineness modulus 𝜇 of the fine gangue (0–5mm) was 3.02.
Table 1 lists the physical properties of the gangue samples.The
X-ray diffraction (XRD) pattern of the mineral composition
of the coal gangue samples was collected with a Bruker
AXS D8 Advance diffractometer using Cu K𝛼 radiation
(Figure 2(a)). AThermo Fisher ScientificThermo iCAP 6300
inductively coupled plasma optical emission spectrometer
(ICP-OES) was used to determine the chemical composition
of the gangue samples (Table 1).

2.1.2. Fly Ash. The fly ash samples were obtained from the
power plant of Xingyang Colliery. A Malvern Mastersizer
2000 Particle Size Analyser was used to analyse the par-
ticle size of the fly ash samples (Figure 1(b)). The physical
properties of the fly ash samples were analysed according
to the Technical Specification for Fly Ash Used in Concrete
and Mortar (JGJ28-86). An ICP-OES was used to analyse
the chemical composition of the fly ash samples (Table 1).
Figure 2(b) shows the mineral composition of the fly ash
samples.

2.1.3. Cement and Water. Ordinary Portland cement (Grade
42.5) was used in this study. Table 1 lists the chemical com-
position and the physical properties of the cement (provided
by the manufacturer). The initial and final setting times were
165min and 231min, respectively. The compressive strengths
were 18.4MPa (3 d curing time) and 46.4MPa (28 d curing
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Figure 1: Particle size distribution curves: (a) fine gangue and (b) fly ash.
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Figure 2: Mineral composition by XRD for (a) coal gangue and (b) fly ash.

time), respectively. The water source used in this study was
tap water.

2.2. Sample Preparation and Test Methods

2.2.1. Sample Preparation. The raw materials used in the
present study were ordinary Portland cement, coal gangue,
fly ash, and water. The solid content of the paste mixtures
was 80% by weight. The CGB samples were divided into five
groups based on different fine gangue contents. The gangue
content (including both fine and coarse gangues) in each
group was constantly 950 kg/m3. The fine gangue (0–5mm)
occupied 20% (M1), 30% (M2), 40% (M3), 50% (M4), and
60% (M5) of the gangue (0–15mm) content in each group,
respectively. The detailed mixture is given in Table 2.

The raw materials were mixed according to the designed
mix proportions and then mechanically stirred. Next, the

slurry was transferred into 10 × 10 × 10 cm testing moulds.
After casting, the specimens were cured in a curing room
(temperature: 20 ± 2∘C; humidity: 40%) for periods of 3 and
28 days, respectively. To determine the mechanical strengths
and electrical properties of CGB specimens after curing, the
compressive strength and resistivity tests on the specimens
were performed. After 3 and 28 days, samples were taken
from the center of cured CGB specimens and immersed in
anhydrous ethanol for 24 h. Then, the samples were put in
an oven at a temperature of 105∘C for 16 h for the following
microscopic tests.

2.2.2. Compressive Strength and Resistivity Test. A Wenner
dipole array was used to determine the resistivity of the
specimens, which were cured for 3 d and 28 d, respectively.
The test voltage was 1 V, and the frequency was 100Hz.
Referring to Gowers and Millard [24], contact resistance
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Table 2: Proportions of the mix.

Mixture Portland cement (kg/m3) Water (kg/m3) Fly ash (kg/m3)
Gangue (kg/m3)

Fine
(0–5mm)

Coarse
(10–15mm)

M1 (20%) 190 380 380 190 760
M2 (30%) 190 380 380 285 665
M3 (40%) 190 380 380 380 570
M4 (50%) 190 380 380 475 475
M5 (60%) 190 380 380 570 380

was a cause of unstable resistivity. To reduce the effect of
contact resistance, copper papers were used as electrodes. A
piece of cotton cloth that had been previously immersed in
a saturated copper sulphate solution was placed between the
copper papers and the specimen.

After resistivity tests, the compressive strength tests were
performed on the same CGB samples using a computer-
controlled mechanical press, which had a load capacity
of 1000 kN and a pressure speed of 6.75 kN per minute
according to GB50081. All the experiments were carried out
in triplicate and themean resistivity and compressive strength
values were presented in the results.

2.2.3. Microscopic Test. After curing, the CGB particles
were subjected to the porosity test using mercury intrusion
porosimetry (MIP). A CE Pascal 140/240 porosimeter was
used for this test. The CGB particles cured for 3 d and 28 d
were ground into powder for the X-ray diffraction test. A
field emission transmission electron microscopy (FETEM)
unit (JSM-7001F) was used for the microscopic observation
of the CGB particles cured for 28 d.

Gangue powder (0–160 𝜇m) and fly ash were separately
immersed in deionised water. The ratio of water to solid
mass was 100 : 1. The solution was stirred using a magnetic
stirrer for 10min and then filtered. An ICP-OES was used to
determine the concentrations of major ions in the filtrate.

Solution sample preparation was as follows: after curing
for 3 d and 28 d, the processed CGB particles were ground
into powder, which was then immersed in deionised water.
The ratio of water to solid mass was 100 : 1. The solution was
stirred using a magnetic stirrer for 10min. To prevent the
reaction between the particles and water, the solution was
filtered. The concentrations of the major ions in the filtrate
were immediately measured using the ICP-OES. The testing
temperature of the solution was 20 ± 1∘C.The changing trend
of the ion concentrations in the material solution was used to
determine the changing regularity of the ion concentrations
in the pore solution because of the correlation between the
two solutions in pH and ion concentration [25, 26]. However,
because of the difference in the pore water content caused
by different curing times, there were differences between
the ion concentrations of the pore solution and the material
solution. The pore solution should not be collected using the
high-pressure extraction method [27, 28], because the high
pressure could cause the fragmentation of the gangue and the
dissolution of active substances.

3. Results and Discussion

3.1. Effects of Fine Gangue Content on Microscopic Properties
of CGB. The hydration and pozzolanic reaction occurred
among the minerals in CGB.The hydration products contain
hydrated calcium silicate (C-S-H) gel, calcium hydroxide
(portlandite Ca(OH)

2
), AFt (ettringite, etc.), or AFm (mono-

sulphate, etc.) phases.Then, the active Si4+ Al3+ Fe3+ irons, in
which gangue and fly ash are enriched, react with portlandite
to form AFt or AFm [29–31].

Figure 3 shows the XRD patterns of the mineral com-
position of the CGB samples with a fine gangue content of
20–60% cured for 3 d and 28 d, respectively. The diffraction
angles of the mineral crystals with different fine gangue
contents cured for the same time were approximately the
same.However, their intensities differed,which indicated that
the change in fine gangue content did not affect the material’s
mineral composition of the material but the mineral content
differed among the samples. The reaction products C-S-H,
AFt, and Ca(OH)

2
were detected in the samples that were

cured for 3 d (Figure 3(a)). The peak intensity of Ca(OH)
2

crystals at 52∘ decreased with the increase in fine gangue
content. The decrease in Ca(OH)

2
content in material was

related to the consumption of Ca(OH)
2
in the pozzolanic

reaction.The increasing fine gangue content led to amplifying
the specific contact surface area between the gangue and
Ca(OH)

2
. The mineral composition of the samples cured

for 28 d (Figure 3(b)) included C-S-H and AFt. No Ca(OH)
2

crystal was detected in the XRD because of the low cement
content and high pozzolanic reaction degree after 28 d of
curing time. The peak intensities of C-S-H gel at 22.3∘ and
AFt phase at 31.8∘ increased with the increase in fine gangue
content, due to the fact that increasing quantity of soluble
active irons generates more pozzolanic products content.

Figure 4 shows surface morphology of the gangue parti-
cles in the CGB samples at 20%, 40%, and 60% fine gangue
content. When the fine gangue content was 20%, the surface
of gangue was covered by needle-like, columnar, floccus-
like, and petal-like pozzolanic products (Figure 4(a)). When
gangue was dissolved in water, active ions (Si4+, Al3+, and
Fe3+) precipitated on the gangue’s surface.Then, a pozzolanic
reaction occurred between these ions and Ca(OH)

2
, and the

products of this reaction accumulated on the surface of the
gangue particles. When the fine gangue content was 40%
(Figure 4(b)), the surface of gangue was partially covered
by floccus matter, whereas some lamellar minerals were
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Figure 3: XRD results of samples at 20%–60% fine gangue dosage at (a) 3 d and (b) 28 d.

distributed on the surface. When the Ca(OH)
2
content was

fixed, the specific surface area of gangue of fine particle size
increased, and the generated pozzolanic products could not
fully cover the surface of gangue of fine particle size. When
the fine gangue content was 60% (Figure 4(c)), lamellar and
granular gangue in its initial form was observed on the
surface of particles, which indicated that some minerals on
the surface of gangue of fine particle size did not participate
in the pozzolanic reaction. With the increase in fine gangue
content, the exposed fine gangue minerals in CGB also
increased.

Figure 5 shows that the porosity of the material cured
for 28 d was smaller than that of the material cured for
3 d. Because the hydration and pozzolanic reaction products
continuously filled up the pores between the cemented
material and the gangue, the overall porosity decreased with
the increasing curing time [32, 33].

The total porosity curve at 3 and 28 days is presented
in Figure 5 which clearly showed that fine gangue addition
produces less pores. At the fine gangue content between
20% and 40%, the porosity of the CGB samples of 3 and 28
days decreased from 39.97 and 34.34% to 35.28 and 30.16%
corresponding to 11.72% and 12.19% losses of porosity. At
the fine gangue content between 40% and 60%, the porosity

of the CGB samples of 3 and 28 days decreased from 35.28
and 30.16% to 32.91 and 28.30% corresponding to 6.72%
and 3.62% losses of porosity. Fine gangue plays double roles
during the pozzolanic reaction and pore structure formation
processes.The bigger pore space among the coarse gangues is
filled with finer gangues. The finer gangue content signified
higher reaction degree and is related more to reaction
products packing pattern.

Differential distribution curve (Figure 6) is presented in
order to estimate and evaluate the pore structure of the
CGB at 28 days. With the increase in fine gangue content,
the volume of the capillary-size pores in the range of 0–
2,000 nm gradually decreased. With the increase in porosity,
the number of pores increased, which facilitated the connec-
tion of the pore solution. Additionally, a conductive network
was formed inside the CGB, which enhanced the current
transport capacity of the pore solution. To estimate the critical
pore size (𝑑cr) the differential distribution curve was plotted
where the critical pore size corresponds to the diameter that
the distribution presents maximum. The critical pore size
controls the transmissivity of the material [34]. The critical
pore diameter is the most frequently occurring diameter
in the interconnected pores that allows maximum perco-
lation of chemical species through the CGB [35]. Figure 6
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Figure 4: Surface morphology of the gangue particles in CGB samples at fine gangue contents of (a) 20%, (b) 40%, and (c) 60%.
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Figure 5: MIP porosity of CGB at 3 d and 28 d.

indicates that as fine gangue content increases critical diam-
eter decreased. This leads to the conclusion that fine gangue
addition in CGB produces less interconnected pores in CGB
but of the same magnitude.

Table 3 shows that the fly ash and the gangue solution
contained Al3+, Fe3+, and Si4+ that could participate in the
pozzolanic reaction. Al3+, Fe3+, and Si4+ contained indepen-
dent cations and complex ions. The concentration of these
cations and ions could be used to determine the active SiO

2
,

Al
2
O
3
, and Fe

2
O
3
content.The concentration of Fe3+ reached

6.96mg/L in the gangue solution, whereas the concentration
of Al3+ reached 4.594mg/L in the fly ash solution. The
Ca2+ in the gangue and the fly ash solutions was relatively
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Figure 6: Differential distribution curve at 20–60% fine gangue
content at 28 d.

concentrated. In addition, the concentrations of Na+ and K+
were similar.

The pore solution of the CGB primarily contained Na+,
K+, Ca2+, Mg2+, Al3+, Fe3+, Si4+, SO

4

2−, Al(OH)
4

−, H
3
SiO
4

−,
OH−, and [FeO

2
(OH)]2−, which originated in the gangue,

the dissolution of the fly ash, and the hydrolysis between the
hydration and the pozzolanic reaction products [36].

Table 4 lists the change of the concentrations of seven
major ions in the pore solution after curing for 3 d and 28 d.
After curing for 3 d, the concentrations of Si4+, Fe3+, Al3+, and
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Table 3: Concentrations of major ions in the raw material solution.

Elements (mg/L) Mg Si Fe Al Ca K Na
Coal gangue 3.07 0.36 6.96 0.284 233 0.409 0.986
Fly ash 1.20 0.413 0.006 4.594 47.7 0.426 1.08

Table 4: Active ion content at 3-day and 28-day curing times.

Compound Mg Si Fe Al Ca K Na

3 d
(mg/L)

20% 0.664 1.76 0.447 6.966 86.5 2.28 2.94
30% 0.596 1.69 0.438 6.758 77.6 2.43 2.77
40% 0.650 1.70 0.412 6.638 74.3 2.34 2.82
50% 0.601 1.56 0.387 6.495 72.1 2.18 2.88
60% 0.624 1.47 0.342 5.786 63.7 2.08 2.68

28 d
(mg/L)

20% 0.748 0.468 0.327 7.452 47.0 2.62 2.57
30% 0.687 0.547 0.334 7.714 49.6 2.37 2.63
40% 0.674 0.608 0.332 8.007 48.7 2.57 2.84
50% 0.746 0.584 0.437 8.125 51.6 2.18 2.71
60% 0.689 0.617 0.441 8.131 52.4 2.60 2.64

Ca2+ decreased with the increase in fine gangue content, the
concentrations of K+, Na+, andMg2+ did not change, and the
overall ion concentration decreased. After curing for 28 d, the
concentrations of Si4+, Fe3+, Al3+, and Ca2+ increased and the
overall ion concentration increased.

The hydration and the pozzolanic reactions are the
primary reactions that occur in CGB. The dissolving and
the reacting doses collectively affect the concentrations of
the active ions. In the beginning, when the raw materials
are mixed, a hydration reaction occurs in the cement. Active
ions dissolve out and accumulate on the surface of gangue
particles. The dissolving dose is greater than the reacting
dose (24 h). When the hydration reaction continues, more
Ca(OH)

2
is generated. With the increase in fine gangue con-

tent, the specific surface area increases. Therefore, the reac-
tion contact area between Ca(OH)

2
and gangue increases.

The concentrations of Ca2+, OH−, and active ions decrease.
The gel generated from the reaction covers the surface of
the particles, which prevents dissolution. At this time, the
reacting dose is greater than the dissolving dose after curing
for 3 d. After curing for 28 d, the hydration and the pozzolanic
reaction level off. The change in the concentrations of the
ions is primarily caused by precipitation. Therefore, with
the increase in fine gangue content, the specific surface
area increases, the quantity of the exposed minerals on the
surface of gangue increases, and the number of dissolved ions
increases.

3.2. Effects of Fine Gangue Content on Compressive Strength
of CGB. Fine gangue content plays an important role in
the mechanical behavior of CGB samples. Figure 7 shows
the development of mechanical strength of CGB samples
produced from 20%–60% fine gangue content at 3- and 28-
day curing time. The increase in the strengths of the CGB
samples was noted to peak at the fine gangue usage of
40%; thereafter, a trend of decline was apparent, irrespective
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Figure 7: Compressive strength of CGB samples with 20–60% fine
gangue contents at 3 and 28 days.

of curing time. At the fine gangue content between 20%
and 40%, the strengths of the CGB samples of 3 and 28
days increased from 1.3 and 5.37MPa to 1.7 and 5.73MPa
corresponding to 30.8% and 6.7% gains of strength. The
reason is that increasing the gangues fineness leads to a
lower porosity and more reaction products which reduce
the porosity and enhance the bonding formation between
the gangue particles. Previous research indicated that the
surface texture of the aggregate plays an important role in
compressive strength of mortars [37, 38]. The grip between
the paste and the aggregate at the interfacial zone will be
improved when a rougher texture aggregate is used, thereby
leading to an increase in compressive strength [39]. As the
fine gangue content increased from40% to 60%, the strengths
of the CGB samples of 3 and 28 days decreased from 1.7
and 5.73MPa to 1.28 and 5.04MPa corresponding to about
24.7% and 12% losses of strength. This is because the more
products which covered the gangue particles surface exceed
a threshold (Figure 4), which is not in favor of bonding with
interspace between adjacent fine gangue grains. The rough
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Figure 8: Relationship between resistivity and fine gangue content for CGB samples at curing times of (a) 3 d and (b) 28 d.
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Figure 9: The interfacial transition zone (ITZ) between paste and gangue in CGB specimen at 28 days.

and angular nature of fine gangue affects the compaction
of the mixes in the fresh state. Torkittikul and Chaipanich
[40] explained that the decrease in strength when using fine
gangue content at 40–60% of the total gangue by weight
may be due to the difficulty in the compaction of the harsh
mortar. The mechanical behaviour is taken into account; the
optimum 40% fine gangue content is used in CGB.

3.3. Effect of Fine Gangue Content on the Resistivity of CGB.
Figure 8 shows the relationship between resistivity and fine
gangue content after curing for 3 d and 28 d when the
voltage was 1 V and the frequency was 100Hz. Figure 8(a)
shows that, with the increase in fine gangue content, the
resistivity also increased after curing for 3 d. Figure 8(b)
indicates that increasing fine gangue results in the reduction
of resistivity in CGB samples after curing for 28 d. The
resistivity of the gangue was measured to be 1 × 107Ω⋅m,
which is far greater than the resistivity of the measured CGB
samples. The presence of gangues in the CGB matrix has
two opposite effects on the transport properties [41]. The
dilution and tortuosity effects reduceCGBpermeabilitywhile
the interface transition zone (ITZ) and percolation effects
increase permeability (Figure 9). In addition, the diffusivity
of CGB on pore structure can attribute to the effect of
capillary porosity and connectivity of these capillary pores.
Therefore, the resistivity of the CGB is related to the porosity,
the pore-size distribution, the ion concentrations, and the
ITZ effect [42–44].

After curing for 3 d, with the increase in fine gangue
content, the concentrations of the ions in the pore solution
decreased, which caused the decrease in the current transport
capacity of the solution, and the current transport in the pore
structure becamemore difficult, which caused the increase in
resistivity. After curing for 28 d, because of the increase in the
concentrations of the ions in the pore solution, the current
transport capacity of the solution increased, which caused the
decrease in resistivity.Thepore structure had a limited impact
on the resistivity of the CGB sample. However, when the
gangue size decreased under a constant volume, the porous
interfacial transition zone (ITZ) content would increase. The
ITZ and percolation effects increase the CGB permeability;
moreover, ions transport will be significantly enhanced [45].

3.4. Relationships between Compressive Strength and Resis-
tivity. The raw materials used in CGB of the present study
resemble those used for concrete. However, the cement con-
tent for CGB is less than that for concrete, and the fine gangue
for CGB acted as cementitious material and fine aggregate.
As shown in Figures 7 and 8, the resistivity and strength
of the tested CGB changed with increase in fine gangue
content. The resistivity of the CGB is related to the porosity,
pore-size distribution, ion concentration, and ITZ effect.
At 3-day curing time, there were high porosity and much
water in the pore space of CGB samples, which minimized
the effect of ITZ on the current flow. The decreasing ion
concentration (Table 4) and porosity with increase in fine
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Figure 10: Relationships between strength and resistivity for CGB samples with 20–60% fine gangue content at (a) 3 and (b) 28 days.

gangue content might be the main cause for the increasing
resistivity (Figure 8(a)), as the electrical resistivity of CGB is
related to the porosity and the ions concentration of the pore
solution. At 28 days, the degree of CGB saturation was lower
than CGB saturation at early stage. The resistivity of CGB
was influenced by the ions concentration of pore solution and
ions transport channels. Ions transport channels consisted of
pore structure and ITZ, the pore structure for MIP exhibits
a statistical gradient of bulk paste of CGB which is outward
from the actual paste-aggregate interface, and the effects of
the ITZ are that the movement of water and ions through
the “ITZ paste” is much more rapid than through the “bulk
paste” [46]. In short, the ITZ would be the main factor on
ions transport (Figure 9). With fine gangue content, the ITZ
content increased and the fine gangues tended to be closely
spaced so that the adjacent ITZs overlap in space. In addition,
the ions concentration of pore solution increased with fine
gangue content (Table 4). As a result, the capacity of ions
transport was significantly enhanced and resistivity of CGB
was decreased.

The factors influencing the compressive strength include
interfacial zone, porosity, hydration, and content of poz-
zolanic reaction products. Increasing fine gangue content
from 20% to 40% leads to a low porosity and many reaction
products. This improves the CGB compaction and enhances
the bonding formation between the gangue particles, causing
increase in compressive strength. With further increase in
fine gangue content from 40% up to 60%, the reaction
products could not cover the surface of fine gangues, leading
to reduction of bonding between gangue particles. This
caused a reduction of compressive strength.

According to Wei et al. [20], Lübeck et al. [21], and
Ferreira and Jalali [22], there is a linear relationship between
compressive strength and concrete resistivity when concrete
mixtures aremadewith the same cementitiousmaterials.This
is because both compressive strength and electrical resistivity
are dependent on the continuous hydration of cement. In
this study, however, there exists no sensible correlation
between compressive strength and CGB resistivity as shown
in Figure 10. On one hand, the compressive strength of CGB
was influenced by reaction products, porosity, and surface
of gangues. On the other hand, the resistivity of CGB was
affected by ions concentration of pore solution and ITZ
effects.The above two sides do not work in the same direction

during CGB curing periods. This may be the reason for
the concave patterns in Figure 10. As there is no obvious
correlation between the compressive strength and resistivity
of CGB, it is thought not proper to use electrical resistivity as
an indicator for evaluation of compressive strength of CGB in
engineering practice.

4. Conclusions

In this study, the effect of fine gangue content on the strength,
resistivity, andmicroscopic properties of CGB was evaluated.
Based on the foregoing discussion, several main conclusions
may be drawn as follows:

(1) The compressive strength of CGB increases with fine
gangue content increasing up to 40%. After that finer
gangue leads to decrease in the compressive strength.

(2) At 3 days of curing time, an increasing trend of CGB
resistivity was noted with increase in fine gangue
content, which could be attributed to the denser
pore structure and higher ions concentrations of pore
solution.

(3) At 28 days, the resistivity of CGB decreased with
increase in fine gangue content, which may be
attributed to the enhanced interfacial transition zone
and ion concentration of pore solution.

(4) The nonlinear correlations between resistivity and
compressive strength of CGB indicate that it is not
proper to use the former to estimate the latter. This
is different from what have been found in concrete
study, where compressive strength seems propor-
tional to resistivity. The fine gangue works not only
as aggregates but also as cementitious materials in
CGB. It influences not only the ITZ but also the
ion concentration and content of chemical reaction
products. The unbalanced change of these three with
fine gangue content finally leads to a concave-shaped
correlation between compressive strength and the
resistivity of CGB.
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[21] A. Lübeck, A. L. G. Gastaldini, D. S. Barin, and H. C. Siqueira,
“Compressive strength and electrical properties of concrete
withwhite Portland cement and blast-furnace slag,”Cement and
Concrete Composites, vol. 34, no. 3, pp. 392–399, 2012.

[22] R.M. Ferreira and S. Jalali, “NDTmeasurements for the predic-
tion of 28-day compressive strength,” NDT & E International,
vol. 43, no. 3, pp. 55–61, 2010.

[23] A. A. Ramezanianpour, A. Pilvar, M. Mahdikhani, and F.
Moodi, “Practical evaluation of relationship between concrete
resistivity, water penetration, rapid chloride penetration and
compressive strength,”Construction and BuildingMaterials, vol.
25, no. 5, pp. 2472–2479, 2011.

[24] K. R. Gowers and S. G. Millard, “Measurement of concrete
resistivity for assessment of corrosion severity of steel using
Wenner technique,” ACI Materials Journal, vol. 96, no. 5, pp.
536–541, 1999.

[25] Y. Xi, D. D. Siemer, and B. E. Scheetz, “Strength development,
hydration reaction and pore structure of autoclaved slag cement
with added silica fume,” Cement and Concrete Research, vol. 27,
no. 1, pp. 75–82, 1997.

[26] Q. Pu, L. H. Jiang, J. X. Xu, H. Q. Chu, Y. Xu, and Y. Zhang,
“Evolution of pH and chemical composition of pore solution in
carbonated concrete,” Construction and Building Materials, vol.
28, no. 1, pp. 519–524, 2012.

[27] H. W. Whittington, J. McCarter, and M. C. Forde, “The con-
duction of electricity through concrete,” Magazine of Concrete
Research, vol. 33, no. 114, pp. 48–60, 1981.

[28] F. Hunkeler, “The resistivity of pore water solution—a decisive
parameter of rebar corrosion and repairmethods,”Construction
and Building Materials, vol. 10, no. 5, pp. 381–389, 1996.

[29] H. Xing, X. Yang, C. Xu, and G. B. Ye, “Strength characteristics
and mechanisms of salt-rich soil-cement,” Engineering Geology,
vol. 103, no. 1-2, pp. 33–38, 2009.



Shock and Vibration 11

[30] W. Zhu, C. L. Zhang, and A. C. F. Chiu, “Soil-water trans-
fer mechanism for solidified dredged materials,” Journal of
Geotechnical and Geoenvironmental Engineering, vol. 133, no. 5,
pp. 588–598, 2007.

[31] C. Jaturapitakkul and R. Cheerarot, “Development of bottom
ash as pozzolanic material,” Journal of Materials in Civil Engi-
neering, vol. 15, no. 1, pp. 48–53, 2003.

[32] M. Fall, M. Benzaazoua, and S. Ouellet, “Effect of tailings
properties on paste backfill performance,” in Proceedings of the
8th International Symposia onMining with Backfill, pp. 193–202,
Beijing, China, 2004.

[33] A. C. Raymond and C. H. Kenneth, “Mercury porosimetry of
hardened cement pastes,” Cement and Concrete Research, vol.
29, no. 6, pp. 933–943, 1999.

[34] K. Aligizaki, Pore Structure of Cement-Based Materials, Taylor
& Francis, New York, NY, USA, 2006.

[35] D. N. Winslow and S. Diamond, “A mercury porosimetry study
of the evolution of porosity in Portland Cement,” Journal of
Materials, vol. 5, no. 3, 1970.

[36] E. J. Reardon, “Problems and approaches to the prediction
of the chemical composition in cement/water systems,” Waste
Management, vol. 12, no. 2-3, pp. 221–239, 1992.

[37] M.Westerholm, B. Lagerblad, J. Silfwerbrand, and E. Forssberg,
“Influence of fine aggregate characteristics on the rheological
properties of mortars,” Cement and Concrete Composites, vol.
30, no. 4, pp. 274–282, 2008.
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This paper presents a newmethod to identify the danger of rock burst from the response of drill pipe torque during drilling process
to overcome many defects of the conventional volume of drilled coal rubble method. It is based on the relationship of rock burst
with coal stress and coal strength. Through theoretic analysis, the change mechanism of drill pipe torque and the relationship of
drill pipe torque with coal stress, coal strength, and drilling speed are investigated. In light of the analysis, a new device for testing
drill pipe torque is developed and a series of experiments is performed under different conditions; the results show that drill pipe
torque linearly increases with the increase of coal stress and coal strength; the faster the drilling speed, the larger the drill pipe
torque, and vice versa. When monitoring rock burst by drill pipe torque method, the index of rock burst is regarded as a function
in which coal stress index and coal strength index are principal variables. The results are important for the forecast of rock burst in
coal mine.

1. Introduction

Nowadays, the threat of rock burst is increasingly intensifying
with the increase of mining depth and intensity [1–4]. As a
result, research on the prediction of rock burst is extremely
urgent.

At present, the methods applied to the monitoring of
rock burst can be classified into two classes [5–11]: one is
geophysical method and the other is geomechanical method.
Geophysical methods are circumstantial and use changes in
the following physical parameters due to the stress increase in
rocks near mine working: acoustic emission, the magnitude
of “induced electromagnetic field,” and the value of rock self-
potential. However, they are not very mature for their hard
equipment maintenance management, high cost, hard data
analyzing, and high requirements of technical conditions. At
the present time there are no geophysical methods which
can completely satisfy the requirements of minimal duration
and maximal safety of prediction works [12]. At present the
standard geomechanical method of estimating rock burst
hazard in coal mines is based on measurement of a volume
of “drilled coal rubble” [13, 14]. Drilling of a borehole leads
to excitation of an intensive process of cracking in the zone
of its influence. The volume of this zone depends on the hole
diameter, the drilling rate, and especially the stress level. If the
two first parameters remain constant, the volume of drilled

coal rubble formed due to drilling reflects an increase of the
third. This method is widely used and already has a set of
mature technologies. However, there are also different defects
associated with this method; for example, it is not suitable
for soft weak coal layer and coal stress crush exceeds the
limit; on the other hand, monitoring rock burst by drilled
coal rubble method is discontinuous, it is easy to cause loss of
information, and both the fly out and residue of drilled coal
rubble in the process of drilling can cause drilled coal rubble
is not collected incompletely, thereby leading tomeasurement
errors; moreover, the volume of drilled coal rubble has
no correlation with coal strength, unable to determine the
influence of coal strength on rock burst.

Hence, in this paper, in light of theoretical analysis, the
self-designed device is used to test drill pipe torque under
different coal stress, coal strength, and drilling speed, respec-
tively, and the method to monitor rock burst by drill pipe
torque is presented. The research results provide a new idea
for rock burst prediction and have important significance for
safety production in coal mine.

2. Drill Pipe Torque Analysis

When drilling in coal seam by electric-drill and twist drill
pipe, the torque on drill pipe is mainly acted by electric-drill

Hindawi Publishing Corporation
Shock and Vibration
Volume 2015, Article ID 371948, 8 pages
http://dx.doi.org/10.1155/2015/371948

http://dx.doi.org/10.1155/2015/371948


2 Shock and Vibration

p0

p0

F1

F1

F3
F2

F3
F2

𝜑

𝜑

MnFn

Figure 1: External forces of bit.

(𝑀
0
, constant under rated power), bit (𝑀

𝑛
), and drilled coal

rubble (𝑀
𝑧
) [15, 16]. “Drill pipe torque” in this paper refers

to the torque in the junction of drill pipe tail end and drilling
rig; it is equal to, in numeral, resultant force of 𝑀

𝑛
and 𝑀

𝑧
.

Then

𝑀
𝑝
= 𝑀
𝑛
+𝑀
𝑧
. (1)

2.1. Calculation of Torque Applied by Bit. During coal cutting
operation, the forces on cutting tool include propulsion
𝐹
𝑛
and cutting force 𝐹

𝑚
acted by drill pipe, anti-cutting

resistance 𝐹
1
, anti-incisiveness resistance 𝐹

2
acted by coal

rock, and frictional resistance 𝐹
3
. In addition, there are also

pressure 𝑝
0
and friction torque𝑀

1
acted by hole wall on the

side surface of bit, as is shown in Figure 1.
𝐹
1
is corresponding with the force of coal shear body

acted by tool specified in [17] as follows:

𝐹
1
= 𝑃
1
=

𝑐𝑏ℎ cos𝜙
cos (𝛾 + 𝜙 + 𝜑 + 𝜓) cos𝜓

, (2)

where ℎ is cutting depth, 𝑏 is the width of cutting edge, 𝑐 is
cohesion, 𝛾 is negative anteversion angle of cutting tool, 𝜙 is
internal friction angle, 𝜑 = arctan𝜇 (𝜇 is friction coefficient
between clearance face and coal face), and 𝜓 is the angle
between cutting surface and shear plane. 𝐹

2
is corresponding

with the normal pressure acting on the coal by cutting edge.
Then

𝐹
2
= 𝑃
𝑐
= 𝜎
𝑏
𝑆, (3)

where 𝜎
𝑏
is coal compressive strength and 𝑆 is the contacting

area of cutting tool with coal. Now let the friction coefficient
between cutting edge and coal be 𝜇

1
; then 𝐹

3
= 𝜇
1
𝐹
2
. Let the

friction coefficient between coal on hole wall and surface of
bit be 𝜇

2
; then

𝑀
1
= 𝜇
2
∫
𝑠

𝑝
0
⋅ 𝑅𝑑𝑠 = 𝜇

2
𝑝
0
⋅ 𝑅𝑠, (4)

where 𝑅 is radius and 𝑠 is the contacting area of one side
surface of tool with hole wall. Since the bit contains two tools,
the torque balance equation of the bit is represented by

𝑀
𝑛
= 2𝐹
1
cos (𝛾 + 𝜙) ⋅ 𝑅 + 2𝜇

1
𝐹
2
⋅ 𝑅 + 2𝑀

1
, (5)
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Figure 2: Mechanical mode of coal dust element.

where 𝑅 is the distance between equivalent concentrated
force andmedial axis of bit.Then, by substituting (2), (3), and
(4) into (5), it is found that

𝑀
𝑛
= 2

𝑐𝑏ℎ cos𝜑
cos (𝛾 + 𝜑 + 𝜙 + 𝜓) cos𝜓

cos (𝛾 + 𝜙) ⋅ 𝑅

+ 2𝜇
1
𝜎
𝑏
𝑆 ⋅ 𝑅 + 2𝜇

2
𝑝
0
⋅ 𝑅𝑠.

(6)

2.2. Calculation of Chip Removal Torque. Mechanical analysis
of coal dust element drill pipe spiral groove is carried out,
gravity and inertia force are neglected, and the external forces
of coal dust are generalized as in Figure 2 [15, 18–20]. In
Figure 2, 𝑑𝑆

𝑓
denotes the unit width of the interface between

coal dust element and the junk slot, 𝑑𝑆 denotes the thickness
of coal dust in the direction of 𝑤, 𝑑 ⃗𝐹

𝑓𝑛
and 𝑑 ⃗𝐹

𝑓𝑓
denote the

normal force and friction, respectively, which are acted by
drill pipe spiral groove, and 𝑑 ⃗𝐹

𝑤𝑛
, 𝑑 ⃗𝐹
𝑤𝑓
, and 𝑃𝐴

0
denote the

normal force, friction, and chip removal force, respectively,
which are acted by hole wall on the outside surface of coal
dust element.

During coal dust removing operation, the interaction of
friction acted by coal wall and normal chip removal force
acted by spiral groove results in a distribution of lateral
pressure 𝐿 on coal dust [17, 18, 20]. Then

𝑑 ⃗𝐹
𝑓𝑛

= 𝐿𝑑𝑆
𝑓
𝑑𝑆 ⋅ ⃗𝑒
𝑓𝑛
,

𝑑 ⃗𝐹
𝑓𝑓

= 𝜇
3

𝑑
⃗𝐹
𝑓𝑛

 ⋅ ⃗𝑒
𝑓𝑓

= 𝜇
3
𝐿𝑑𝑆
𝑓
𝑑𝑆 ⋅ ⃗𝑒
𝑓𝑓
,

(7)

𝑑 ⃗𝐹
𝑤𝑓

= 𝜇
4
⋅ 𝑑 ⃗𝐹
𝑤𝑛

= 𝜇
4
(𝐿𝑑𝑆
𝑤
⋅ 𝑑𝑆 ⋅ ⃗𝑒

𝜃
+ 𝑝
0
𝑑𝑆
𝑤
⋅ 𝑑𝑆 ⋅ ⃗𝑒

𝜃
) ,

(8)

where 𝜇
3
is friction coefficient between coal dust and spiral

groove, ⃗𝑒
𝑓𝑛

is unit vector in the direction of 𝑑 ⃗𝐹
𝑓𝑛
, and ⃗𝑒

𝑓𝑓
is

unit vector in the direction of 𝑑 ⃗𝐹
𝑓𝑛
.

The balance equation of coal dust in the direction of 𝑢 is
[20]

𝐿ΔV𝑑𝑆 − (𝑑𝐿 + 𝐿) ΔV𝑑𝑆 + 𝑑 ⃗𝐹
𝑤𝑓

⋅ ⃗𝑒
𝑢
= 0, (9)
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where ΔV is the difference between coal wall and profile of
bottom spiral groove in the direction of V; it is a function
about 𝑢.

Then, by substituting (8) into (9), it is found that

𝐿 (𝑢) = (𝑘𝑃 + 𝑝
0
) 𝛼𝑒𝑢4𝑓(𝑢) − 𝑝

0
, (10)

where 𝑝
0
is the normal pressure acting on drill pipe by coal

around borehole, the change block of 𝑢 coordinate is [𝑢
𝑎
, 𝑢
𝑏
],

which depends on the geometric parameters of drill pipe, 𝜇
4

is the friction coefficient between clearance face and coal face,
and 𝑘 is a coefficient which depends on geometric parameters
of drill pipe and drilling speed.

The balance equation of coal dust along the axial line of
drill pipe is [20]

𝑃𝐴
0
( ⃗𝑒
𝑤
⋅ ⃗𝑘) − (𝑑𝑃 + 𝑃)𝐴

0
( ⃗𝑒
𝑤
⋅ ⃗𝑘)

+ ∫𝑑 ⃗𝐹
𝑓𝑓

⋅ ⃗𝑘 + ∫𝑑 ⃗𝐹
𝑓𝑛

⋅ ⃗𝑘 = 0.
(11)

Then, by substituting (7) and (10) into (11), it is found that

𝑃 = 𝑒∫
𝑧
𝑐

0

(𝑘𝐴𝐸/𝐴
0
)𝐵(𝑧
𝑐
)𝑑𝜂

⋅ ∫
𝑧
𝑐

0

𝑝
0
(𝑧
𝑐
)
𝐸

𝐴
0

[𝐴𝐵 (𝑧
𝑐
) − 𝐶 (𝑧

𝑐
)] 𝑒−∫

𝑧
𝑐

0

(𝑘𝐴𝐸/𝐴
0
)𝐵(𝑧
𝑐
)𝑑𝜂𝑑𝜂,

(12)

where

𝐵 (𝑧
𝑐
) = ∫ 𝑒𝑢4𝑓(𝑢) ( ⃗𝑒

𝑓𝑛
⋅ ⃗𝑘)𝑑𝑆

𝑓
+ 𝜇
3
∫ 𝑒𝑢4𝑓(𝑢) ( ⃗𝑒

𝑓𝑓
⋅ ⃗𝑘)𝑑𝑆

𝑓
;

𝐶 (𝑧
𝑐
) = ∫ ( ⃗𝑒

𝑓𝑛
⋅ ⃗𝑘)𝑑𝑆

𝑓
+ 𝜇
3
∫ ( ⃗𝑒
𝑓𝑓

⋅ ⃗𝑘)𝑑𝑆
𝑓
;

𝐸 =
1

( ⃗𝑒
𝑤
⋅ ⃗𝑘) cos𝛽

ℎ

.

(13)

Let drilling depth be 𝑧
𝑑
; then the removal force along the

axial line of drill pipe is [18]

⃗𝐹
𝑧
(𝑧
𝑑
) = 2𝑃 (𝑧

𝑑
) 𝐴
0
⋅ ⃗𝑒
𝑤
⋅ ⃗𝑘. (14)

By substituting (12) into (14) and expanding and rearranging,

𝐹
𝑧
(𝑧
𝑑
) = 2𝐴

0
cos𝛽
ℎ
𝑒∫
𝑧
𝑑

0

(𝑘𝛼𝛿/𝐴
0
)𝛽(𝑧
𝑐
)𝑑𝜂

⋅ ∫
𝑧
𝑑

0

𝑝
0
(𝑧
𝑐
)

𝛾

𝐴
0

[𝛼𝛽 (𝑧
𝑐
) − 𝜒 (𝑧

𝑐
)]

⋅ 𝑒−∫
𝑧
𝑑

0

(𝑘𝛼𝛿/𝐴
0
)𝛽(𝑧
𝑐
)𝑑𝜂𝑑𝑧
𝑐
.

(15)

During drilling operation, the equation of chip removal
torque is

𝑀
𝑧
(𝑧
𝑑
) = ( ⃗𝑟

𝑐
(𝑧
𝑑
) × ⃗𝐹
𝑤
(𝑧
𝑑
)) ⋅ ⃗𝑘 + ∫

𝑧
𝑑

0

𝑑𝑀
𝑤
(𝑧
𝑐
) , (16)

where ⃗𝑟
𝑐
denotes the position vector at the center of coal dust

element; ⃗𝑟
𝑐
= 𝑅 ⃗𝑒
𝑟
.

Now, by substituting (15) into (16) and expanding and
rearranging,

𝑀
𝑧
(𝑧
𝑑
) = 𝑃 (𝑧

𝑑
) 𝐴
0
𝜆 + 𝜓∫

𝑧
𝑑

0

𝑝
0
(𝑧
𝑐
) 𝛾𝑑𝑧
𝑐
+ 𝜓∫

𝑧
𝑑

0

𝑘𝑃𝛾𝑑𝑧
𝑐
,

(17)

where 𝜆(𝑧
𝑑
) = 𝐴

0
𝑅 sin𝛽

ℎ
; 𝜓 = 𝜇

4
𝐴𝑅/ cos𝛽

ℎ
; 𝛾(𝑧
𝑐
) =

∫ 𝑒𝑢4𝑓(𝑢)𝑑𝑆
𝑤
.

2.3. Calculation of Drill Pipe Torque. Then, by substituting (6)
and (17) into (1), it can be simplified as

𝑀
𝑝
= 𝐴
1
𝑏𝑅ℎ + 𝜎

𝑏
𝐴
2
+ 𝑝
0
𝐴
3
+ 𝑃 (𝑧

𝑑
)𝐾 (𝑧

𝑑
)

+ 𝐺∫
𝑧
𝑑

0

𝑝
0
(𝑧
𝑐
)𝐻𝑑𝑧

𝑐
+ 𝐺∫

𝑧
𝑑

0

𝑘𝑃𝐻𝑑𝑧
𝑐
,

(18)

where 𝐴
1

= 2(𝑐 cos𝜙/ cos(𝛾 + 𝜙 + 𝜑 + 𝜓) cos𝜓) cos(𝛾 +

𝜑), 𝐴
2
= 2𝜇
1
𝑆𝑅, and 𝐴

3
= 2𝜇
2
𝑅𝑠
2
. 𝑃 increases with the

increase of coal stress, 𝐴
1
increases with the increase of coal

strength, both 𝑏 and ℎ increase with the increase of drilling
speed, 𝑆,𝐴

2
, and𝐴

3
all have something to dowith geometric

parameters of bit, and 𝐾, 𝐺, and𝐻 all have something to do
with geometric parameters of drill pipe.

3. Principle of Monitoring Rock Burst by Drill
Pipe Torque Method

A degree of rock burst is inevitably associated both with
the stress level near mine working and with the strength of
coal. There is precursor information of stress concentration
(high stress) and mutation (high stress mutation) in local
area before rock burst [21, 22]. Therefore, the stress is reliable
for monitoring rock burst; monitoring means such as AE
method and volume of drilled coal rubble method reflect
coal stress state through certain physical quantity and then
judge rock burst risk based on stress trend. Coal strength
is an important mechanical character parameter and also a
significant indicator of coal seam burst tendency judgment.
Coal strength and its variation have a great influence on rock
burst hazard. The change of stress in the laneway periphery
with the increase of mining depth is different depending on
the compressive strength of coal rock mass; if covered depth
exceeds the critical depth, coalmass willmeet various degrees
of violation; it provides condition for occurrence of rock
burst. The larger the compressive strength and the sustained
forces before failure, the larger the elastic energy accumulated
in coal mass; then it is much easier to induce rock burst.

Based on the relationship of rock burst with coal stress
and coal strength, monitoring rock burst by drill pipe torque
method is designed. It can be known from the calculation
results of Section 2 that there is a positive correlation of drill
pipe torque and coal stress and coal strength in the course
of drilling, if the drilling equipment and drilling speed are
constant.Thus, when drilling with constant speed, coal stress
and coal strength can be reflected by drill pipe torque, and
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Table 1: Loading and drilling conditions of the samples.

Sample
number

Loading
pressure/kN Coal stress/MPa Coal strength/MPa Drilling speed/m/min Drilling time/s Drilling depth/mm

1 1500 6.0 15 0.22 120 440
2 2000 8.0 15 0.22 120 440
3 2500 10.0 15 0.22 120 440
4 3000 12.0 15 0.22 120 440
5 3500 14.0 15 0.22 120 440
6 2500 10.0 7 0.4 60 400
7 2500 10.0 10 0.4 60 400
8 2500 10.0 15 0.4 60 400
9 2500 10.0 19 0.4 60 400
10 2500 10.0 24 0.4 60 400
11 2500 10.0 15 0.15 192 480
12 2500 10.0 15 0.2 144 480
13 2500 10.0 15 0.3 96 480

then quantitative relation of drill pipe torque with coal stress
and coal strength is established and rock burst hazard is
judged; the goal of forecasting rock burst is achieved.

4. Drill Pipe Torque Experiments

4.1. Experiments Device. The test system consists of drilling
equipment, test device of torque, data acquisition and record-
ing system, and other assistive devices (Figure 3). Drilling
equipment includes 1.2 kw hand-held electric coal drill, 𝜙
42 hollow twist drill rods, and bit; test device of torque is
the central unit of the test system, which is independently
developed with a torque sensor mounted at the output
terminal of electric coal drill. It can be continuously used to
measure a real-time torque. YJZ-8/16 type digital strain gauge
is chosen as the data acquisition and recording device, and
results can be displayed on computers.

4.2. Experiments Scheme. Large size coal specimens collected
from scene were put into iron cases which have dimension
of 500mm × 500mm × 500mm and thickness of 30mm,
and the surrounding areas were packed with cement mortar.
The backs of specimens were pasted on the inner lining of
the iron cases. Thus, the distortion in this direction was
limited under force. The space exists between the left and
right sides of the samples and iron cases were packed with S-
588 sealing colloid. It has little effect on lateral deformation of
coal under force, since S-588 colloid is elastic after solidifying.
This allowed the acting form of the samples to be similar to
that of coal body ahead of mining face; then coal stress ahead
of mining face was simulated through pressuring the samples
vertically.

13 specimens were made in all; among them, samples
1∼5 were used to study the relationship between drill pipe
torque and coal stress; in this experiment, drilled coal rubble
was collected while drilling and was weighed after drilling;
samples 6∼10 were used to study the relationship between
coal strength and drill pipe torque; samples 11∼13 were used

to study the influence of drilling speed on drill pipe torque.
The loading and drilling conditions of the samples are listed
in Table 1.

When testing, the torque sensor was mounted on the
junction of drill pipe tail end and drilling rig; wires were
leaded out by rotary joint connected to the data acquisition
device connected to computer. To keep the electric-drill
running horizontally and uniformly in drilling process, the
electric-drill was mounted on the self-designed support with
scales on its horizontal guide; it controlled drilling speed
constant combined with timer during the drilling operation.
In order to make the stress of the specimens uniform, a
500mm × 500mm × 15mm plate was put on the upper
surface of the specimen, and a cushion block was put on
the plate. The data acquisition and recording system was
booted to acquire and record test data synchronously and
automatically, testing machine was booted to pressure the
specimens according to the test conditions, and electric-drill
was booted to drill at the reference speed combined with
stopwatch. When the procedure finished, data acquisition
was stopped and then the testing machine was turned off.

4.3. Analysis of Experiments Results

4.3.1. Relationship between Drill Pipe Torque and Coal Stress.
The change curve of drill pipe under different coal stress
during drilling operating is obtained from the results of the
recording (Figure 4). As it can be seen in Figure 4, under
the same drilling speed, drill pipe torque under different coal
stress fluctuates in a certain magnitude due to factors such as
cracks and shake, but analyzing the entire tendency, the larger
the coal stress, the larger the drill pipe torque.

The practice of prediction of mine dynamic disaster
shows that coal stress can be reflected by volume of drilled
coal rubble. When coal stress increases, the risk of rock
burst increases and the volume of drilled coal rubble also
increased. In order to verify that the magnitude and variation
regularity of the coal stress can be reflected by drill pipe
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Figure 3: Drill pipe torque test equipment.
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Figure 5:The comparison of drill pipe torque, volume of drilled coal
rubble, and coal stress.

torque further, the relationship of coal stress with volume of
drilled coal rubble and drill pipe torque was comparatively
analyzed (Figure 5). As it can be seen in Figure 5, drill pipe
torque had a similar changing trend to the volume of drilled
coal rubble. We also fit the curve and gain the fitting relation
of coal stress with volume of drilled coal rubble and drill pipe
torque:

𝑀
𝑝
= 0.66𝜎 + 0.36, (𝑅2 = 0.9882) ,

𝐺
0
= 0.1199𝜎 + 0.4195, (𝑅2 = 0.9648) ,

(19)

where𝑀
𝑝
is drill pipe torque and𝜎 is coal stress;𝐺

0
is volume

of drilled coal rubble.
Thus, it can be seen that both volumeof drilled coal rubble

and drill pipe torque linearly increase with the increase of
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Figure 6: Time history curve of drill pipe torque under different
coal strength.

coal stress, and they have good correspondences. It indicates
that drill pipe torque can reflect the magnitude and variation
regularity of the coal stress and then monitor rock burst.

4.3.2. Relationship between Drill Pipe Torque and Coal
Strength. Outcome of drill pipe torque under different coal
strength is presented in Figure 6. As it can be seen in Figure 6,
coal strength has significant effect on drill pipe torque though
with a little fluctuation in it. Under the same coal stress and
drilling speed, the larger the coal strength, the larger the drill
pipe torque.

During the drilling process, when coal strength is 7MPa,
average value of drill pipe torque is 3.28N⋅m; when coal
strength is 10MPa, average value of drill pipe torque is
4.30N⋅m; when coal strength is 15MPa, average value of
drill pipe torque is 6.75N⋅m; when coal strength is 19MPa,
average value of drill pipe torque is 7.25N⋅m; when coal
strength is 24MPa, average value of drill pipe torque is
10.86N⋅m. Outcome of regression analysis is presented in
Figure 7. As it can be seen in Figure 7, drill pipe torque
linearly increases with the increase of coal strength; they have
good interrelations; the curve relation of them is

𝑀
𝑝
= 0.4306𝜎

𝑐
+ 0.0822, (𝑅2 = 0.9763) , (20)

where 𝜎
𝑐
is coal strength.

4.3.3. Influence of Drilling Speed on Drill Pipe Torque. Taking
time as the abscissa axis and drill pipe torque as the ordinate
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axis, the curve relation between drill pipe torque and drilling
time under different drilling speed was obtained (Figure 8).

As it can be seen in Figure 8, for the same mate-
rial and pressure, drill pipe torques tested under different
drilling speed have a great difference: when drilling speed
is 0.15m/min, average value of drill pipe torque is 5.21 N⋅m;
when drilling speed is 0.20m/min, average value of drill
pipe torque is 8.44N⋅m; when drilling speed is 0.30m/min,
average value of drill pipe torque is 10.16N⋅m.

Therefore, drilling speed should be strictly controlled and
should always keep pace while monitoring rock burst by drill
pipe torque method.

5. Monitoring Rock Burst by
Drill Pipe Torque Method

In order to determine the possibility of rock burst occurrence
quantitatively, the paper regards the index of rock burst 𝐼 as a
function in which coal stress index 𝐼

𝑠
and coal strength index

𝐼
𝑐
are principal variables; namely, the index of rock burst can

be expressed as

𝐼 = 𝑓 (𝐼
𝑠
, 𝐼
𝑐
) , (21)

where 𝐼
𝑠
is the membership degree of judging the danger of

rock burst by coal stress and 𝐼
𝑐
is the membership degree of

judging the danger of rock burst by coal strength.

5.1. Determination of Coal Stress Index 𝐼
𝑠
. As the high stress

concentration and mutation are essential conditions of rock
burst, coal stress varies in a greater range for a period of
time before rock burst occurrence, and the studies in previous
paper have proved that there exists a close relationship
between coal stress and drill pipe torque. Therefore, coal
changes can be reflected through drill pipe torque and then
forecast rock burst.

The procedure of determining coal stress index 𝐼
𝑠
is

carried out as follows: when the drill pipe torque at a certain
depth reached or exceeded the forecasting and warning value
𝑀
0
(𝑀
0
depends on conditions of workface), taking the

moment as starting point, work out increment amplitude of
drill pipe torque in interval time and then determine coal
stress index 𝐼

𝑠
by increment amplitude of drill pipe torque.

The relationship between coal stress index 𝐼
𝑠
and increment

amplitude of drill pipe torque is

Δ𝑀 =
𝑀(𝑡
𝑛
) − 𝑀(𝑡

𝑛−1
)

𝑀 (𝑡
𝑛−1

)
,

𝐼
𝑠
=
{
{
{

Δ𝑀

𝛾
0

, (0 < Δ𝑀(𝑡
𝑛
) < 𝛾
0
) ,

1, (Δ𝑀(𝑡
𝑛
) ≥ 𝛾
0
) ,

(22)

where 𝑡
𝑛
= 𝑛𝑡
0
, 𝑀(𝑡
𝑛
) is the drill pipe torque at the moment

of 𝑡
𝑛
, 𝛾
0
is the critical value of increment amplitude of drill

pipe torque (the value of 𝛾
0
can bemodified according to field

condition), and 𝑛 is integer.

5.2. Determination of Coal Strength Index 𝐼
𝑐
. As coal strength

is a major factor of rock burst, it is reasonable to judge
the probability of rock burst by coal strength; the judgment
formula is

𝐶
0
=
{
{
{

𝜎

𝜎
0

, (𝜎 < 𝜎
0
) ,

1, (𝜎 ≥ 𝜎
0
) ,

(23)

where 𝜎 is strength of bored coal and 𝜎
0
is strength critical

value of rock burst forecast. In terms of the expression for
relationship between drill pipe torque and coal strength in
Section 4.3.2, different coal strengths correspond to different
drill pipe torques; it is then possible to get coal strength index
by the simplified equation (23):

𝐼
𝑐
=
{
{
{

𝑀

𝑀
0

, (𝑀 < 𝑀
0
) ,

1, (𝑀 ≥ 𝑀
0
) ,

(24)

where 𝑀 is drill pipe torque measured by drilling (average
value) and 𝑀

0
is forecast critical value for judging coal

stress by drill pipe torque. When the drill pipe torque is
greater than or equal to critical value, the probability of rock
burst occurrence is considered to be 1; when the drill pipe
torque is less than critical value, coal strength index 𝐼

𝑐
is a

linear function which takes the reciprocal of drill pipe torque
forecast critical value as slope anddrill pipe torque as variable.
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Table 2: The possibility of evaluation index of the rock burst occurrence evaluated by the drill pipe torque method.

Possibility of rock burst occurrence Impossible Possible Probably Extremely large possibility
Evaluation indictor 𝐼 0∼0.4 0.4∼0.6 0.6∼0.8 0.8∼1.0

5.3. Determination of Rock Burst Index 𝐼. After coal stress
index 𝐼

𝑠
and coal strength index 𝐼

𝑐
are determined, index 𝐼

that monitors rock burst by drill pipe torque method can be
expressed as

𝐼 = 𝑎𝐼
𝑠
+ 𝑏𝐼
𝑐
, (25)

where 𝑎 and 𝑏 are, respectively, the weights for 𝐼
𝑠
and 𝐼
𝑐
in

prediction of rock burst, different mining condition endows
different weights for 𝑎, 𝑏, and the sum of 𝑎, 𝑏 is 1. Based
on the value of 𝐼 rock burst index can be divided into
4 classes of impossible, possible, probably, and extremely
large possibility; they are relative to the possibility of the
impact rock pressure occurrence, as shown in Table 2. Due
to the high difference on geological, mining conditions and
complicated reasons of rock burst, the evaluation indexes
put forward in this paper need to be further modified and
perfected.

6. Conclusion

In this paper, the authors make a test research with the
independently developed system on characteristics of drill
pipe torque under different coal stress, coal strength, and
drilling speed on the basis of theoretical analysis and illustrate
how to monitor rock burst through drill pipe torque. The
major conclusions are as follows.

(1) Through theoretic analysis, the formula for calcu-
lating drill pipe torque was derived, the conclusion
that drill pipe torque can reflect coal stress and coal
strength and is influenced by drilling speed was
drawn, and the principle of monitoring rock burst by
drill pipe torque was revealed.

(2) The results of experiments show that drill pipe torque
linearly increases with the increase of coal stress and
coal strength; the faster the drilling speed, the larger
the drill pipe torque, and vice versa.

(3) While monitoring rock burst by drill pipe torque
method, coal stress factor and coal strength factor
are comprehensively considered; drill pipe torque
method is simple and convenient, can realize real-
time and continuous monitoring, and can overcome
the defects of volume of drilled coal rubble method.
The indicator of drill pipe torque can be tested in the
same hole with indicators such as drilled coal rubble
and can reach the goal of multiobjective prediction; it
is a promising method of rock burst prediction.

Drill pipe torque method is a new rock burst prediction
method; present studies on it are not satisfactory; this paper
investigates it only from theoretical and laboratory experi-
ment aspects. Future work should involve locale experiments
to determine its critical index; furthermore, more complex
experimental systems should be investigated.
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Electromagnetic radiation (EMR) can reflect the stress state and deformation level of coal, yet its warning indexes correlated with
coal properties and roof caving is poorly understood. The laboratory observations of EMR effects of coal samples bursting failure
and in situ investigations in the process of roof caving are presented in this paper. EMRpeakwith increasing stress is discussedwhen
the failure of coal samples happens, which provides an explanation to EMR signals positively correlated well with the stress loaded.
The linearly increasing relation is also found between EMR intensity and the uniaxial compressive strength, and EMR maximum
amplitudes and pulses behave a logarithmic accretion tendency with bursting energy indexes of coal. By in situ investigations, it is
well found that EMR amplitude can effectively warn coal deformation and failure based on the critical value 120mV proposed from
experiments.

1. Introduction

Coal/rock undergoing deformation and failure emits many
forms of energy, among which is electromagnetic radiation
(EMR). The electromagnetic activity that is detected during
the deformation and before failure of inhomogeneous mate-
rials, such as rocks, is of particular interest. This EMR is
detectable not only in the laboratory but also in geophysical
scale. Cohen first proposed the term EMR in the 1920
[1]. The EMR phenomenon was first observed to occur by
researchers in the USSR prior to earthquake events, and EMR
from material fractured under stress was first investigated in
laboratory by Stepanov in 1933 [2]. Hanson and Rowell found
EMR phenomenon during rock failure [3]. Studies on EMR
produced by the deformation and failure of coal and other low
strength rocks in coal-bearing strata started from 1990s. EMR
from rocks and other brittle materials has been extensively
investigated.

Presently, the physical mechanism of EMR is still
unknown. Several attempts to explain the EMR mechanism
are made including the acceleration and deceleration of
dislocations and the movement of charged crack sides and
electrical breakdown. Unfortunately, none of these was able
to explain the properties of the detected EMR [4–6].

Numerous investigations show a relationship between
applied stress and EMR emitted from rock material [7–9].
Therefore, the geogenic EMR, thus, merits its classification
as an important sign of rockburst triggered by stress con-
centration. Many observations of electromagnetic anomalies
associated with coal-rock mass deformation or bursting
failure have been reported. For example, Muto et al. believed
that the frictional discharges might be one of the sources of
the seismoelectromagnetic emission based on an experiment
simulating the motion of an asperity on a fault surface
[10]. Rabinovitch et al. presented a viable model of EMR,
according to which EMRwas emitted by an oscillating dipole
created by ions moving collectively as a surface wave on both
sides of rock crack [11]. Morgounov and Malzev interpreted
the data of electromagnetic precursors in terms of a multiple
fracture model and discussed the possibility of constructing
a physical model for the generation of a quasistable field and
EMR on the basis of the deformation process [12].Wang et al.
established the coal-rock EMR electromechanical coupling
model and conducted a series of experiments on coal-rock
samples of lower strength to study the characteristics of
ultralow frequency EMR signals, which verified that EMR
were well correlated with stress in coal mass [13–15]. Liu
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and He proposed an EMR model for predicting outbursts
based on an experimental system composed of a differential
pressure gauge and an electromagnetic field generator [16].
Jiang et al. investigated EMR of roadways to determine the
zones of intensive roof deformation [17, 18]. Lichtenberger
found that orientations and magnitudes of the horizontal
principal stresses derived from the measurements of EMR
correlated well with conventional stress measurements [19].
Mallik et al. presented an application of EMR technique
for deciphering the directions of principal horizontal stress
and identifying active fracture planes [20]. Carcione et al.
found the shape of the grains in the rock has a significant
influence on the EMR properties [21]. Frid proposed a new
modern method of rock and gas outburst forecast, relying on
registration of EMR caused by rock fracture, and employed
an EMRmethod associated with rock fracture to study water
infusion in rockburst-prone coal strata [22, 23]. Jiang et al.
monitored the roadway nearby fault stability by the means of
EMR instrument and fully obtained the coal and rock mass
internal energy accumulation and release rules [17, 18]. He et
al. described EMRmethod as a preliminary effort to provide a
tool capable of predicting the stress concentration condition
in coal-rock [24]. Nardi and Caputo believed experimentally
that EMR that were possibly caused by fracturingmay also be
used to monitor the stress conditions of rocks for geological
purposes [25]. Lu et al. proposed to warn gas outburst hazard
induced by coal and rock bursting failure using microseismic
(MS) and acoustic emission (AE) associated with EMR [26].

The main monitoring indicators of EMR include its
intensity, pulse number, and dynamic trends. At present,
although coal/rock EMR has been extensively studied both
experimentally and theoretically, many issues still remain
unresolved, such as its characteristics, spatial distribution,
affecting factors, and characteristics under different sample
scales, in particular if coal/rock is under complex loading
conditions.

By the experimental investigations of EMR of coal in
the deformation and failure processes, the amplitude and
pulse evolutionary rules along with stress were analyzed,
and the relationships between EMR intensity, the uniaxial
compressive strength, and bursting energy index of coal
sampleswere revealed. In particular, the critical index of EMR
amplitude was obtained to evaluate the stress concentration
and rockburst danger at Longgu coal mine with weak rock-
burst tendency.

2. Experiment on EMR Effects of
Coal Samples Subject to Stress

2.1. Coal Samples. 7303 working face excavates 7# seam
at west panel of Longgu coal mine, where the rockburst
phenomenon begins to manifest along with the increasing
mining depth. According to the principle of coal samples pro-
cessing, the lump coal without obvious fissures or fractures
was carefully collected and sealed.

According to the standard ISRM, coal materials were
drilled into samples with 50mm in diameter, then sawn
into about 100mm high segments, and grinded precisely at
both ends. Nonparallelism of both ends was required to less

than 0.01mm, and the deviation in diameter was less than
0.02mm. Total 4 Φ 50mm × 100mm coal samples were
prepared.

2.2. Test Equipment and the Corresponding Parameters.
Experimental system is classified into load device and mon-
itoring apparatus. Load device uses MTS 815 press machine
which is a high-precision electrohydraulic servo material
testing system. It can precisely control the loading speed, and
the complete stress-strain curves of coal and rock sample
deformation until failure can be clearly recorded. EMR
acquisition was accomplished by Disp-24 acoustic emission
(AE) workstation developed by American Physical Acoustics
Corporation and EMR sensors. The system contains 24
channels, 12 of which can record waveform and analyze
the real-time or postfrequency-spectrum characteristics. AE
and EMR signals can be simultaneously collected by the
corresponding sensors.

Total 2 channels are used, and 1# and 2# channels
record AE and EMR signals, respectively. The preamplifier
coefficients of AE and EMR signals both are 40 dB.The center
frequency value of AE sensor is 7.5 kHz, and the threshold
value is 55 dB. The center frequency value of EMR dot-
frequency antenna is 20 kHz, and the threshold value is 92 dB.
The sampling rates of bothAE and EME signals are 2000 kHz,
and the sample length is 5 K. The copper network whose
dimension is less than 0.5mm as the shielding system is
adopted to reduce the effect of external EMR interference.
During the experiment, the AE and EMR sensors and the
press ram are together put into the shielding system.

Figure 1 shows the schematic arrangement of load device,
AE and EMR sensors, and Disp-24 AE workstation. Figure 2
is Disp-24 AE data acquisition system.

In this experiment, the uniaxial loading mode was tested,
and the loading rate was about 0.5 kN/s until sample failure.
The complete stress-strain curves were recorded. Simultane-
ously, the EMR signals were recorded in the whole period of
sample deformation and failure. Main measured parameters
included the amplitude (mV) and pulse (N) of EMR signals
and so forth. Figure 3 shows the photographs of LM3# coal
sample before and after failure.

2.3. Results and Analysis. Table 1 is the physical and mechan-
ical parameters experimentally measured of 4 coal samples.

From Table 1, the uniaxial compressive strength of coal is
less than 15MPa, and the bursting energy indexes of 4 samples
are less than 5, which indicate that 7# seam belongs to weak
rockburst tendency. In the experiment, the phenomenon that
coal debris eject or splash intensively is not observed during
the process of coal samples deformation and failure.However,
EMR signals are significantly produced. Therefore, EMR can
be used to warn coal-rock deformation and failure, especially
the rockburst danger.

The EMR signals were collected simultaneously along
with the deformation and failure of coal samples, and the
main monitoring indicators of EMR include its amplitude
and pulse. Figures 4, 5, 6, and 7 are the curves of stress-time,
EMR amplitude-time, and pulse-time of 4 coal samples.
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Table 1: Physical and mechanical parameters of 4 coal samples.

Sample label Height/mm Diameter/mm Uniaxial compressive strength/MPa Bursting energy index Elastic modulus/MPa
LM2# 98.16 49.12 6.801 1.182 3024.1
LM3# 90.4 49.22 13.824 1.875 3572.6
LM4# 80.68 49.3 4.622 1.022 1119.6
LM5# 99.12 49.22 9.811 1.541 3735.5

(1) MTS servo testing machine
(2) Insulation pad
(3) Electromagnetic antenna

(4) Coal and rock samples
(5) AE sensors
(6) Electromagnetic shielding

Preamplifier

Preamplifier

Disp-24 AE
system

1

2

3

4
5

6

Figure 1: Schematic diagram of the experimental system.

Figure 2: Disp-24 AE data acquisition system.

Obviously, the measured amplitude and pulse of EMR
signals positively correlate well with the applied stress. In
particular, when the failure of coal samples occurs, the
amplitude and pulse simultaneously reach the maximum and
after that gradually decrease along with the stress.

In order to further reveal EMR effects in the process
of deformation and failure of coal samples, the correlations
between the maximum amplitude and pulse of EMR, the
uniaxial compressive strength, and bursting energy index
were regressively analyzed. Figure 8 is the regressive curves
of EMR maximum amplitude, the uniaxial compressive
strength, and bursting energy index of samples. Figure 9
is the regressive curves of maximum pulse, the uniaxial
compressive strength, and bursting energy index.

Theoretically, the amplitude and pulse of EMR increase
linearly with the electron charge and acceleration of charged
particles in the process of deformation and fracture of coal-
rock. And the amplitude and pulse of EMR are associated
with the density of charged particles, the larger the particles

(a) Before loading

(b) After failure

Figure 3: Photographs of LM3# coal sample before and after failure.

number is, and the higher the strength of EMR is. Generally,
the higher the uniaxial compressive strength of coal-rock
is, the more the formed microcracks is, and the larger the
number of particles accumulated in the tip of microcracks
per unit time is. In other words, the higher the uniaxial com-
pressive strength is, the more the intensity of deformation
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Figure 4: The measured stress and EMR of LM2# coal sample.

Table 2: The measured maximum amplitudes of EMR.

Sample label LM2# LM3# LM4# LM5#
Maximum amplitude 118mV 163mV 61mV 132mV
Average 118.5mV
Application index 120mV

and failure is, and the higher the velocity and acceleration of
charged particles is. So, the larger the uniaxial compressive
strength of coal-rock is, the higher the amplitude and pulse
of EMR are, and the greater the bursting energy indexes are.
It can be found from Figures 8 and 9, when the failure of
coal sample occurs, the maximum amplitudes and pulses of
the EMR increase linearly along with the increasing uniaxial
compressive strength values. In addition, for bursting energy
indexes of coal samples, themaximum amplitudes and pulses
behave a logarithmic accretion tendency with it.

In Table 2, it is shown that EMR maximum amplitude
values of 4 coal samples are 118mV, 163mV, 61mV, and
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Figure 5: The measured stress and EMR of LM3# coal sample.

132mV, respectively, when the failure occurs.The average (avg
(∑max𝐸) = 118.5mV) is calculated and obtained, to propose
the critical index of EMR amplitude for totally evaluating
the stress state and deformation intensity of coal mass. The
application index of EMR amplitude should be appropriately
enlarged to be 120mV, by taking the external inevitable
electromagnetic interference in field into account.

3. EMR Measurement in Process of Roof
Caving and Subsidence

To evaluate and warn rockburst risk of 7303 working face,
EMR signal was measured in the whole mining period
by KBD5 portable apparatus developed by China Univer-
sity of Mining and Technology (CUMT). The apparatus
is mainly composed of a wideband and high-sensitivity
directional receiving antenna, the mainframe and the remote
communication interface, and so forth. In order to reduce
the interference from other electromagnetic signals in the
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Figure 6: The measured stress and EMR of LM4# coal sample.

testing environment, the antenna adopts a special shielding
technique. One end of antenna is shielded and adequately
grounded, which can significantly reduce the sensitivity
out of the effective receiving scope and actually guarantee
the monitoring reliability. Adjustable gain preamplifier is
designed for the different load-electromagnetic property of
coal and rock material.

A large number of studies have shown that EMR ampli-
tude is strongly related to the level and variation of stress,
especially in correspondence with sharp stress drops or the
final collapse. Based on experimental conclusions and on-
site monitoring experience, the critical value (120mV) and its
variation trend (sharp drops or rises) of EMR amplitude can
be used together for stress concentration evaluation in 7303
working face.

3.1. Geological and Mining Conditions of 7303 Working Face.
The 7303 working face locates at the west wing of mine field,
extracting 7# coal seam with average thickness of 4.4m from
August 1, 2004, and the average dip angle of 7# seam is 8–10∘.
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Figure 7: The measured stress and EMR of LM5# coal sample.

The geological condition of working face is relatively simple,
only 11 faults whose throws are between 2.0m and 15.0m are
disclosed in 7303 working face, and the fully mechanized top
coal caving mining method is adopted. As the mining depth
is larger than 760m, there might be coal and rock dynamic
disasters appearance in process of 7303 working face mining.
According to the borehole data, the roof strata of 7# coal seam
from bottom to up are as follows: siltstone (2.0m), medium
sandstone (10.6m) so-called key stratum, siltstone (3.3m),
fine sandstone (2.0m), and siltstone (12.6m). Figure 10 shows
the layout diagram of the 7303 working face.

3.2. Monitoring Scheme

3.2.1. Monitoring Method. For in situ measurement in coal
mines, the antenna is fixed and the receiving end is vertically
towards the medium-upper part of coal wall within 5m. The
amplitude and pulse indexes and their variations of EMR
are measured. The fixed monitoring points in headentry
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Figure 9: Correlations between EMR maximum pulse, uniaxial
compressive strength, and bursting energy index.

and tailentry combined with general investigation were con-
ducted due to the high stress concentration of roadways.

3.2.2. Arrangement of Monitoring Points. Total 12 points were
outward located in headentry 10m from the cut of 7303
working face, and the interval of points was principally set
to be 10m. In addition, total 10 points were outward located
in tailentry 20m from the cut, and the interval of points
was principally set to be 20m. All points will move forward
correspondingly with the advance of working face, and the
interval can be adjusted according to in situ observation
requirements, therefore, the relative positions of which are
fixed. In particular, for the rest locations characterized higher
stress concentration, such as fault and roadway junction
areas, the density of points arrangement should be appropri-
ately increased.

3.2.3. Monitoring Frequency. Daily monitoring frequency is
three times including morning, noon, and night shifts, and
the monitoring time of each shift for one point is 2min.

3.3. Conclusions and Analysis

3.3.1. At the Stage of Initial Mining. Figure 11 shows the
measured EMR amplitude variation of different points in
tailentry and headentry at the stage of initial mining.

From Figure 11, it is obviously shown that the stress
concentration level is not obvious and the risk of rockburst
is lower due to the smaller EMR amplitude (much less than
the critical value 120mV), and the stress of the surrounding
coal and rock of tailentry and headentry is lower. As 7303
working face firstly arranged in west panel is in the original
stress state, where no any mining-induced stress interference
exists. Moreover, due to the initial stage of 7303 working face
mining, the fracturing and caving of overlying rock stratums
do not obviously occur. Therefore, the stress concentration
level of 7303 working face is relatively lower, and the moni-
toring value of EMR amplitude is smaller.

3.3.2. The Initial Caving of Primary Roof. On August 21,
2004, when the total advancing distance of 7303 working face
reached 35m so-called first caving interval, the primary roof
began to fall and the pressuring process approximately lasted
2 days based on in situ observation. Figure 12 shows the EMR
amplitude variation in tailentry and headentry at morning
shift on August 21.

In Figure 12, compared with initial mining, the mea-
sured EMR amplitude in tailentry and headentry obviously
increased, which indicated that the stress of coal and rock
surrounding 7303 working face correspondingly rose due to
the primary roof caving. In particular, the amplitudes of 3
monitoring points located at 42m, 85m, and 105m ahead
of the cut in tailentry seriously exceeded the critical value
120mV, which demonstrated that there might be rockburst
risk induced by higher stress concentration. By implementing
relieve-shot, EMR amplitude suddenly and sharply dropped,
and the higher stress was transferred and further rebalanced.
For headentry, the amplitude totally kept less than the critical
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Figure 11: The monitoring result of EMR amplitude at the stage of
initial mining.

value.Therefore, the stress of headentry was relatively smaller
than that of tailentry due to its shallower burial depth.

3.3.3. The Periodic Caving of Primary Roof. Along with
further advancing of 7303 working face, the primary roof
will experience periodic caving process after first caving.
According to the advancing distances from initial caving to
first periodic caving, the caving interval of primary roof was
approximately 20m. By the statistical analysis, the caving
intervals of primary roof distributed in the range of 17 to
23m based on 3 periodic caving. Figures 13–15 show EMR
amplitude variations measured in tailentry at the stages of
the first periodic caving, the second periodic caving, and the
third periodic caving of primary roof, respectively.
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on Aug 21.
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third periodic caving. Note: the caving interval is 23m, and the
pressuring intensity is stronger based on in situ observation of
roadway deformation and support resistance.

In process of the first periodic caving of primary roof (in
Figure 13), the overall level of EMR amplitude is less than the
critical value 120mV. However, the amplitude fluctuation is
intensive within the scope of 13.5m ahead of working face
in tailentry, which indicates the stress concentration and the
deformation and failure of coal and rock. In process of the
second periodic caving (in Figure 14), the overall level of
EMR amplitude is smaller than the critical value except for
electromagnetic interference of the monitoring point located
10m ahead of working face in headentry. For the third
periodic caving (in Figure 15), EMR amplitudes of a majority
of monitoring points significantly exceed the critical value. In
particular, within the scope of 42m ahead of working face in
tailentry, the amplitude variation and fluctuation is abnormal
intensive. In conclusion, based on the caving intervals and
EMR amplitudes, it can be verified that EMR remarkably
increases with the periodic caving interval of primary roof. In
particular, the influencing range of stress concentration also
increases in accordance with the periodic caving intervals.
Therefore, EMR amplitude can be used to check the results
of conventional pressuring monitoring and warn the risk of
dynamic hazard induced by roof caving.

3.3.4. Large-Scale Movement and Subsidence of Primary Roof.
From September 21 to 24, 2004, when 7303 working face
advanced nearby a fault, the immediate and primary roof
strata began to intensively move and subside due to the
diastrophism and slippage of fault triggered by mining

Date
Sep 23Sep 22 Sep 24Sep 21

0

120

240

360

480

600

EM
R 

am
pl

itu
de

 (m
V

)

Figure 16: EMR amplitude of monitoring point located 20m ahead
of working face in tailentry from September 21 to 24.

activity. Based on in situ investigation and measurement, it
can be found that tailentry seriously deformed and part of
bolts and anchor cables became invalid. Figure 16 shows EMR
amplitude of the monitoring point located 20m ahead of
working face in tailentry.

From Figure 16, during the period of roof movement
and subsidence, EMR amplitude significantly exceeds the
critical value 120mV, which indicates that the higher EMR
amplitude is attributed to the violent deformation of coal and
rock induced by slippage of fault. In addition, it might be
confirmed that the fault can easily generate the higher stress
concentration and accumulate a large amount of energy.

In summary, comparison with past investigations, the
highlight of in situ measurement mainly, manifests the
complete observations of EMR signals in whole period of
primary roof caving in 7303 working face, such as the
initial and periodic caving and the large-scale movement
and subsidence of primary roof induced by tectonic stress
concentration.

4. Conclusions

(1) The amplitude and pulse of EMR signals positively
correlate well with stress. In particular, when the
failure of coal samples occurs, the amplitude and
pulse simultaneously reach the peak and after that
gradually reduce along with the decreasing stress.

(2) The maximum amplitude and pulse of EMR increase
linearly with the uniaxial compressive strength of
coal and behaves logarithmic accretion tendency with
bursting energy indexes.

(3) By in situ investigation of 7303 working face, it is
well found that EMR amplitude can effectively reflect
the stress state and rockburst failure level of coal
subjected to roof loading based on the critical value
120mV proposed from experiments.
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Using UDEC discrete element numerical simulation software and a cosine wave as vibration source, the whole process of rockburst
failure and the propagation and attenuation characteristics of shock wave in coal-rock medium were investigated in detail based
on the geological and mining conditions of 1111(1) working face at Zhuji coal mine. Simultaneously, by changing the thickness and
strength of immediate roof overlying the mining coal seam, the whole process of rockburst failure of roadway and the attenuation
properties of shock wave were understood clearly. The presented conclusions can provide some important references to prevent
and control rockburst hazards triggered by shock wave interferences in deep coal mines.

1. Introduction

Coal mining is closely related to blasting, transportation,
mechanical operation, and other activities; therefore, the
whole process of mining is accompanied with the generation
and interference of shock wave. Due to diversity of vibration
source and uncertainty of position, these dynamic loads will
inevitably exert mutual interference in the process of coal-
rock deformation and failure, and the disturbance effects
on surrounding rock are very significant, especially for the
surrounding rock with a free surface. Once the dynamic
load is exerted, the surrounding rock may not generate
macrodamage, but under the condition of stress wave dis-
turbance, the cumulative damage of surrounding rock will
rapidly increase and the local stress environment will be
worsened on microcosmic or mesoscopic scale. Eventually,
the instantaneous dynamic extension of crack is caused, and
the transient strain energy rapidly releases in the form of
kinetic energy by coal-rock violent ejection.

Once the mechanical system composed of coal and rock
mass reaches its ultimate strength limit, the rockburst will

inevitably occur, and the vast majority of strain energy
accumulated in coal and rockmasswill, suddenly and sharply,
be released, which can cause the instantaneous destruction
of coal and rock in roadway, equipment damage, and miner
casualty. Part of the energy will be released in the form of
shock waves, which can generate dynamic impact on the sur-
rounding coal and rock medium. In particular, shock waves
might cause the deformation and damage of underground
structures in far field. Once the residual shock wave intensity
gets higher after attenuation, the energy input of coal and rock
in higher stress concentration state can induce rockburst. In
addition, rockburst may directly or indirectly trigger serious
accidents such as coal/gas outburst, gas explosion, and water
inrush. Increasingly, for gas-contained coal seam, the harm
of rockburst is more remarkable [1, 2].

Because the rockburst occurrence relates closely to the
dynamic instability of surrounding rock in higher static stress
concentration state, the static stress combined with shock
wave interference is extensively used to reveal themechanism
and influencing factors of rockburst failure of coal-rock, and
many fruitful results have been obtained. In particular, a large
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Table 1: Mechanical parameters of rock strata.

Stratum Thickness/m Density/(Kg⋅m−3) Bulk
modulus/GPa

Shear
modulus/GPa Cohesion/MPa Friction

angle/∘
Tensile

strength/MPa
Tinea mudstone 11.5 2640 8 4.8 2.3 35 5
Finestone/siltstone 3.2 2700 12 8.1 4.0 37 7
Mudstone 10.0 2640 8 4.8 2.3 35 5
11−2 coal seam 1.2 1300 8.5 4 0.5 28 2
Mudstone 4.5 2640 8 4.8 2.3 35 5
11−1 coal seam 0.8 1300 8.5 4 0.5 28 2
Mudstone 9.0 2640 8 4.8 2.3 35 5

number of researches have been conducted by the numerical
simulationmethods. For example,Qin andMao [3] simulated
rockburst induced by disturbing stress wave and analyzed
the influence of depth and peak of stress wave on rockburst
by using the software UDEC. Gao et al. [4] found that the
energy attenuation index 𝜂 was considerably small in the
rock and soil media but apparently much larger in weak
or soft media. According to the law of micromechanics of
impact fracture on coal-rock, Grady and Kipp [5] studied
the transmission characteristics of shock waves in sandstone
and mudstone and so forth. As stated by Zhao et al. [6], the
calibration work of UDECmodelling on P-wave propagation
across single linearly and nonlinearly deformable fractures
was conducted. Park and Jeon [7] proposed an air-deck
method for attenuating blast-induced vibration waves in the
direction of tunneling. Uysal et al. [8] aimed at investigating
the effect of empty barrier holes alone on seismic vibration
and detected a decrease in the peak particle velocity (PPV)
of up to 18% just behind the barrier holes. Li et al. [9]
proposed experimentally that the shock wave propagation
will be reflected, refracted, and absorbed by the discontinuity
in coal and rock mass. Brown et al. [10] presented methods
for modeling rock fractures and their influence on rock
masses has been a distinctive feature of rock mechanics and
rock engineering. Schoenberg [11] and Pyrak-Nolte et al. [12]
derived solutions of reflection and transmission coefficients
for obliquely incident P-wave or S-wave on a dry or liquid-
filled fracture between two dissimilar media. Nakagawa et
al. [13] found that wave conversion occurs when P-wave or
S-wave is normally incident on a fracture subjected to a
shear movement. Meanwhile, Gu et al. [14] pointed out that
an inhomogeneous P-interface wave appears when an SV-
wave is incident upon a fracture at or beyond the critical
angle, which is determined by Poisson’s ratio of rockmaterial.
Pyrak-Nolte and Nolte [15] performed a wavelet analysis
on experimental results of interface wave propagating along
a single fracture. Cai and Zhao [16] and Zhao et al. [17]
used the method of characteristics to study wave attenuation
across the linearly deformable fractures, inwhich themultiple
reflections have been considered. Later, the theoretical results
obtained by Zhao et al. [18] were verified by a series of tests on
ultrasonic wave attenuation across parallel artificial fractures.
A detailed description of UDEC simulation can be found in
the software manual [19]. Brady et al. [20] conducted a two-
dimensional UDEC modelling on the slip at a single fracture
under an explosive linear source. The numerical results were

accordant with theoretical solutions presented by Day [21].
Gao et al. [22] revealed that compressive shear failure, rather
than tensile failure, is the dominant failure mechanism in the
caved strata above the mined-out area by a UDEC model.

The purpose of our research is to provide the certain basis
and reference for prevention of rockburst by using the UDEC
numerical simulationmodelling. Based on the geological and
mining conditions of 1111(1) working face at Zhuji coal mine,
the whole process of rockburst failure of surrounding rock
in roadway subjected to the disturbance of shock wave was
simulated and recurred, and the effect rules of the immediate
roof thickness and strength overlying the mining coal seam
and with or without bolt support on rockburst failure of
roadway were analyzed in detail.

2. Numerical Modelling and Analysis

2.1. Modelling. The numerical model is established based on
the actual geological conditions of 1111(1) working face of
Zhuji coal mine. The size (length × height) of model is 60m
× 40.2m, and the shape of inside roadway is the semicircular
arch with arch radius of 2m and the size (width × height)
of roadway is 4m × 4m. Mechanical parameters of the rock
strata are shown in Table 1, and the models with or without
bolt reinforcement are shown in Figure 1. Total 11 anchor
rods were added in roadway, 5 of which were installed in
semicircular arch area, and the rest were installed at left and
right sides of roadway, respectively.The length of bolt is 2.4m,
the sectional area is 314𝑒−6m2, and its pretightening force is
set to be 40KN.

The boundary conditions of model are as follows: the
horizontal boundaries at left and right sides are constrained,
the bottom boundary is fixed, and the upper boundary is
free with the uniform load (𝑞 = 𝑟 × 𝐻), in which the
average density 𝑟 is 25 KN/m3 and the buried depth𝐻 of the
upper boundary is 900m. For the model of shock wave, in
order to reduce the reflection effects of boundaries under the
condition of dynamic loading, the boundaries were set up to
be viscous to simulate infinity.The exerted shock was a cosine
wave (𝑦 = 20𝑒6×cos(2𝜋×10)) with the peak stress of 20MPa
and the frequency of 10Hz, and the source was located in 20–
40m scope of the upper boundary, respectively. Ten symmet-
rical points formonitoring the deformation anddisplacement
in the vertical and horizontal directions were located at
both sides of roadway (Figure 1(c)) as follows: (1) 5 points
labeled A, B, C, D, and E were arranged at left side, and the
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Tinea mudstone (11.5m)

Finestone (3.2m)

Mudstone (10m)
Coal (1.2m)

Mudstone (4.5m)
Coal (0.8m)

Mudstone (9m)

(a) Static model of surrounding rock without bolts

Tinea mudstone (11.5m)

Finestone (3.2m)

Mudstone (10m)
Coal (1.2m)

Mudstone (4.5m)
Coal (0.8m)

Mudstone (9m)

(b) Static model of surrounding rock with bolts

Coal (1.2m)

5 (32.5, 16.3)
4 (32.5, 15.9)
3 (32.5, 15.5)
2 (32.5, 15.1)
1 (32.5, 14.7)

E (27.5, 16.3)
D (27.5, 15.9)
C (27.5, 15.5)
B (27.5, 15.1)
A (27.5,14.7)

(c) Arrangement diagram of 10 monitoring points in surrounding rock

Figure 1: The mechanical models of surrounding rock with or without bolts.

two-dimensional coordinates were (27.5, 14.7), (27.5, 15.1),
(27.5, 15.5), (27.5, 15.9), and (27.5, 16.3), respectively. (2)The
rest labeled 1, 2, 3, 4, and 5 were arranged at right side, and the
two-dimensional coordinates were (32.5, 14.7), (32.5, 15.1),
(32.5, 15.5), (32.5, 15.9), and (32.5, 16.3), respectively. The
critical damping ratio 𝜀of the artificial shock asRayleighwave
was set to be 0.1.

2.2. Simulation Scheme. According to the geological and
mining conditions of 1111(1) working face, the original stress
of surrounding rock of model was simulated and calculated
firstly, and then the roadway was excavated; after that, the
artificial shockwave was exerted. Eventually, by collecting the
displacement and stress of monitoring points, the effect rules
of dynamic stress disturbance on the stability of surrounding
rock were analyzed in detail. The simulation scheme was as
follows.

(1) Under the conditions of the artificial shock wave, the
effect rules of surrounding rock stability of roadway
with and without bolt reinforcement were simulated
and analyzed.

(2) The effect rules of immediate roof thickness on the
stability of roadway were simulated and analyzed.

(3) The effect rules of immediate roof strength on the
stability of roadway were simulated and analyzed.

3. Simulation Results and Analysis

3.1. Process Simulation of Rockburst Failure of Roadway
Surrounding Rock. In the primitive condition of surrounding
rock without bolt, the buried depth of roadway is about
900m, and the peak stress of the exerted shock wave is
20MPa. The simulation results are shown in Figure 2.

From Figure 2, the whole process of rockburst failure
of surrounding rock in roadway induced by shock wave
disturbance clearly recurred, and the impact time is 1.5 s.
It is obviously observed that cracks firstly began nearby
both sides of roadway as the high stress concentration areas,
and the failure points located at two junctions between
the arch and both sides. With further disturbance of shock
wave, cracks began to expand rapidly from the starting
positions to deep coal and rock mass of two sides and formed
two macrocracks symmetrically distributed at both sides,
respectively.Meanwhile, due to the effects of shock wave, coal
and rock were firstly ejected outward from the top of roadway
and gradually evolved to two sides and thrown into roadway
at a certain velocity when the rockburst is triggered.
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Figure 2: Process simulation of rockburst in the primitive condition.

Because the symmetrical dynamic stress is correspond-
ingly generated, the deformation and failure distribution
of roadway are also basically symmetrical. To reveal the
positions of coal and rock failure once rockburst occurs, the
displacements of 5 monitoring points at the right side were
obtained and analyzed, as shown in Figure 3.

From Figure 3, the 𝑥- and 𝑦-directional displacements of
monitoring points 1 and 5 are approximately the same, and
their curves almost overlap. Comparatively, the displacement
of point 2 is relatively bigger, and the displacements of
points 3 and 4 are the biggest with the peak value of 0.8m.
Therefore, it is concluded that the coal and rock mass eject
outward mainly from the interface between coal seam and
its overlying stratum once rockburst occurs for the thin
coal seam. Because the mechanical parameters of interface
are smaller, the rockburst failure is easily induced by shock
wave.

3.2. Simulation of Rockburst Failure of Roadway with Bolt
Supporting. Bolts at the top and two sides of roadway were
installed, and the pretightening force was exerted. Under the
same conditions of the buried depth of 900m, peak stress of
20MPa, and the impact time of 1.5 s, the simulation results
are shown in Figure 4.

At the different acting time of shock wave, the shear force
and 𝑦-directional displacement of each bolt are shown in
Figures 5 and 6, respectively.

In Figures 5 and 6, the numbers from 1# to 11# rep-
resent the serial numbers of bolts. For the roadway with
bolt supporting, when it is disturbed by shock wave, the
following conclusions can be drawn: (1) for the geological and
mining conditions of 1111(1) working face, bolt supporting
can reinforce the stability of surrounding rock mass in
roadway and improve its ability to undergo shock wave, (2)
for the semicircular arch roadway in shape, the shear stress
of bolts in arch is smaller, and its distribution is basically
symmetrical, and (3)𝑦-directional displacements of each bolt
along with shock time (𝑡 = 0.5 s and 1.0 s) are approximately
symmetrical.

In summary, for roadway without bolt supporting, the
resonant effect commonly triggering rockburst failure of
surrounding rock will form when the dominant frequency
of residual shock wave reaches or approaches the natural
vibration frequency of surrounding rock of roadway. After
installing bolts as deformation constraint and antishear
structure, the integrity and strength of surrounding rock
can be significantly enhanced. Simultaneously, the natural
vibration frequency of surrounding rock obviously reduces,
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(b) The displacements in 𝑦-direction

Figure 3: The displacement curves of 5 monitoring points at the right side.
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Figure 4: The disappearance of rockburst failure of roadway with bolt supporting.
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Figure 6:𝑦-directional displacement curveswith shock time of each
bolt.

and thus the dominant frequency of the residual shock wave
is higher than the natural vibration frequency. Therefore,
the resonant effect does not occur, and rockburst failure of
roadway is also not induced. In addition, if the resonant
frequency of the surrounding rock increases by relief-shots,
the dominant frequency of residual shock wave will be
smaller than resonant frequency of roadway, and thus both
resonant effect and rockburst do not occur. In conclusion,
without bolt supporting, the resonant effect of roadway will
induce rockburst failure of surrounding rock.When roadway
is reinforced by bolt supporting, its integrity and strength
are enhanced, and the natural vibration frequency obviously
reduces to avoid resonant effect. Therefore, under the certain

conditions, bolt supporting can improve the stability of
surrounding rock and prevent the occurrence of rockburst.

3.3. Effect of Immediate Roof Thickness on Rockburst Failure
of Roadway. To discover the influences of immediate roof
thickness on propagation and attenuation characteristics of
shockwave, we keep themechanical parameters of rock strata
unchanged, only adjust the thickness of immediate roof to be
2m, 6m, and 10m, respectively, and analyze the deformation
and failure characteristics of surrounding rock under the
conditions of different immediate roof thickness.

According to the simulation results, under the conditions
of the buried depth of 900m and the cosine wave with peak
stress of 20MPa, when the immediate roof thickness is set
to be 2m, 6m, and 10m, respectively, the rockburst failure
formof roadway is approximately the same and is similarwith
the original condition. Figure 7 shows the rockburst failure
of roadway at 𝑡 = 0.3 s and 0.5 s of shock wave acting time,
respectively.

From Figure 7, it is well known that the smaller the
immediate roof thickness is, the stronger rockburst failure
intensity of roadway is. Based on the histogram of 1111(1)
working face, the overlying two strata from downward to
upward of 11−2 coal seam aremudstone with thickness of 10m
and finestone with thickness of 3.2m, respectively. Based on
the simulated fact that the total thickness of two strata is fixed,
when the thickness of immediate roof mudstone decreases,
the thickness of finestone will accordingly increase. Because
the mechanical parameters of finestone are commonly larger
than those of mudstone, the attenuation index of shock wave
propagated in finestone is smaller compared with mudstone.
So, under the condition of the same shock wave, the smaller
the thickness of immediate roof mudstone is, the higher the
residual shock wave intensity is and, accordingly, the stronger
rockburst failure intensity of roadway is.

In summary, for the certain geological andmining condi-
tions of 1111(1) working face, the smaller the immediate roof
thickness is, the weaker the attenuation level of shock wave is,
and the stronger rockburst failure of roadway is.

Figure 8 shows the changing curves of 𝑦-dimensional
displacements of monitoring points 3 and 4.

From Figure 8, for the monitoring points 3 and 4 located
at the right side of roadway, under the condition of the same
calculation step, the displacement of immediate roof with
thickness of 2m is the largest, followed by immediate roof
with thickness of 6m, and the immediate roof with thickness
of 10m is the smallest. Based on the above-mentioned fact
that the thickness of immediate roof mudstone is smaller and
the corresponding thickness of overlying finestone is larger,
due to the bigger mechanical parameters of finestone, the
attenuation coefficient of shock wave propagated in overlying
strata increases along with the increase of immediate roof
thickness, and the intensity of residual shock wave decreases.
Therefore, the displacement of surrounding rock of roadway
will obviously reduce along with the increase of immediate
roof thickness from 2m to 10m.

3.4. Effect of Immediate Roof Strength on Rockburst Failure of
Roadway. To reveal the effect of immediate roof strength on
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Figure 7: Rockburst failure of roadway at 𝑡 = 0.3 s and 0.5 s of shock wave acting time. Note: 2m, 6m, and 10m represent the immediate
roof thickness, respectively.
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Figure 8: The changing curves of y-dimensional displacements of monitoring points 3 and 4. 2m, 6m, and 10m in legend represent the
immediate roof thickness, respectively.
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Figure 9: Rockburst failure of roadway at 𝑡 = 0.3 s and 0.5 s of shock wave acting time. Note: the numbers of 1.0, 5.0, and 10.0m represent
the multiple of the original uniaxial tensile strength of immediate roof, respectively.

attenuation characteristics of shock wave, we maintain the
thickness of overlying roof strata unchanged, only adjust the
uniaxial tensile strength of immediate roof mudstone to be
5 times and 10 times of the original value, respectively, and
analyze the deformation and failure of roadway under the
conditions of different immediate roof strength.

According to the simulation results, under the conditions
of the buried depth of 900m and the cosine wave with
peak stress of 20MPa, when the uniaxial tensile strength of
immediate roof is set to be the original value, 5 times and 10
times of the original value, respectively, the rockburst failure
form of roadway is basically the same and is similar to the
original condition. Figure 9 shows the rockburst failure of
roadway at 𝑡 = 0.3 s and 0.5 s of shock wave acting time,
respectively.

From Figure 9, it is well known that the smaller the
uniaxial tensile strength of immediate roof is, the weaker the
rockburst failure intensity of roadway is. The evident reason
is that the attenuation index of shock wave gradually reduces

with the increase of immediate roof strength. Therefore, the
dynamic stress of surrounding rock of roadway will rise
along with the increase of immediate roof strength, and thus
rockburst is easily triggered. Meanwhile, when the strength
of immediate roof increases, it will be easier to accumulate a
large amount of elastic energy in surrounding rock. Once the
stored energy reaches or exceeds its limit, rockburst failure of
roadway will inevitably occur.

In summary, for the certain geological andmining condi-
tions of 1111(1) working face, the smaller the immediate roof
strength is, the larger the attenuation index of shock wave is
and thus the weaker rockburst failure intensity of roadway is.

Figure 10 shows the changing curves of 𝑦-dimensional
displacements of monitoring points 3 and 4.

From Figure 10, it is obviously shown that the displace-
ment of surrounding rock significantly rises along with
the increase of uniaxial tensile strength of immediate roof.
Due to the decreasing attenuation index of shock wave
with the increase of immediate roof strength, the residual
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Figure 10: The changing curves of 𝑦-dimensional displacements of monitoring points 3 and 4.

shock wave intensity will significantly improve, and thus the
displacement of surrounding rock rapidly rises. Ultimately,
the rockburst failure is easily induced.

4. Conclusions

(1) For roadway without bolt support, due to the small
mechanical parameters of interface between coal
seamand its overlying stratum, the coal and rockmass
will eject outward mainly from the interface once
rockburst induced by shock wave occurs.

(2) For roadway with bolt support, its integrity and
strength are obviously enhanced, and the natural
vibration frequency of surrounding rock significantly
reduces to avoid the resonant effect triggering rock-
burst.

(3) The smaller the immediate roof thickness is, the
higher the intensity of the residual shock wave is and,
accordingly, the stronger rockburst failure intensity of
roadway is. Moreover, the displacement of roadway
obviously reduces with the increase of immediate roof
thickness.

(4) The attenuation index of shock wave gradually
reduces with the increase of immediate roof strength,
and the dynamic stress accretion of surrounding
rock correspondingly rises, and thus rockburst failure
is easily triggered. In other words, the higher the
immediate roof strength is, the stronger rockburst
failure of roadway is.
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The borehole stress-meter was employed in this study to investigate the distribution of the side abutment stress in roadway subjected
to dynamic pressure. The results demonstrate that the side abutment stress of the mining roadway reaches a peak value when the
distance to the gob is 8m and the distribution curve of the side abutment stress can be divided into three zones: stress rising zone,
stress stabilizing zone, and stress decreasing zone. Further numerical investigation was carried out to study the effect of the coal
mass strength, coal seam depth, immediate roof strength, and thickness on the distribution of the side abutment stress. Based on
the research results, we determined the reasonable position of the mining roadway and the optimal width of the barrier pillar.
The engineering application demonstrates that the retention of the barrier pillar with a width of 5m along the gob as the haulage
roadway for the next panel is feasible, which delivers favorable technological and economic benefits.

1. Introduction

As the coal in a longwall panel is being extracted, the
surrounding strata are forced to move toward and fill the
voids left by the extracted coal [1]. This process induces a
series of intensive activities which include movements of the
overlying strata, abutment stress on both sides of the panel,
abutment stress in front and rear of the panel, and the severe
deformation of the adjacent roadways. A key issue in longwall
mining is to understand the distribution characteristics of the
abutment stress, including side abutment stress, font and rear
abutment stress, providing some basis for the layout of the
adjacent roadways.

Researches on the distribution characteristics of the
abutment stress at a longwall mining face were done by a
lot of scholars, achieving fruitful and useful results [2–7].
Zhang et al. (2011) studied the effects of coal hardness, coal
seam thickness, and advancing speed of the panel on the
position of the maximum abutment stress and obtained the
empirical formulas used for determining the peak position
[8]. Xu et al. (2012) studied the front abutment stress of a
fully mechanized coalface of 11061 soft coal isolated islands of
Liangbei Coal Mine using a self-developed mining-induced

stress monitoring system associated with electromagnetic
radiation technology and discussed the effects of abutment
stress distribution on strata behavior [9]. Qin and Wang
analyzed and studied the distribution of abutment stress and
its transmission law in floor at the fully mechanized caving
face of isolated island in 4303 deep shaft of Dongtan Coal
Mine [10]. Zhang et al. studied the distribution of lateral floor
abutment stress at a working face. Firstly, they used elasticity
theory to establish a distribution model of lateral floor abut-
ment stress and then analyzed its distribution characteristics.
Secondly, they established a three-dimensional numerical
simulation model by using FLAC3D (ITASCA Consulting
Group) software [11]. Whittaker and Potts (1974) developed
an empirical approach to calculate the vertical stress ahead of
the longwall face for rock conditions prevailing in the UK. In
his approach, a yield zone exists ahead of the face.The vertical
stress is zero both at the face and at the rib side. It increases
quickly with the distance from the face [12].

Therefore, it is very important to make clear the distribu-
tion characteristics and scope of influence of the abutment
stress, because it can provide the references for adopting
reasonable supporting patterns, determining the position
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Figure 1: Layout of the side abutment stress observation station.
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Figure 2: Installation drawing for the borehole stress-meter.

of the adjacent roadway, preventing the dynamic disasters
induced by mining, and so forth. Some instruments and
methods are adopted to investigate the distribution of the
abutment stress [13, 14], of which borehole stress-meter is the
most commonly used [15]. Thus, in this study, we firstly use
the borehole stress-meter to monitor the distribution char-
acteristics of the side abutment stress during the extraction
of the longwall panel in Qianyingzi mine, China. Then we
use the UDEC numerical simulation software to investigate
the factors affecting the distribution of the side abutment
stress. Based on the field monitoring and simulation results,
we determined the reasonable layout position of the mining
roadway and the optimal width of the barrier pillar between
panels. Finally, a field application was carried out. The final
engineering application further validates the reliability of the
fieldmonitoring and numerical simulation results.Therefore,
this study could provide some beneficial references to the
designing of the barrier coal pillar in roadway subjected to
dynamic pressure.

2. Field Monitoring Principles and
the Observation Instrument

2.1. Field Monitoring Principles for Side Abutment Stress. The
borehole stress-meter is used to monitor the distribution
of the abutment stress in roadway subjected to dynamic
pressure. Firstly, we lay out the stress observation borehole
in areas free from the impact of the moveable front abutment
stress. The parameters of the boreholes mainly include space
between the boreholes and depth of the borehole. Secondly,
we install the stress-meters on these boreholes to monitor the
stress changes with the advance of the coalface. The pressure
recorder connected to the borehole stress-meter can record
all the changes of the stress values, from which we can obtain
the curve representing the relation between the side abutment
stress and the distance to the gob. The layout of the side
abutment stress observation station is illustrated in Figure 1.
The specific number and depth of the boreholes are adjusted
in line with the in situ geological settings.

As shown in Figure 1, 𝑟
𝑛
borehole stress-meter observa-

tion stations are laid out within the barrier pillar between
panels.The specific numbers of the stations are closely related
to the actual engineering requirements and the required pre-
cision of the acquired data.The boreholes in each observation
station are installed with a stress-meter.The diameter of each
borehole is 48mm and the space between boreholes is 2m.
The borehole is perpendicular to the roadway rib with 1.5m
distance to the roadway floor.

2.2. Observation Instrument. The instruments used for mon-
itoring the distribution of the side abutment stress mainly
include the borehole stress-meter with a model number of
KSE-II-1, the string wire pressure recorder with a model
number ofKSE-III, the steel wire data acquisition systemwith
a model number of KSE-III, and the manual hydraulic pump.
All of these instruments are made by Shandong Haozhou
Mining Safety Equipment Corporation, China. The installa-
tion drawing for the borehole stress-meter is illustrated in
Figure 2.

The installation steps for the observation instruments are
as follows: (1) use the special drill rod to insert the plug (as
shown in Figure 2) and slowly push the borehole stress-meter
into the borehole; (2) connect the pressure pipe, the pressure
and frequency converter, and manual hydraulic pump to the
borehole stress-meter, respectively; (3) inject the oil into the
borehole stress-meter through the manual hydraulic pump;
during the injection, the pump pressure should be slowly
increased until the borehole stress-meter fills the borehole;
(4) the pump pressure should be continuously increased to
make sure that the reading of the pressure gauge of the
manual hydraulic pump stabilizes at a preset initial pressure
value and maintains the value for 5∼10min; (5) release the
pump pressure and observe the changes of the pressure gauge
reading; if the reading cannot stabilize at the preset initial
pressure value (formeasuring the rising value of the abutment
stress, the initial pressure is 4.0∼5.0MPa), then steps 3 and 4
should be repeated until the initial pressure reaches stable;
(6) install and activate the pressure recorder to record the
borehole stress values; the pressure recorder can record the
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Figure 3: Measured curve of the distribution of the side abutment
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represents the horizontal distance of the borehole stress-meter to the
gob, respectively; the initial pressure of the borehole stress-meter is
4.0MPa.

data automatically and the recording interval can be adjusted
according to actual requirements. After the installation, the
user should use the steel wire data acquisition system to
gather the recorded data every day or every other day and
import the acquired data to the computer for data processing.

3. Field Monitoring of the Side
Abutment Stress

The borehole stress-meter was adopted to investigate the
distribution of the side abutment stress in the 3

2
12 coalface of

Qianyingzi coalmine, China, wheremining activity is carried
out in the 3

2
coal seam. The characteristics of the coal seam

are shown in Table 1.
In processing the acquired data, we plot the abutment

stress obtained from the points with the same distance to
the coalface in the seam plane in order to clearly present
the distribution characteristics of the side abutment stress.
Figure 3 shows the “side abutment stress versus distance to
the gob” curve with the advance of the 3

2
12 coalface. Due to

the restrictions imposed by the coal seam strength and its
intactness, the borehole stress-meter cannot reach the area
where the stress is in a primitive state. Thus the pressure
values presented in Figure 3 are relative values representing
the rising side abutment stress. The significance of this curve
lies in that it can help us to gain a better understanding of the
distribution characteristics of the side abutment stress and
to obtain some key parameters related to the side abutment
stress, such as the stress rising zones at the coal wall side and
the peak value of the side abutment stress, providing a basis
for the retention of the barrier coal pillar between panels.

1.
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Figure 4: Zone chart of the distribution of the side abutment stress.
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Figure 5: Numerical simulation model.

Figures 3 and 4 show the following. (1) With the advance
of the coalface (the advancing direction can be referred to
in Figure 1), the side abutment stress gradually increases; (2)
Zone I, also termed pillar plastic zone, is 2∼6m in width,
where the side abutment stress is on the rise; (3) Zone II,
also called limit elastic zone, is 6∼10m in width, where the
side abutment stress reaches stable; the side abutment stress
reaches a peak value of 9.0Mpa when the distance to the
gob is 8m; this should be taken into adequate consideration
while laying out the roadway; (4) Zone III is in general 10m
away from the gob, where the side abutment stress is smaller
than the peak value and gradually decreases until reaching
the primitive stress; this zone is called side abutment stress
decreasing zone.

4. Numerical Investigation into the Factors
Affecting the Side Abutment Stress

Selecting the geological setting in Qianyingzi mine as the
study site, we adopt the UDEC numerical simulation soft-
ware to investigate the factors influencing the distribution
characteristics of the side abutment stress. The numerical
simulation model is illustrated in Figure 5. The physical and
mechanical properties of various stratawere initially acquired
from drilling log and exploration results. Then, the borehole
camera was employed to examine the integrity of the rock
mass. The final simulation parameters in this study were
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Table 1: Characteristics of the 3
2
coal seam.

Coal mine Coal seam Geologic age Average depth/m Average thickness/m Roof and floor strata

Qianyingzi 3
2
seam

Permo-carboniferous
period

Lower Shihezi formation
600 3.3

Immediate roof:
4.3-meter-thick mudstone;
Main roof: 11.5-meter-thick

fine sandstone;
Immediate floor:

2.9-meter-thick mudstone;
Main floor: 9.5-meter-thick

fine sandstone

Table 2: Physical and mechanical properties of various strata.

Stratum name Rock type Thickness/m Bulk
modulus/GPa

Shear
modulus/GPa Density/kg⋅m−3 Friction

angle/∘ Cohesion/MPa Tensile
strength/MPa

Overlying
strata Siltstone 16.5 8.4 4.8 2450 32 5.6 3.6

Main roof Fine
sandstone 10 10 5.8 2580 38 7.8 4.5

Immediate
roof Mudstone 5.5 3.2 2.5 2460 32 2.6 2.8

Coal seam Coal 3.5 2.3 1.2 1340 24 1.6 2
Immediate
floor Mudstone 4.5 2.8 1.5 2480 28 3.5 4.2

Main floor Fine
sandstone 10 5.2 2.3 2520 28 9.6 3.8

Underlying
strata Mudstone 20 4.7 2.7 2500 30 7.5 1.6

determined from the experience of Shen (2014) and Gao et
al. (2014), which are given in Table 2 [16, 17].

Considering the speed of the numerical calculation,
we reasonably simplify the model size in order to slash
the calculation time. Based on the engineering experience,
we select a reasonable influencing depth and width and
determine themodel size as 200 × 70m, as shown in Figure 5.
As we mentioned before, the coal seam has a depth of 600m.
Thus an equivalent vertical stress of 15.0MPa is applied to
the upper boundary of the model. The left, right, and bottom
boundary are all fixed. So they have no vertical velocity
and vertical displacement. The constitutive relation used in
this model is Mohr-Coulomb model. During the simulation,
the panel is stepwise excavated, with the excavation step
being 4m, which could effectively simulate the progressive
caving of the overlying strata. We establish this model in an
attempt to investigate the distribution characteristics of the
side abutment stress with the advance of the former panel and
compare the abutment stress beforemining and aftermining,
thus providing some basis for the designing of the roadway
subjected to dynamic pressure.

Previous studies demonstrate that [15, 18, 19] factors that
heavily influence the distribution characteristics of the side
abutment stress mainly include coal mass strength, coal seam
depth, immediate roof strength and thickness, and breakage
position of themain roof. In addition, key parameters that are
commonly used to represent the distribution characteristics
of the side abutment stress generally include the position and

magnitude of the peak stress and the stress concentration
coefficient and the scope of influence of the stress.

4.1. Influences of the Coal Mass Strength. In terms of its
strength, the coal mass can be divided into three categories:
soft coal, medium hard coal, and hard coal [20]. This
classification has gained wide recognition and practicality in
China. The mechanical parameters for the coal of different
category are shown in Table 3. These parameters are in line
with Mohr-Coulomb criterion, which are used by most of
the scholars and can still reflect the essence of the research
problem.The parameters for other strata are given in Table 2.
The distributions of the side abutment stress for soft coal,
medium hard coal, and hard coal are illustrated in Figure 6.

Figure 6 shows that (1) the strength of the coalmass exerts
a significant influence on the position of the peak value of
the side abutment stress, while having no pronounced impact
on its peak value and the influence of scope; (2) for the hard
coal, the stress reaches a peak value when the distance to the
gob is 7.2m, while it is 9.2m and 16.5m for the medium hard
coal and soft coal, increasing 27.8% and 129.2%, respectively;
(3) the lower the coal mass strength, the larger the stress
decreasing zone in the solid coal mass; the stress decreasing
zone is caused by the side abutment stress during the advance
of the former panel; (4) the width of the stress decreasing
zone for soft coal is 6 times larger than that for hard coal,
indicating the significant influences of the coal mass strength
on the layout of the mining roadway.
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Figure 7: Distribution of the side abutment stress for coal seams
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4.2. Influences of the Coal Seam Depth. The average depth
of the coal mines in China is about 600m, with the deepest
reaching 1400m. In addition, coal mines in China are
advancing to the deep area with a speed of 8∼12m per year
[21, 22]. We select the representative depth of the coal seam
in this study as 400m, 600m, and 1000m, respectively. The
distribution of the side abutment stress for coal seams with
different depth is shown in Figure 7.
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Figure 8: Distribution of the side abutment stress for the immediate
roof with different strength.

Figure 7 shows that (1)with the increase of the depth, both
the position and value of the peak stress have changed; (2)
when the depth of the coal seam is 400m, 600m, 800m, and
1000m, the concentration coefficient of the corresponding
side abutment stress is 2.2, 1.78, 1.62, and 1.59, respectively,
demonstrating a decreasing trend; the position of the corre-
sponding peak stress is 5.0m, 7.5m, 10m, and 10m to the gob,
respectively.

4.3. Influences of the Immediate Roof Strength andThickness

4.3.1. The Strength of the Immediate Roof. The physical and
mechanical properties of other strata remain unchanged,
which can be referred to in Table 2. Table 4 shows the physical
andmechanical properties of the immediate roof. Selection of
these parameters is in line with the Mohr-Coulomb criteria.
Then we run the numerical simulation to investigate the
influences of the changes of the immediate roof strength on
the distribution characteristics of the side abutment stress.
The distribution of the side abutment stress for the immediate
roof with different strength is illustrated in Figure 8.

Figure 8 shows that (1) with the change from the hard
immediate roof to soft immediate roof, the value of the peak
side abutment stress gradually diminishes with the position
of the peak stress getting away from the gob; (2) when the
immediate roof is soft rock, medium hard rock, and hard
rock, the distance of the position of the peak stress to the
coal wall at the gob is 12.3m, 9.2m, and 5.2m, respectively,
demonstrating a decreasing trend; compared to the hard
immediate roof, this distance for the soft immediate roof
and medium hard immediate roof increases to 136.5% and
76.9%, respectively; (3) when the immediate roof is soft
rock, medium hard rock, and hard rock, the concentration
coefficient of the corresponding side abutment stress is 1.51,



6 Shock and Vibration

Table 3: Mechanical parameters for the coal of different category.

Category Bulk modulus/GPa Shear modulus/GPa Friction angle/∘ Cohesion/MPa Tensile strength/MPa
Soft coal 1.4 0.8 22 1.2 1.6
Medium hard coal 2.3 1.2 24 1.6 2
Hard coal 4.8 2.5 32 4.6 3.2

Table 4: Physical and mechanical properties of the immediate roof with different strength.

Category Bulk modulus/GPa Shear modulus/GPa Friction angle (∘) Cohesion/MPa Tensile strength/MPa
Soft immediate roof 1.8 1.2 28 1.8 1.2
Medium hard immediate roof 3.2 2.5 32 2.6 2.8
Hard immediate roof 6.4 3.6 35 3.6 3.2
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Figure 9: Distribution of the side abutment stress for the immediate
roof with different thickness.
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Figure 10: Schematic diagram of the breakage position of the main
roof.

1.63, and 1.82, respectively, signifying an increasing trend;
compared to the soft immediate roof, the concentration
coefficient for the medium hard immediate roof and hard
immediate roof increases to 7.9% and 20.5%, respectively.

4.3.2. The Thickness of the Immediate Roof. According to the
geological characteristics of the immediate roof in China,
we select the representative thickness of the immediate roof
in this study as 2m, 3.5m, and 5.5m, respectively. Then we
run the numerical simulation to investigate the influences
of the thickness of the immediate roof on the distribution
characteristics of the side abutment stress.The distribution of
the side abutment stress for the immediate roof with different
thickness is illustrated in Figure 9.

Figure 9 shows that (1) with the increase of the thickness
of the immediate roof, the distance of the position of the peak
side abutment stress to the coal wall at the gob increases,
while the value of the peak side abutment stress decreases; (2)
when the thickness of the immediate roof is 2m, 3.5m, and
5.5m, the distance of the peak side abutment stress to the gob
is 10.3m, 8.2m, and 7.2m, respectively, and the correspond-
ing concentration coefficient for the side abutment stress is
2.1, 2.0, and 1.78, showing a decreasing trend.

4.4. Influences of the Breakage Position of the Main Roof.
According to the field monitoring results of the hydraulic
support pressure, we get to know that the breakage position
of the main roof after the extraction of the coalface is roughly
divided into two kinds, themain roof breaking at the gob side
and the main roof breaking in the deep area of the coal mass,
as shown in Figure 10.Then, we split the grid blocks based on
the fieldmonitoring results whenwe construct the simulation
model, which could control the breakage position of themain
roof.The distribution of the side abutment stress for themain
roofwith different breakage position is illustrated in Figure 11.

Figure 11 shows that the breakage position of the main
roof exerts minor influences on the peak value of the side
abutment stress. When the main roof breaks at the gob side,
the distance of the position of the peak side abutment stress
to the gob is further compared to the main roof breaks in the
deep area of the coal mass, indicating that the width of the
stress decreasing zone is larger. Based on the above results,
we summarize the factors affecting the distribution of the side
abutment stress, as shown in Table 5.

5. Engineering Application

5.1. Description of the Study Site. The 3
2
14 coalface is 235m

on its dip and 2036m on its strike. The haulage roadway is
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Table 5: Factors affecting the distribution of the side abutment stress.

Influential factor Position of the peak side
abutment stress

Peak value of the side
abutment stress

Scope of influence of
side abutment stress

Stress concentration
coefficient

Coal strength Inverse ratio Minor influence Minor influence Minor influence
Breakage position of the main roof Minor influence Minor influence Minor influence Minor influence
Depth Direct ratio Direct ratio Minor influence Inverse ratio
Immediate roof strength Inverse ratio Direct ratio Minor influence Direct ratio
Immediate roof thickness Inverse ratio Inverse ratio Minor influence Inverse ratio
Note: the position of the peak side abutment stress refers to the distance of the side abutment stress to the gob.

laid out along the gob of the 3
2
14 coalface, as illustrated in

Figure 12.The average depth of the haulage roadway is 600m
and mining activity is carried out on the 3

2
coal seam.The 3

2

coal seam belongs to the semibright vitrain, with an average
thickness of 3.3m.The barrier pillar was previously designed
as 30m in width. In order to improve the recovery ratio of
the coal resources and to mitigate the tension of the mining
plan for the next panel, we propose the idea of retaining the
narrow coal pillar through gob-side entry driving and put it
into an engineering practice.

5.2. Designing of the Barrier Pillar between Panels

5.2.1. Layout of the Reasonable Position of the Barrier Pillar.
In general, the retaining width of the barrier pillar is related
to the seam thickness, seam depth, and its roof and floor
properties. For the present, most of the countries engaged in
coal mining retain the barrier pillar with a width of 25∼35m
[23]. The theoretical foundation lies in the fact that when
laying out the roadway for the next panel the roadway is
out of the influence scope of the abutment stress induced
by the former panel, which could not only control the safety
and stability of the roadway but also effectively prevent the
occurrences of gob water and gas hazards.

However, in China, numerous practices demonstrate that
it is feasible for driving the roadway by retaining the narrow
coal pillarwith awidth of 3∼5malong the gob. Figure 4 shows
that Zone I is the side abutment stress rising zone. Numerical
studies prove that the width of this zone is related to the
coal strength, coal seam depth, and immediate roof strength.
Zone III is the side abutment stress decreasing zone, which is
beneficial to the layout of themining roadway. After adopting
reasonable support pattern, roadway laid out in this zone can
be effectively controlled during its service life.

5.2.2. Designing of the Width of the Barrier Pillar. The strain
of the coal mass on the strike of the panel can be ignored
due to the fact that the length of the panel on its strike is
far larger than the width of themining-induced fracture zone
and plastic zone within the coal mass. Thus the stress state of
the microunits within the facture zone and plastic zone can
be reduced to a plane stress problem. Figure 13 illustrates the
mechanical model for the stress analysis.

Under the action of the side abutment stress, the coal
mass has the tendency of being extruded towards the roadway
with respect to the roof and floor. Therefore, the shear
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Figure 11: Distribution of the side abutment stress for the main roof
with different breakage position. 1—main roof breaking in the deep
area of the coal mass; 2—main roof breaking at the gob side.

Gob

23
5

2036

Barrier pillar between panels

3214 coalface

Figure 12: Layout of the 3
2
14 coalface and relevant roadways.

between the roof and floor interface could result in the sliding
failure of the coal mass. The relation between the normal
stress and the shear stress can be expressed as follows:

𝜏
𝑦𝑥
= −(𝜎

𝑦
tan𝜑
0
+ 𝐶
0
), (1)

where 𝜎
𝑦
and 𝜏
𝑦𝑥

are the normal stress and shear stress on
the roof and floor interface, respectively, and 𝐶

0
and 𝜑

0
are

the cohesion and internal friction angle of the rocks on the
roof and floor interface, respectively.
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Figure 13: Mechanical model for the analysis of the stress around
the gob.

Gob Gob-side entry driving

y

𝛾H

K𝛾H

Fr

x1 x2x3

x

Figure 14: Diagram for the calculation of the reasonable width of
the narrow coal pillar.

Without considering the body force, we establish the
mechanical calculation model (Figure 13) and the coordinate
system. The stress for the microunits at the roof and floor
interface follows the following stress equilibrium differential
equation:

𝜕𝜎
𝑥

𝜕𝑥
+
𝜕𝜏
𝑥𝑦

𝜕𝑦
= 0,

𝜕𝜏
𝑦𝑥

𝜕𝑥
+
𝜕𝜎
𝑦

𝜕𝑦
= 0,

𝜏
𝑦𝑥
= −(𝜎

𝑦
tan𝜑
0
+ 𝐶
0
).

(2)

As shown in Figure 13, 𝑥
1
represents the width of the

fracture zone. The boundary condition for the stress in the
fracture zone is as follows:

𝜎
𝑦

𝑥=0 = 0,

𝜎
𝑥

𝑥=0 = 𝑃𝑥,

𝜎
𝑦

𝑥=𝑥
1

= 𝛾𝐻,

𝜎
𝑥

𝑥=𝑥
1

= 𝜆𝛾𝐻,

(3)

where 𝑃
𝑥
is the residual support resistance of the rib rock

bolt adopted in the roadway of the former panel and 𝜆 is the

coefficient of horizontal pressure. 𝜆 is calculated through the
equation 𝜆 = 𝜇/(1 − 𝜇), where 𝜇 is Poisson’s ratio.

Choosing all the rockmass within the fracture zone as the
research object and given ∑𝐹

𝑥
= 0, we can obtain

𝑚𝜆𝜎
𝑦

𝑥=𝑥
1

+ 2∫
𝑥
1

0

𝜏
𝑦𝑥
𝑑𝑥 − 𝑚𝑃

𝑥
= 0. (4)

Based on the theory of the elastic mechanics [24] and
considering (2), (3), and (4), we can calculate the width of
the facture zone:

𝑥
1
=
𝑚𝜆

2 tan𝜑
0

ln(
𝛾𝐻 + 𝐶

0
/ tan𝜑

0

𝐶
0
/ tan𝜑

0
+ 𝑃
𝑥
/𝜆
), (5)

where𝑚 is the thickness of the coal seam; 𝑘 is the concentra-
tion factor of the side abutment stress; 𝛾 is the average density
of the overlying strata;𝐻 is the depth of the coal seam.

In a similar way, we can also obtain the calculation
equation for 𝑥

0
, the width of the plastic zone

𝑥
0
=
𝑚𝜆

2 tan𝜑
0

ln(
𝑘𝛾𝐻 + 𝐶

0
/ tan𝜑

0

𝐶
0
/ tan𝜑

0
+ 𝜆𝛾𝐻/𝜆

). (6)

There is an optimal width of the narrow coal pillar
in gob-side entry driving. Firstly, we should lay out the
roadway in the stress decreasing zone in order to mitigate the
convergence of the surrounding rocks, to control the stability
of the surrounding rocks and to improve the recovery ratio
of the coal resource. This will require us to design the width
of the narrow coal pillar as small as possible. However, if
the width of the narrow coal pillar is too small, excavating-
induced fissures will connect and coalesce with the original
fissures, resulting in the lack of anchoring foundation for
the rock bolt. Therefore, the effectiveness of the bolt support
system will diminish and the narrow coal pillar is prone to
lose stability. Moreover, coal mass with large fracture zone
becomes ineffective in preventing the air leaking problem and
in avoiding the leakage of the hazardous air from the gob of
the former panel, posing a great threat to the safe extraction of
the current panel.Thus the reasonable width of the coal pillar,
𝑊, should be calculated through the calculation diagram as
shown in Figure 14.

Figure 14 shows that the width of the narrow coal pillar is
comprised of three parts, as illustrated in

𝑊 = 𝑥
1
+ 𝑥
2
+ 𝑥
3
, (7)

where 𝑥
1
, the width of the fracture zone caused by the side

abutment stress during the advance of the former panel, can
be calculated by (5); 𝑥

2
is the effective length of the rib

bolt within the narrow coal pillar; 𝑥
3
, the safety width in

considering the anchoring of the rock bolt to the stable coal,
can be calculated by (0.2∼0.4) × (𝑥

1
+𝑥
2
). 0.2∼0.4 is the safety

factor.

5.3. Roadway Support Pattern. Through above analysis, we
advance the haulage roadway along the gob, retaining the
narrow coal pillar with a width of 5.0m. A corresponding
support pattern, consisting of rock bolt, anchor cable, steel



Shock and Vibration 9

4800

400

70
0

70
0

70
0

10
0

800

30
00

10
0

70
0

800800800800400

70
0

70
0

70
0

10
0

10
0

70
0

Φ17.8 × 7500mm

Φ22 × 2400mm

30
∘

30
∘

30
∘ 30

∘

30
∘

30
∘

Anchor cable

Left-handed thread
steel rock bolt

(a) Front view

80
0

80
0

80
0

80
0

80
0

1600

800800 800800800 Rock bolt

Anchor cable

2000

(b) Top view

Figure 15: Schematic diagram of roadway support pattern.
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(b) During the extraction of the current panel

Figure 16: Monitoring results of the roadway deformation of the surrounding rocks.

strap and rhombic metal mesh, and so forth, was proposed to
reinforce the roadway, as illustrated in Figure 15.The detailed
support parameters are as follows.

(1) The rock bolt and anchor cable use 2 and 4 resin
cartridges of the Z2350 type.

(2) The roof bolts are connected to a steel beam, which
has six holes and is 4.8m long. The rib bolts are
connected with two steel straps, which have three
holes and are 1.8m long.

(3) The screen mesh for the roof is steel mesh with
rhombic holes, while, for the two ribs, plastic mesh
is adopted. Both the steel mesh and plastic mesh are
1000 × 5000mm mesh. In the upper corner of the
roadway, steel wire is used to bind the steel mesh

with the plastic mesh. The overlapping width of the
two meshes is larger than 100mm, while the binding
interval is less than 150mm.

(4) The pretightening torque of the roof and rib bolts is
higher than 200N⋅m. The pretension of the anchor
cable is higher than 160 kN.

5.4. Support Effect and Economic Benefit

5.4.1. Roadway Support Effect. Field monitoring of the road-
way deformation was carried out to validate the rationality
of the proposed pillar width and effectiveness of the support
pattern. The results are shown in Figure 16.

Figure 16 shows that (1) the deformation volume of the
narrow coal pillar and coal mass is 82mm and 75mm,
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respectively, during the advance of the haulage roadway and
is 372mm and 347mm, respectively, during the extraction
of the current panel; during these two stages, the roadway
can maintain a sufficient profile for the transportation and
ventilation requirements; (2) during the advance of the
haulage roadway and the extraction of the current panel, both
the narrow coal pillar and coal mass demonstrate the same
deformation characteristics and both deformations reach
stability when the driving face is 90m away, while during the
extraction of the current panel, the narrow coal pillar and coal
mass are subjected to the influences of the front abutment
stress when the coalface is 80m away.

5.4.2. Yielded Economic Benefit. It is the first time for
Qianyingzi coal mine to adopt the gob-side entry driving
technology.Thebarrier pillarwas previously designed as 30m
in width. Through comprehensive researches, we determine
the width of the narrow coal pillar as 5.0m.The 3

2
14 coalface

is 2036m long on the strike and 235m long on the dip. The
density of the coal seam is 1.4 t/m3 and its thickness is 3.3m.
After adopting the gob-side entry driving technology, the
recovery ratio of the coal is up to 218696.9 t (25 × 2036 ×
3.3×1.4×0.93 = 218696.9 t). In 2013, the average price of the
coal of Qianyingzimine is 500 Yuan/t, about 83.3$.Therefore,
this technology can yield 109348450 Yuan (500 × 218696.9 =
109348450), about 18224741.7$.

6. Main Conclusions

(1) In this paper, the borehole stress-meter is used to
monitor the distribution characteristics of the side
abutment stress during the extraction of the longwall
panel in Qianyingzi mine, China. The monitoring
results demonstrate that the side abutment stress can
be divided into three zones: Zone I, side abutment
stress rising zone; Zone II, side abutment stress
stabilizing zone; and Zone III, side abutment stress
decreasing zone.

(2) In line with the geological setting in Qianyingzi
mine, we carried out numerical investigations into
the factors that influence the distribution of the side
abutment stress. The research results show that the
position and value of the peak side abutment stress are
closely related to the coal mass strength, immediate
roof strength, and immediate roof thickness.

(3) Based on the fieldmonitoring and numerical research
results, we put forward the idea of laying out the
mining roadway using gob-side entry driving tech-
nology.We determined the reasonable position of the
mining roadway and the optimal width of the barrier
pillar between panels. The engineering application
demonstrates that the retention of the barrier pillar
with a width of 5m along the gob as the haulage
roadway for the next panel is feasible, which delivers
favorable technological and economic benefits.
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This paper uses improved technology for dynamic strain measurement to investigate the dynamic strain signals of blasting wave
action tested in the range of 8–16 cm from the central blast. Based on the blasting mechanism and on the analysis of signal
characteristics, blasting waves are recognized and divided into three zones, namely, shock wave zone, stress wave zone, and gas-
expanding zone. This paper studies the relationships between stress, strain, and time of every zone. The tensile and compressive
stresses of stress wave are considered. After the blasting test, four cracks from the borehole center toward the minimum burden
appear at the model surface. The relationship between blasting wave and concrete damage is analyzed.

1. Introduction

Concrete is often used to reinforce mine tunnels. In a mining
excavation, the blasting excavation method is often applied.
This method may damage the concrete reinforcement and
consequently change the stress-strain response of concrete
under static load. According to the mechanism of rock
blasting, the combined effects of blasting shock wave, stress
wave, and gas expansion (collectively called blasting wave in
this paper) will be exerted on the area adjacent to the contact
structure at the instant of blasting [1, 2]. These waves are
distinct from one another in terms of action time, action area,
characteristics of loading and unloading, time-frequency dis-
tributions, allocation of energy, attenuation, and contribution
to damage. Studies on the essential characteristics of blasting
waves based on real-time tests are significant in many fields,
such as mining engineering, as well as studies on stress-strain
relations of rock mass [3–5], the characteristics of the source
of blasting seismic wave [2, 6], and so on.

Thus far, some studies have investigated blasting waves
at the instant of detonation or blasting [7–9]. Wen et al.
[10] obtained the peak values of the shock wave between
0.81 and 22.3GPa in different positions. These references
mainly investigated the detonations or the shock wave in the
medium, thereby promoting understanding of the blasting

mechanism. However, because of the complexity of blasting,
the limitations of equipment to experiment on the adjacent
area, and the constraints in technology, among others, only
a few studies have investigated the tension phase after shock
wave [11, 12]. Few studies have made progress in the study of
the combined effects of blasting shock wave, stress wave, and
gas expansion on the adjacent area at the instant of blasting;
the separation of each wave from the result; and the essential
characteristics of these waves because of the difficulty in
obtaining the blasting wave signals.

Based on laboratory tests, the transient blasting wave
strain signals in the concretemodel are tested using resistance
strain gauges with a highly dynamic strain testing system.
This study also quantitatively examines the blasting wave
and the essential characteristics of the separated blasting
shock wave, stress wave, and gas expansion, considering such
factors as action time, action area, dynamic strain variation,
characteristics of loading and unloading, velocity and accel-
eration of test points, and features of time-frequency energy.

2. Blasting Test Results

The specimens are precast concrete with size of 500mm ×
500mm × 350mm cuboid, as shown in Figure 1, at the center
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Protective plate

Figure 1: Concrete test model.

of which there is a borehole 250mm deep and 8mm in
diameter. Six radial strain gauges are preburied in eachmodel,
and the test pointsA andB are 9 cm deep located along the
direction of the minimum free face, 8 and 16 cm away from
the center line of the borehole, respectively. To eliminate the
influence of the free face surrounding the model, which may
affect the blasting result, butter is coated onto the protective
plate to constrict concrete block during the blasting.

A total of 108 test points of 18 models are tested for
dynamic strain wave in this paper. The relationship between
voltage signal 𝑈

0
and dynamic strain 𝜀

𝑑
is as follows:

𝜀
𝑑
=
4𝑈
0

𝐾𝑈
1
𝐴
, (1)

where 𝑈
0
is the output voltage (𝑉), 𝑈

1
is the bridge voltage

(𝑉), 𝐾 is the sensitivity coefficient of the strain gauge, 𝜀
𝑑
is

the dynamic strain of the strain gauge, and 𝐴 is the gain.
Assuming the specimens are in the elastic stage, the strain

value can be obtained by 𝜎 = 𝐸𝜀
𝑑
. The time-strain curves

of the test points A and B, which are 8 cm and 16 cm away
from the center line of the borehole, respectively, in different
conditions, are shown in Figure 2 after being transformed by
formula (1). Based on the test results, other blasting waves
obtained in the test have the same forms as in Figure 2,
indicating that the waveform in Figure 2 is universal and
representative.

3. Relation of the Division and
the Detonation Structure

The blasting wave division in concrete is fairly related to
the detonation wave structure. According to ZND detona-
tion theory [13–15], the spread of the shock wave in the
dynamite will become the detonation wave. Additionally, the
detonation wave structure can be divided into three parts:
shock front compressive zone 0-1, reaction zone 2-2, and gas-
expanding zone.

(1) The shock front compressive zone is about 10−4mm
wide and has the highest pressure and density, where
values suddenly surge.
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Figure 2: Complete time-strain curves of blasting waves.

(2) The reaction zone is about 10−1mm wide. The action
time is in the order of magnitude of 10−1 𝜇s. The head
face pressure 𝑃

𝐻
(i.e., pressure of C-J plane) at 2-2 is

about 1/2 of the wave front pressure 𝑃
𝑍
at 0-1, and the

density at 2-2 is about 1/3 of the density at 0-1.
(3) In the gas-expanding zone, the expansion of the det-

onation products is isentropic, and the air pressure,
density, and temperature continue to fall.

As pointed out by Ramulu et al. [16], when the blasting
occurs in the concrete, the effect of blasting wave on the
concrete is similar to the detonation wave in an explosive
and depends on the detonation design parameters. As proven
by experiments, the shock wave in rocks is a disturbance at
supersonic speed. The medium states (pressure, density, and
temperature) at the wave frontmutate in fractions of 1 𝜇s, and
the particles at the wave frontmove fast.The result agrees well
with those shown in Figure 2, which means that the blasting
shock wave in the concrete is the result of the sudden jump
in detonation pressure at the wave front compressive zone.
However, because the blasting shock wave spreads in the
nonexplosion medium, the flowing velocity of the particles
right behind the shock front is lower than the spreading
velocity of the disturbance. Furthermore, because the shock
wave lacks external support, some rarefaction waves exist,
leading to an aperiodic decay of each parameter after the
shock front in the concrete at 3-4 𝜇s. Therefore, the shock
wave turns into the stress wave. The stress wave amplitude
is much smaller than the shock wave amplitude. The stress
wave front is also flatter, its action time equals that of the
shock wave, and the time of the stress value ascending lasts
shorter than when the stress value is descending. The stress
wave zone in the concrete may be related to the continuous
falling of the pressure and the density between the 1-1 front
plane and the 2-2 (C-J) plane in the reaction zone. A certain
concrete point in the stress zone may also correspond with
a point at the C-J plane in the detonation wave. The gas-
expanding zone in the concrete is caused by the amorphous
isentropic expansion and flow of the detonation product after
the C-J plane. And the gas-expanding action mainly causes
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the deformation, compression, and tension in the rocks, as
well as the formation of cracks.

4. Relation of the Wave Division and
the Mechanism of Rock Blasting

To summarize various perspectives on themechanismof rock
blasting, Yang et al. [17] considered that the stress wave plays
a dominant role in the whole rock blasting process. In terms
of time, the shock wave activates the original microcracks
in rocks and generates the crushed zone and radial cracks
around the borehole first; then the following stress wave
widens these cracks, which leads to a reflected tension stress
wave failure at the free face; and the explosion gas wedges
in the cracks may connects the cracks together. Finally, the
rock fragments are thrownout.Owing to the separation of the
free face reflected wave and the blasting wave in the temporal
domain, the gas-expanding zone right after the shock wave
zone being the reflected tension stress wave is impossible, as
proven by themeasured reflected tension stresswave from the
free face. The wave division in this test agrees well with the
result of the study by Yang et al. [17], who supposed that the
reflected tension stress wave from the free face is negligible.

In terms of space, when a coupling explosion occurs in
an infinite rock, three zones will appear around the borehole.
These zones are the crushed zone (near area), which is 3–
7𝑅
0
(𝑅
0
is the charge radius) radius around the borehole

and caused by the shock wave; the crack zone (middle area),
which is 8–150𝑅

0
radius around the borehole and caused

by the stress wave; and the elastic vibration zone (far area),
which is more than 150𝑅

0
radius around the borehole and

caused by the gas expansion. In this test, the monitoring
points are located in the blasting center area at 20𝑅

0
, 31𝑅
0
,

and 40𝑅
0
away from the center. The test results demonstrate

that the blasting shock wave action still affects this area, and
the fissures in the rocks at the center area are caused by the
combined effects of blasting shock wave, stress wave, and gas
expansion.

Therefore, the effects of coupling explosive blasting waves
in the concrete can be divided into three phases in terms of
time.

(1) The shock wave from the blasting wave front affects
the concrete medium by the overpressure and vio-
lent shock at a loading or unloading strain rate
of more than 104/s, which can be drawn from the
phenomenon that at 2.4–3.7 𝜇s the concrete is under
loading compression, at 2.4–3.7 𝜇s the blasting cavity
is under unloading and resilience, and at 4.7–5.6 𝜇s
the remaining weak shock wave is decaying with
oscillation.

(2) The stress wave affects the concrete medium through
the compression and tension stress at a loading or
unloading strain rate several times higher than 104/s,
which can be drawn from the phenomenon that the
concrete is under loading and unloading again at 5.6–
8.6 𝜇s, and the peak values of the compression stress,

the tension stress, and the strain rate at the broken
boundary are much higher than before.

(3) The isentropic expansion of gas affects the medium
by continuous approximate static tension or com-
pression stress, which can be drawn from the phe-
nomenon that at 8.6–24.7 𝜇s the concrete is still under
continuous tension and compression, and decaying
with oscillation occurs in the end lasting for about
1 𝜇s.

In terms of space, these three actions exist in the study
area at the same time, and they are independent of one
another, contrary to the traditional view. The shock wave is
previously thought to be in the near area, and the stress wave
that decays rapidly with distance is in the middle area of the
rock blasting area division. These two mechanical processes
are two blasting loading forms in themediumbecause of their
different distances from the blasting center, instead of being
independent of each other.

5. Verification of Blasting Wave Division

To further verify the blasting wave division, the reflected
blasting wave and the contacting blasting wave from the free
face are tested on the same type of concrete. In the free face
reflected wave, the protective plate is uncovered to prevent
absorbing the energy. The sampling precision is 0.1 𝜇s, and
the sampling time lasts 20 000𝜇s; thus, 200 000 data sets of
each point are recorded to form a blasting waveform during
each blasting. A part of the original measured waveform can
be seen in Figure 3, and other analogous waveforms during
the whole test appeared. In Figure 3, two conspicuous sudden
jumps are recorded. A zoomed in image of the waveform
of jump A is shown in Figure 2. The waveforms of the two
monitoring points of jump B are found in Figure 3(a) and
zoomed in in Figure 4. The time in Figure 4 starts from the
4025 𝜇s in Figure 3(a), and the action time of the reflected
wave is about 25 𝜇s. As shown in the test result, the reflected
wave cannot follow right after the shock wave zone and the
stress wave zone. Additionally, the properties of the reflected
waveform are entirely distinct from those of the waveform
in the gas-expanding zone. Besides, no reference has ever
proven that the free face reflected wave follows right after the
blasting shock wave.

In the free face contacting blasting test, the charge is
moved to the free face along the least resistance line, and
everything is kept constant except for the blasting position.
The measured waveform and the variations in loading strain
rate with time in every contacting blasting can be found in
Figure 5.

Based on Figure 5, the third zone of the blasting wave
signal obviously disappears as the energy dissipates because
of the rapid expansion in the air of the explosion gas. This
expansion leads to a decrease in stress at the interface, such
that the dynamic strain of the point in the medium is not
high enough to be measured. If the blasting reflected wave
is the one measured in the zone, the zone will not disappear
because the free face stays and the reflected wave continues;
the second zone, which is the stress wave zone, obviously
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Figure 3: Measured curves of the blasting wave and the reflected wave from the free face.
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Figure 4: Measured curves of the reflected wave from the free face.

decreases and even disappears. If the loading and unloading
properties of the whole blasting are considered, different
results will be generated. If the unloading and the resilience
of the shock wave are the onesmeasured in the zone, the zone
should have the characteristics of the stress wave zone in the
blasting wave division. However, as presented in numerous
tests, the phenomenon of decreasing and disappearing exists
in the second zone during the contacting blasting.

If the gas expansion causes a shock wave in the first zone,
the effect of the wave front and the reaction zone must be
ignored, a result which does not match detonation theory.
Furthermore, no reference has ever recorded that the peak
value of the gas expansion can reach more than 1GPa. If the
blasting cavity resilience and the second gas expansion occur
in the second zone, then the time when the gas-expanding
loading affects the blasting cavity should be determined.

However, only the loading of the blasting wave front and the
reaction zone can affect the first zone, and there is no time for
the explosion gas to expand and load in the first zone.

Therefore, based on ZND detonation theory, the mech-
anism of rock blasting, and the evidence of the blasting
wave division in the test results, the shock wave zone in
concrete results from the sudden jump in detonation pressure
at the wave front compressive zone. Furthermore, the gas-
expanding zone is caused by the amorphous isentropic
expansion and flow of the detonation product after the C-J
plane, and the mechanism in the stress wave zone in concrete
is very complex. An in-depth discussion concerning the
waves disappearing after the shock front of brittle materials,
such as K9 glass, under high-speed loadingwas carried out by
Zhao et al. [18]. After the blasting test, four cracks from the
borehole center toward the minimum burden appear at the
model surface (Figure 6).

The mechanical properties of materials are related to
the strain rate and are different from the static mechanical
properties. In the blasting wave, the function of the energy
for concrete deformation is [19]

𝐸 = 𝐹 (𝐸
𝑒
, 𝐸
𝑝
, 𝐸
Ω
, 𝐸
𝑥
) , (2)

where 𝐸
𝑒
is the elastic potential energy, 𝐸

𝑝
is the plastic

potential energy, 𝐸
Ω
is the surface energy of newly formed

surfaces, and 𝐸
𝑥
includes the other kinds of energy.

In this test, assuming that 𝐸
𝑥
= 0, then the process of

energy transfer is as follows: (1) the phase of shock wave
ascending: the concrete obtains energy 𝐸sh (𝐸sh = 𝐸𝑒 + 𝐸𝑝)
from the shock wave. If the energy 𝐸sh is higher than the
threshold value𝐸cri of crack development, new surface cracks
will be formed; when 𝐸sh < 𝐸cri, no surface cracks appear
and only the amount ofmicrocracks in the concrete increases;
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Table 1: Peak values and calculations in each region.

Test point number Shock wave zone Stress wave zone Gas-expanding zone Total

A

𝑡/us 2.4–5.6/3.3 5.6–8.6/3 8.6–24.7/16.1 22.4
𝑓/KHz 0–829 0–743 0–514 ×

𝜎max/MPa −1650 159.72 −65.01 ×

̇𝜀max/10
4 s−1 −7.58/10.5 1.43/−1.14 Approximate static load ×

𝑢max/m⋅s
−1 −151.6/210 28.5/−22.7 Approximate static state ×

𝑎max/m⋅s
−2 612/−505 125/−142 0 ×

𝐸
𝑖

0.0157 0.0016 0.0054 0.0231
𝜂
𝑖
/% 68.0 6.9 23.4 98.3

B

𝑡/us 2.4–5.6/3.3 5.6–8.6/3 8.6–24.7/16.1 22.4
𝑓/KHz 0–1000 0–686 0–227 ×

𝜎max/MPa −1518 101.31 25.476 ×

̇𝜀max/10
4 s−1 −7.52/8.9 1.24/−1.12 Approximate static load ×

𝑢max/m⋅s
−1 −148/178 24.8/−19.2 Approximate static state ×

𝑎max/m⋅s
−2 608/−413.5 87/−137.5 0 ×

𝐸
𝑖

0.0106 0.0012 0.0016 0.0137
𝜂
𝑖
/% 77.3 8.8 11.7 97.8
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Figure 5: Measured curve of contacting blasting waveform.

Figure 6: Distribution of blasting cracks in the 𝜙8mmmodel.

(2) the phase of shock wave unloading: two types of energy,
namely, deformation reversion energy 𝐸

𝑟
and wasted energy

𝐸
𝑑
, are released from 𝐸sh, between which 𝐸

𝑑
is the main

cause of formation of new surface cracks or microcracks; (3)
the phase of the effects of stress wave and explosion gas: the
types of energy the concrete gets from the stress wave and
the explosion gas are 𝐸st and 𝐸𝑔, respectively. If 𝐸st > 𝐸cri or
𝐸
𝑔
> 𝐸cri, then new surface cracks will form; otherwise, only

the existing cracks caused by 𝐸sh can develop further. Based
on the calculations in Table 1, 𝐸st and 𝐸𝑔 are much smaller
than 𝐸sh, and the effect of 𝐸sh is mainly reflected in the crack
development.

6. Conclusions

(1) In the test of blasting wave in concrete with coupling
charge, the following may be concluded in terms of
space: the monitoring area, which is 20𝑅

0
–40𝑅
0
away

from the blasting center, is subjected to the combined
effects of blasting shock wave, stress wave, and gas
expansion. In terms of time, the three waves affect
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the points. Concrete damage results from a complex
process under shock compression and tension of the
blasting shock wave, as well as the blasting stress wave
at a strain rate of more than 104/s, and the effect of gas
expansion at an approximate static state.

(2) The relationship between the effected process
of blasting wave and the concrete damage is
quantitatively analyzed in terms of energy. If the
shock wave energy is greater than the releasing rate
of energy for crack development, new surface cracks
appear; otherwise, only microcracks appear, and the
energy of the stress wave and that of the gas expansion
are much smaller than the shock wave energy whose
effect is mainly reflected in the crack development.
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Dynamic loads provided by the SHPB test system were applied to coal specimens, and the TEM signals that emerged during coal
rupture were recorded by the TMVT system. Experiments on coal-mass blasting rupture in excavating workface were also carried
out, and the emerged TEM signal was analyzed. The results indicate that the low-frequency TEM signals were detected close to
the coal specimens under high strain dynamic load applied by the SHPB, initially rising sharply and dropping rapidly, followed
by a small tailing turbulence. And the field test results obtained during coal blasting process coincided with the results from the
SHPB tests. Furthermore, its initial part shaped like a pulse cluster had a more pronounced tail and lasted even longer. And the
generation mechanism of the low-frequency TEM effect was analyzed. It suggests that the low-frequency TEM effect of coal during
dynamic rupture is contributed by the fractoemission mechanism and the resonance or waveguide effects. Because its wavelength
is longer than the higher ones, the low-frequency TEM has a good anti-interference performance. That can expand the scope and
performance of the coal-rock dynamic disaster electromagnetic monitoring technique.

1. Introduction

In deep mining engineering, coal and rock masses have
always been exposed to intense dynamic loading, while
dynamic disasters such as rock burst, coal and gas outburst
can occur [1–3]. The destruction of the coal-rock structure
reveals features consistent with quick rupture at high strain
rates. This is reflected in significant characteristics of nonlin-
ear dynamics, accompanied by sound, electricity, magnetism,
vibration, and other physical effects [4–8]. The phenomenon
of electromagnetic radiation (EMR) is considered to be
closely related to the deformation and fracture of coal or
rock under load [9, 10]. Also the transient electromagnetic
(TEM) effect near to coal subjected to dynamic loads has been
initially confirmed [11–13].Therefore, EMRhas become a very
effective method for coal-rock activity monitoring [14–16].

Studies on EMR produced during the process of coal-
rock deformation or fracture show that the frequency of EMR
has a wide bandwidth. The main frequency band is variable
[17, 18]. EMR signals of different frequencies are generated
by different mechanisms and have different waveforms.

Currently, the EMR detectors [19] for detecting coal and
rock dynamic disasters were developed on the basis of EMR
of medium-high-frequency (≥5 kHz). But in actual mining
environments, the wavelength of medium-high-frequency
EMR signal is too short to propagate more than 20m.
Also it is vulnerable to the high-frequency interference
from mechanical and electrical equipment [20]. However,
low-frequency electromagnetic wave can propagate a longer
distance (around 3.5 km), with a small attenuation [21], and
will be less affected by mining equipment. So, it is very
important to study the characteristics of low-frequency EMR
from coal under dynamic loading, to developmonitoring and
early warning technology for coal and rock mines.

On the basis of previous work, this paper focuses on
low-frequency TEM effect that emerges during coal rupture
under dynamic loading. Considering the high strain rate
of dynamic loading, mainly obtained by using SHPB [22]
or blasting process [14], the methods of SHPB and in
situ blasting tests were adopted to obtain the TEM signals
during coal rupture. By combining basic theories such as
charge separation, transfer theory [23, 24], and coal structure
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(a) SHPB test system and device (b) ZDKT-1-type TMVT system

(c) Location of the TEM receiver (antenna)

Figure 1: Test systems and their location.

resonance theory [25], the characteristics of the TEM effect
and its generation mechanism are analyzed and presented by
the following sections of this paper.

2. Experiments on TEM Effect of Coal
Rupture under Dynamic Load

2.1. Experimental Systems and Specimen. The setup used in
the experiment was based on the SHPB test system and the
TMVT system.

Coal impact damage experiments under dynamic load
were performed on the Φ50mm SHPB test system in the
China University of Mining (Beijing) Rock Dynamics Lab-
oratory. Before the test, grease lubrication was applied to the
interface between the elastic rod and the specimen to reduce
the interfacial friction effect. Meanwhile, the ZDKT-1-type
transient magnetic vibration test (TMVT) system was placed
at 4 cm from the specimen, so as to record the TEM signal.
The SHPB test system and the ZDKT-1-type TMVT system
and devices used in the experiment are shown in Figure 1.

The SHPB test system contains the following: an impact-
ing rod, two pressure bars, a gun system, ultradynamic
strain gauges, and a data storage system. The impactor is a
Φ50mm × 400mm round steel rod, and the impact velocity
is measured by a velocimeter. The TMVT system contains
the following: an antenna (internal resistance is 21.8 ohms),
a signal amplifier, and a data acquisition recorder.

The specimens tested in the test were obtained from a
lump of coal from the excavating workface of number 10
mine of Pingdingshan Coal Group Co., Ltd. According to the
optimum length-diameter ratio formula [26], cut cylindrical

Figure 2: Coal specimens.

samples of 50mm in diameter and 100mm in length (of 2
times diameter) for SHPB test.The coal specimens are shown
in Figure 2.

2.2. Experiment of TEM Signals during Coal Deformation
under Dynamic Impact Load. Before the test, the SHPB test
system should be adjusted [27] tomeet the Stress Equilibrium
principle. 14 specimens were tested at impact velocities of
4.174, 4.534, 5.001, 6.709, 6.951, 8.714, 9.004, 10.700, 12.730,
12.746, 14.503, 14.847, 17.559, and 17.652m/s.

During the experiment, the TEM signals were collected
by the TMVT system. Some test results are shown in
Figure 3.

From Figure 3, all the electromagnetic signals present
abrupt part, with a short duration. They also contain a lot of
noise which may come from the environment or the system
itself.
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Figure 3: Original signals.
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Figure 4: Processed signals.

In order to obtain a more realistic representation of the
TEM signals, Data-Demon software was used to process
them. The results are shown in Figure 4.

Figure 4 shows that, when processed by the “ensemble
empirical mode decomposition” (EEMD) method [28], the
noise in the recorded signals was filtered out, and then
the true TEM signal was clearly retained. The true TEM
signals rose quickly and then decreased rapidly with a slight
tailing oscillation. FFT spectrum analysis results are shown in
Figure 5.

Figure 5 shows that the TEM signal emerged during
SHPB impact of coal as a low-frequency signal, with frequen-
cies less than 40Hz.

2.3. Analysis and Discussion. The peak values (maximum
amplitude) of each signal were obtained (see Figure 6). The
maximum amplitude of the signal can be seen to increase
linearly with the impact velocity.

But that can be obviously divided into three regions. (1)
When the impact velocity is small (under 5m/s), the peak
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value is smaller than that given by the line. (2) While at the
medium velocity (5∼15m/s), the peak value has a very good
linear relationship with the velocity. (3) At the high velocity
(greater than 15m/s), the peak value also lies under the line.

That means, in the low velocity stage, the peak value
increases quickly with velocity, and in the high velocity
stage, the peak value grows more slowly. Since less data was
obtained at high velocity, whether the peak value continues
to increase or not, this needs further research.

The energy of the TEM signal can be described by

𝐸 =
𝑈2

𝑅
=
1

𝑅

𝑁

∑
𝑖=1

𝑢2
𝑖
, (1)

where 𝐸 is the energy of the TEM signal, 𝑅 is the internal
resistance, 𝑅 = 21.8Ω, and 𝑈 is the induced electromotive
force, equal to the immediate detected value, mV.

A quadratic fit to the data is presented in Figure 7.
It can be seen that a quadratic relationship has a similar

pattern as the linear one as shown in Figure 6. At the high
velocity, the energy data deviates significantly.

3. Field Test of TEM Signals during Coal
Rupture under Blasting Shock

The ZDKT-1-type transient magnetic vibration detection
(TMVD) systemwas set up in the 21180# excavatingworkface,
in number 10 mine of Pingdingshan Coal Group, to carry
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Figure 7: Relationship between the trueTEMenergy and the impact
velocity.
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Figure 8: The field test TMVD system diagram.

out a field test of TEM produced by large-scale coal-mass
dynamic rupture under actual blasting loads.

3.1. Field Test System. The TMVD system consists of a TEM
detector, an electric cable, a substation of monitoring (under-
ground), and a network switch and a host computer (above
ground). The detector consists of a TEM signal receiving
antenna, a signal amplifier, and a data acquisition card.

The detector was placed 300m away from the tunnel
opening (during the test period it remains about 200m away
from the workface). The TEM signal produced during coal
blasting rupture was received by the antenna, converted into
an electrical signal, which was amplified by the signal ampli-
fier, converted into a digital signal via the data acquisition
card, and, finally, transmitted to the ground host computer
by an underground cable.

Figure 8 is a schematic diagram of the field test system.

3.2. Field Test Result Analysis andDiscussion. 22 blasting tests
were performed in the field. Figure 9 shows a typical TEM
signal collected by the system during blasting excavating.

It can be seen from Figure 9 that the TEM signal obtained
is nonstationary, is of weak strength, and contains a lot of
noise. A more distinct signal was extracted from the original
signal by the EEMDmethod, as shown in Figure 10.
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Figure 9: Original TEM signal obtained during coal blasting
rupture.
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Figure 10: TEM signal processed by EEMD.

Comparing Figures 9 and 10, the interference component
in the original signal was filtered. Its time domain feature
became much clearer, and its FFT spectrum showed that the
frequency of the signal was mainly focused around 0–25Hz.
Another frequency band is around 250–280Hz.

From Figures 9 and 10, it can be seen that the TEM signal
produced during coal blasting rupture presents two phases, a
pulse rise and a tailing shock, which confirm the SHPB test
result (Figure 3).

One difference from the single-pulse from the SHPB
results is that the TEM signal obtained in the field performs
as pulse clusters. The amplitude of the tailing shock is much
higher than the SHPB results, and the duration is longer. An
analysis of the 22 group signals showed that all the results
coincide with the aforementioned characteristics.

4. Low-Frequency TEM Effect Generation
Mechanism Analysis and Discussion

4.1. Mechanistic Analysis of the Pulse Part of TEM Signal.
Dynamic analysis results of small-scale coal specimens tested
in the SHPB suggested that, in a certain strain rate range, the
dynamic response of coal changes from hardening to soften-
ing as the strain rate increasing. The peak value increased as
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Figure 11: Relationship between𝑁pulse and 𝑇duration.

the impact velocity, the strain rate, and the fracture stress limit
value increased.

According to the SHPB test principle [29], the incident
wave reverberates in the coal specimen 9-10 times or more.
The shock wave reverberation in the coal specimen produces
compression and tensile deformation.

And on the basis of fractoemission theory [30, 31] and the
theories about the strain rate sensitivity of coal [22, 32], with
the impact loading, the stress waves compress or stretch the
coal-mass; internal cracks expand quickly and will be closed
and opened in this process. A concussion capacitor can be
formed at the fracture surface, leading to charge separation
and transfer. High concentration of electrical charge at the
surface transferred instantaneously and the energy was given
out transiently, in the form of electromagnetic waves.

This is considered as a significant cause for the generation
of pulsed electromagnetic anomalies.

In order to explain this phenomenon in detail, both the
numbers of pulses in the cluster (𝑁pulse) and their duration
(𝑇duration) were calculated. A plot of the two parameters is
shown in Figure 11.

Figure 11 shows that there is a good linear relationship
between the pulse number and pulse duration, which indicate
that the pulse duration of the cluster increases with pulse
number.

Analysis suggests that a blasting hole causes coal rupture
and induces a single TEM pulse, and multiple holes blasting
induces pulse clusters. But, if some holes blast simultaneously,
the TEM pulses will merge together.

4.2. Mechanistic Analysis of the Trailing Part of the Signal.
Research has shown that when coal is deformed by dynamic
loads in the SHPB, as the increase of the impact velocity is
increased, the change in duration of the TEM signal increase
is not obvious. As the velocity increases to a certain extent,
its duration remains substantially constant. And as to the
midvelocity, the trailing part is obvious, but as to the low or
high velocity, the trailing part is not obvious.

Initial analysis suggests the following. (1) Since coal
material is a weakly conductive, high resistivity medium,
at low impact velocity, the TEM signal amplitude decays
rapidly and cannot produce obvious attenuation concussion.
(2) While at high velocity, coal specimens fragment very
quickly. As the shock waves transportation time is very short,
the detector cannot capture the attenuation signal. (3) While
for medium velocity, the tailing part of the TEM signal was
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due to electromagnetic oscillation effects caused by shock
stress unloading, coal crushing, crushed coal-mass friction,
and the expansion of cracks produced during fragmentation
rotating, vibrating, so the amplitude of the trailing part is
much lower than the initial peak.

Compared with the laboratory test results, the trailing
shock of the TEMsignals during coal blasting ismore obvious
and lasts longer. Such changes may be caused by the coal-
rock-mass structure and the overlaying of dynamic load is
caused by multiple holes blasting.

Firstly, according to the triboluminescence theory [33],
the blasting shock waves propagating in the coal seam in
the form of dilatation or shear waves produce compressive,
tensile, and shear deformation in the coal-mass, which causes
extrusion, friction, and vibration at the preexisting and
fresh cracks or fissures and thus produce variable motion
free charges. Energy is converted into electromagnetic wave
which is radiated outward. But due to the special structural,
mechanical, and electrical properties, the electromagnetic
emission of coal would be at low frequency.

Secondly, due to the different impedance of coal seam
and rock, blasting shock waves are reflected between roof or
floor coal-rock seam, producing a planar waveguide effect
or surface oscillations effect [23]. That will even induce res-
onance of coal-mass. Researches on coal resonance damage
indicate that the natural frequency of coal is below 50Hz, and
when the coal-mass is excited to resonance, the frequency
of the electromagnetic radiation signals coincides with the
excitation frequency. By the resonance effect, the TEM signal
can be controlled by the variable motion of free charges
generated by friction in the coal-mass. In addition, because
the vibration damage lags behind the blasting damage effect
and its intensity is much weaker than the latter, the TEM
signal has a low-frequency trailing turbulence following the
initial pulse.

4.3. Discussion on the Surroundings and the Piezoelectric
Effect. In terms of usage, it is necessary to discuss the interfer-
ence of the electromagnetic wave from the environments and
the contribution of piezoelectric effect on the low-frequency
TEM signal.

(1) As the literature [20] reported, the frequency bands
of the electromagnetic environments in roadways of under-
ground coal mines are relatively specific and high-frequency
ones. And studies on EMR produced during the process of
coal-rock deformation or fracture show that the frequency of
EMRhas a wide bandwidth. But themedium-high-frequency
EMR signal is vulnerable to the effect of surrounding such
as the high-frequency interference from mechanical and
electrical equipment. So, the low-frequency electromagnetic
technique has an advantage to avoid the surrounding inter-
ference in coal mine.

(2) The piezoelectric effect of rocks has been reported in
various literatures [34]. However, the researches by Warwick
et al. [35] and Maxwell et al. [36] indicated whether rocks
contain piezoelectricmaterials or not; EMRphenomenon has
been investigated. And researches by Cress et al. [37] and
Zhu and Luo [38] revealed that the piezoelectric effect was

not the true mechanism or not the main role of rock EMR.
Considering the transient time of the TEM signal produced
by the piezoelectric effect is about 10−5 s and the spectral
content shifts to higher frequencies as grain size decreases,
it could be concluded that the piezoelectric effect may not be
the main cause of the low-frequency TEM.

There is no doubt that the low-frequency TEM is related
to coal-rock deformation and has potential application for
monitoring coal mine dynamic disasters.

5. Conclusions

(1) Transient electromagnetic radiation signals emerge
during the damage of coal under dynamic load, and
its wave form presents as a rising pulse and rapid
droppingwith a slight tailing oscillation. Its frequency
ranges below 40Hz, and the signal duration and peak
value increase with impact velocity.

(2) Coal fragments quickly while it is impacted by
dynamic load, and cracks can expand rapidly, and
high concentrations of free charge are generated
at crack surfaces. Energy radiates outward in the
form of electromagnetic waves while free charges
are discharged and then form the TEM pulse. With
the fragmentation of coal, the shock stress unloads
quickly, and the TEM pulse decays rapidly. During
the fragments rotating and translating, the emerged
cracks continually expand. Accompanied with the
friction between broken pieces, a low-frequency
electromagnetic oscillation wave emerges. Unloading
of the shock stress results in the intensity of the
oscillation being much weaker than the initial pulse.

(3) Characteristics of the TEM signal produced during
coal blasting agree with the SHPB test results. But
affected by the multiple holes blasting, the blasting
produces a pulse cluster in the initial part, and the
pulse number increases with the number of holes.

(4) Affected by the blasting shockwave and the resonance
caused bywaveguide effects, the coal deformation lags
behind the blasting damage effects, and its intensity is
much weaker than the latter. Therefore, the TEM of
coal blasting rupture is a low-frequency signal with a
longer duration.

(5) The low-frequency TEM is related to coal deforma-
tion and has potential application formonitoring coal
mine dynamic disasters.
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Based on the force analysis and mechanical transmission mechanism of grouting bolts, the self-developed test apparatus for
interfacial mechanics is used to study the distribution rule of axial force and interfacial stress of bolts in anchorage body. At the
same time, pull-out tests of anchorage body are simulated with the particle flow code software (PFC2D), and stress distribution
and failure patters are researched under different loading rates. The results show that the distribution of axial force and interfacial
shear stress is nonuniform along the anchorage section: axial force decreases, shear force increases first and then decreases, and the
maximum value of both of them is closed to the pull-out side; with the increase of loading rates, both of axial force and interfacial
shear stress show a trend of increase in the upper anchorage section but changes are not obvious in the lower anchorage section,
which causes serious stress concentration; failure strength of pull-out and loading rates show a linear correlation; according to
loading rates’ impact on the anchoring effect, the loading rates’ scope can be divided into soft scope (V < 10mm/s), moderate scope
(10mm/s < V < 100mm/s), and strong scope (V > 100mm/s).

1. Introduction

Rock burst is a special form of mine pressure. It is a dynamic
failure phenomenon due to the instantaneous release of
energy caused by the accumulated energy that exceeds the
strength of coal and rock under high stress of surrounding
rock of roadways or working faces, and it can bring serious
threats to the safety production of coal mines [1–3]. In order
to reduce the damage caused by rock burst, international
academics have done a deep study in the field of rock burst,
such as occurrence mechanism [4, 5], monitoring [6, 7], and
control technique [8, 9]. What is more, new technique of
roadway support and design have been put forward, such as
support technique of rigid andflexible energy storage [10], the
high pretension and intensive bolts with U-shaped steel [11],
and large deformation bolt cable [12].These support methods
effectively reduce the harm of rock burst. All of these support
techniques contain bolt support which is an essential part.

Therefore, the study of anchorage mechanism of bolts under
shock load has an important role in the design of roadway
support.

Bolt supporting technology is an effective reinforcement
technique for roadway surrounding rock, and it has been
widely used in coalmine production [13, 14]. The research of
interaction between bolts surrounding rock and anchorage
mechanism is essential for the effectiveness of the anchorage
design and the stable control of roadway surrounding rock.
Many international scholars did lots of research work in this
area [15–17]. Lots of field tests and laboratory tests show that
the failure of anchorage body mostly appears in the bonding
interface, so the distribution of interfacial shear stress is one
of the focuses for researching the anchorage mechanism.
There are three main ideas about the distribution pattern of
interfacial shear stress: power function theory [18], “neutral
point” theory [19], and shear stress distribution based on
Mindlin solution [20]. The results above have been got
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Figure 1:The structure of anchorage body and its stress distribution.

through the analysis of bolts under static load, but in mines
of rock burst, bolts of roadway surrounding rock are often
pulled out fast and then lead to anchorage failure. Therefore,
the research of mechanical behaviors of anchorage structure
under different loading rates is of importance to guide the
rock-burst roadway support. In this paper, the test apparatus
for interfacial mechanics based on self-development is used
to study the distribution rule of axial force and interfacial
shear stress of the anchorage structure. Using the PFC2D
software, bolt drawing tests are simulated to study the stress
distribution characteristics of anchorage structure under
different loading rates and analyze the failure patterns of
anchorage body.

2. Testing Theory for Interfacial Stress of
Anchorage Structure

In the bolt supporting system of roadways, under the influ-
ence of deformation and stress of surrounding rock, bolt
plates move and deform with the rock mass’s surface. At the
same time, the plate pulls the bolt, which makes the bolt in
tension. The analysis of the bolt’s mechanics characteristics
and its relationship with the surrounding rock under pull-out
condition is significant for the research of anchorage support
and anchorage mechanism.

The bolt and anchoring rock mass in the roadway’s
surrounding rock can be called anchorage body, which is
composed of three mediums (bolt, bonding materials, and
rock mass) and two bonding interfaces (the first interface:
the contact area between bolts and bonding material; the
second interface: the contact area between rock mass and
bonding materials) [21], as is shown in Figure 1. When the
bolt is pulled, the transmission of force is from the bolt body
to bonding materials and then to rock mass. Therefore, the
research of stress distribution of the surface is the premise and
foundation for establishing anchorage design and theory.

During the test, the end of the bolt is exerted by a force
𝐹, under the action of the external force; the bolt body bar
will produce a tensile mechanical response. The bolt body is
pulled, which will produce shear mechanical effects between
bolts and bonding materials, and its mechanical model is
shown in Figure 2 [21]. The corresponding points’ axial force
can be calculated by the strain value of the bolt body:

𝑁
𝑖
= 𝐸𝜀
𝑖
𝐴, (1)

F

Ni

𝜏

Δ
x

Ni+1

Figure 2: Interfacial mechanics model between bolts and bonding
materials.

where 𝑁
𝑖
is the axial force of the strain gauge of point 𝑖, 𝐸 is

the elastic modulus of the steel bolt body, 𝜀
𝑖
is the strain value

of point 𝑖, and 𝐴 is the area of cross section of the steel bolt
body.

The analysis of bolt body’s balance conditions is shown in
Figure 2, where the axial force difference between two ends
of the bolt body is balanced by the longitudinal shear stress
in the surface and this kind of shear stress is bonding stress
provided by bonding materials around.The axial shear stress
distribution along the bolt can be got through formulas (2).
From the equilibrium relation, we can get

𝑁
𝑖
− 𝑁
𝑖+1
= 𝜏
𝑖,𝑖+1
𝜋𝑑Δ𝑥,

𝜏
𝑖,𝑖+1
=
𝑁
𝑖
− 𝑁
𝑖+1

𝜋𝑑Δ𝑥
,

(2)

where 𝜏
𝑖,𝑖+1

is the average interfacial shear stress between
points 𝑖 and point 𝑖 + 1, 𝑑 is the diameter of the bolt body,
and Δ𝑥 is distance between strain gauges.

3. Pull-Out Test Method

3.1. Development of Indoor Test Apparatus. The test apparatus
for interfacial mechanics is based on RLJW-2000 servo
testing machine, using the original hardware facilities and
control system, and so forth, and through specific technical
means (changing the oil-way, increasing the number of acqui-
sition systems, making the anchorage body, and designing
connective device) to achieve pull-out tests of anchorage
body. The test apparatus for interfacial mechanics is shown
in Figure 3; the connective device between each component
is mainly connected by screws. The end of anchorage body is
connected with the oil cylinder of the test through eye nuts,
knuckle bearing, and junction plate, and the other end of
the anchorage body is connected with the bearing-pull board
through screws.

The anchorage body mainly includes the bolt, the matrix,
and bonding materials, as is shown in Figure 4. The anchor-
age matrix is concrete materials, and three steel bars are
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Table 1: Micromechanical parameters of anchorage body’s pull-out test.

Properties Density
(kg/m3)

Radius
(mm) Friction coefficient Radius of parallel

bond (mm)
Elasticity modulus

(GPa)
Bonding strength

(MPa)
Bolt 7500 10 0.5 1 220 500
Bonding materials 3000 1.3∼1.7 0.5 1 12 30
Matrix 2500 1.3∼1.7 0.5 1 10 20

Computer

Knucle bearing

Eye nut

Strain gage

Junction plate
Screw

Servo loading system

Oil cylinder

Anchorage 
body

Figure 3: Pull-out test apparatus of anchorage body.

embedded in the concrete column for fixing the matrix when
testing.The bolt is screw-thread steel, two symmetric cuttings
are designed in the bolt anchorage section, and strain gauges
are arranged in cuttings. The force bolt is inserted into the
concrete matrix with resin to bond them.

The alternated RLJW-2000 testing machine is loading
system for pull-out tests of the anchorage body, the DH3815N
strain gauge is stress testing system for interfacial stress, and
dial indicators are used to record pulling displacement of the
bolt end. The loading rate is 5mm/min.

3.2. Numerical Tests of Particle Flow. Preparations of the
anchorage body are complex, mechanical properties between
anchorage models are discrete, and the machine’s loading
rate fluctuates in a limited range, so dynamic loading tests
cannot be carried out, although laboratory pull-out tests of
anchorage body are effective means for studying the interfa-
cial mechanics characteristics. Therefore, PFC2D software is
used to establish a pull-out test model of the anchorage body
(the basic numerical model’s establishment was based on the
laboratory tests’ results), and then numerical tests are used

to research the anchorage mechanical characteristics under
different loading rates.

The PFC2D is used as the numerical software, which is
an effective means for the study of rock and soil mechanical
failure mechanism [22]. The parallel bond model in the par-
ticle flow program represents the bonding between particles,
which is often used to simulate dense materials, such as rock.
Parameters in the parallel bond model which need to be set
are grain friction coefficient (𝜇), bond stiffness (𝑘

𝑛
and 𝑘

𝑠
),

parallel bond stiffness (𝑘
𝑛
and 𝑘
𝑠
), parallel bond strength (𝜎

𝑛

and 𝜎
𝑠
), and radius coefficient of parallel bond (𝜆). These

parameters can be obtained from the following [23]:

𝑘
𝑛
= 2𝐸
𝑐
,

𝑘
𝑠
=
𝑘
𝑛

𝑘
𝑛
/𝑘
𝑠

,

𝑘
𝑛
=
𝐸
𝑐

2𝑟
,

𝑘
𝑠
=
𝑘
𝑛

𝑘
𝑛
/𝑘
𝑠

,

(3)

where 𝐸
𝑐
and 𝐸

𝑐
are Young’s modulus of grain contact and

parallel grain contact, respectively; both (𝑘
𝑛
/𝑘
𝑠
) and (𝑘

𝑛
/𝑘
𝑠
)

are set to be 2.5 generally; 𝑟 is the mean radius between two
grains; 𝜆 is often set to be 1. Generally, 𝐸

𝑐
and 𝐸

𝑐
are equal, 𝜎

𝑛

and 𝜎
𝑠
are equal, and the four parameters can be obtained by

the method of micromechanical parameters calibration.
In this paper, the parallel bondmodel to simulate the bolt

pull-out test is used and the basic model is shown in Figure 5.
The model size is 300 × 300mm; the bolt is composed of
particles of the same radius, recording the vertical force of
bolt particles as bolt axial force during the operating process.
Measuring circles are arranged in the bonding materials
for recording the interfacial shear stress. Micromechanical
parameters are listed in Table 1.

3.3. Testing Scheme. According to strain rates, deformation
can be divided into five degrees [24], which is shown in
Table 2. In order to quantify different loading rates’ effects
on the anchorage body, static load and quasi-dynamic load
are selected, loading rate levels are 10−1, 100, 101, 102, and 103,
respectively, and the loading rates are 0.5mm/s, 1.0mm/s,
5.0mm/s, 10.0mm/s, 50.0mm/s, 100.0mm/s, 500.0mm/s,
and 1000mm/s for simulation.

Tests are to study the loading rates’ effect on the anchorage
strength with the loading rate as the only variable during the
simulating process. Loading rates’ influence on the anchoring
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Figure 4: Structure model of anchorage body. (a) Integral structure. (b) Force anchor.
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Figure 5:Micromechanicalmodel of anchorage body’s pull-out test.

Table 2: Rank classification of strain rates and loading rates [24].

Loading cases Strain rates (s−1) Loading rates
(mm/s)

Creep <10−5 <10−3

Static 10−5∼10−1 10−3∼101

Quasi-dynamic 10−1∼101 101∼103

Dynamic 101∼104 103∼106

Superdynamic >104 >106

effect is illustrated through changes of failure strength, failure
patterns, axial force, and shear stress.

20 50 80 110 140 170 200 230
0

3

15

Distance (mm)

A
xi

al
 fo

rc
e (

kN
)

6

9

12

15kN
12kN

10kN
7kN
5kN

Figure 6: Axial force distribution.

4. Results and Discussion

4.1. Influence of Loading Rates on Axial Force Distribution.
As is shown in Figure 6, axial force’s distribution curves of
bolts along the anchorage section could be got by pull-out
tests of anchorage body. The distribution of axial force is
nonuniform—on the pull-out side exists an obvious stress
concentration, and it decreases gradually along the anchorage
section. With the increase of pull-out force, the axial force of
anchorage section increases gradually, and the largest force
is on the pull-out side, while the amplitude of axial force’s
increase decreases along the anchorage section. Therefore,
the scope of axial force’s influence is certain, which means a
length of effective anchorage exists.

The change of bolt axial force under different loading rates
obtained from numerical simulation is shown in Figure 7,
and its distribution is similar to the indoor test—the axial
force decreases along the anchorage section. If V < 10mm/s,
its change on the influence of axial force can be ignored; if
10mm/s < V < 100mm/s, with the increase of loading rates,
the axial force increases slowly between the pull-out side and
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Figure 7: Changes of axial force under different loading rates.
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Figure 8: Shear stress distribution.

themiddle, while it has no obvious changes between themid-
dle and the bottom; if V > 100mm/s, the axial force is much
larger between the pull-out side and the middle than that of
other loading rates (V < 100mm/s) whereas axial force is
almost zero along the distance between the middle and the
bottom. Therefore, if the loading rate V > 100mm/s, the
larger the loading rates, themore steep the curve of axial force
distribution, and that is prone to causing the impact damage
of anchorage body.

4.2. Influence of Loading Rates on Interfacial Shear Stress
Distribution. Thecurve of shear stress’s distribution along the
anchoring section is shown in Figure 8. The distribution of
interfacial shear stress is nonuniform—shear stress is small at
the orifice of the pull-out side but reaches peak after a certain
distance away from the orifice and then drops rapidly. The
shear stress under the middle of anchorage section changes
a little, which means shear stress has a certain influencing
scope as the axial force. With the increase of pull-out force,
interfacial shear stress increases gradually, and the scope of its
influence also increases, but its concentration remainsmainly
on the pull-out part of anchorage section.
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Figure 9: Changes of shear stress under different loading rates.

The change of interfacial shear stress under different
loading rates is shown in Figure 9. When the loading rate V
is the same, the distribution of shear stress is nonuniform—
the shear stress increases firstly and then decreases with the
increase of anchorage length. If V < 10mm/s, its change
on the influence of shear stress can be ignored; if 10mm/s
< V < 100mm/s, with the increase of loading rates, the shear
stress increases slowly; if V > 100mm/s, the shear stress is
larger between the pull-out part and the middle part of the
anchorage section, while it is almost zero on the other part.
Obviously, high loading rates cause apparent concentration
of shear stress and its serious nonuniform distribution.

4.3. Influence of Loading Rates on the Pull-Out Force. Accord-
ing to pull-out tests of PFC scheme, different loading rates
have been exerted at the end of bolt until the body’s failure.
Curves of pull-out load versus displacement and curves of
failure load versus loading rates are shown in Figures 10 and
11, respectively.

As is shown from the two figures, if the loading rate V <
10mm/s, the pull-out load is not affected obviously; if the
loading rate V > 10mm/s, the increase of loading rates will
influence the pull-out load more and more obviously. The
pull-out load of anchorage body’s failure and loading rates
show a linear correlation (the fitting curve: 𝑦 = 64.10188 +
0.27055𝑥).

4.4. Influence of Loading Rates on Failure Patterns. Final
failure patterns of the model under different loading rates are
shown in Figure 12, and we can find that if the loading rate
V < 10mm/s, the failuremode of themodel ismatrix cracking
with a main crack, which crosses the bottom of the matrix;
if the loading rate V > 10mm/s, cracks grow in the upper
part in addition to the main crossing crack; when the loading
rate V > 100mm/s, with the continuous increase of loading
rates, cracks grow rapidly along the middle and upper parts
of the bolt until the matrix cracking destruction evolves the
bolt pull-out failure with large fracture zone. That means the
higher the loading rate gets, the higher the anchorage body’s
broken degree will be. According to the influence degree
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of loading rates, loading rates’ scope can be divided into
three conditions: soft scope (V < 10mm/s), moderate scope
(10mm/s < V < 100mm/s), and strong scope (V > 100mm/s).

The larger the loading rates are, the greater force the
anchor stressed. Under high loading rates, the serious stress
concentration along the upper anchorage section causes the
broken of bonding materials and matrix around the bolt,
which eventually leads to the bolt-out alone as the failure
pattern of anchorage body.

5. Conclusions

Through the self-developed test apparatus for interfacial
mechanics to study the distribution rule of axial force and

interfacial stress of bolts in the anchorage body, PFC2D soft-
ware is employed to simulate pull-out tests of the anchorage
body to research stress distribution under different loading
rates. Some conclusions are as follows.

(1) In the pull-out test of anchorage body, the distribution
of axial force is nonuniform. On the pull-out side exists
an obvious stress concentration, and it decreases gradually
along the anchorage section. With the increase of loading
rates, axial force between the pull-out side and the middle of
anchorage section increases, but, between the middle and the
bottom, changes of axial force are not obvious.That causes the
distribution curve of axial force to become more steep with
the increase of loading rates, which means the axial force is
greater in the upper anchorage section than that in the lower
anchorage section.

(2) The distribution of interfacial shear stress is nonuni-
form. Shear stress is small at the orifice of the pull-out section
but reaches peak after a certain distance away from the orifice
and then drops rapidly. With the increase of loading rates,
interfacial shear stress between the pull-out side and the
middle of anchorage section shows a trend of increase, but
changes are not obvious in the lower anchorage section. That
causes serious stress concentration of the upper anchorage
section and its nonuniform distribution.

(3) According to loading rates’ impact on anchoring
effect, the loading rates’ scope can be divided into the soft
scope (V < 10mm/s), the moderate scope (10mm/s < V <
100mm/s), and the strong scope (V > 100mm/s). Pull-out
load will increase with the increase of loading rates, and they
show a linear correlation. With the increase of loading rates,
failure patterns will come into a trend of bolt pull-out only
with wide broken zone due to serious stress concentration of
the upper part of anchorage section.
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Figure 12: Failure patterns under different loading rates. (a) 5mm/s; (b) 10mm/s; (c) 50mm/s; (d) 100mm/s; (e) 500mm/s; (f) 1000mm/s.
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This paper presents an experimental investigation of anisotropic strength and deformation behavior of coalmeasure shale.The effect
of two factors (i.e., anisotropy and water content) on shale strength and deformation behavior was studied. A series of uniaxial and
triaxial compression tests were conducted on both room dried and water saturated samples for different lamination angles. The
test results indicate that (1) the compressive strength, cohesion, internal friction angle, tangent Young’s modulus, and axial strain
corresponding to the peak and residual strengths of room dried specimens exhibit anisotropic behavior that strongly depends on
the orientation angle (𝛽); (2) in comparison to the room dried samples, the compressive strength and Young’s modulus as well as
the anisotropy are all reduced for water saturated specimens; and (3) the failure mechanism of the samples can be summarized into
two categories: sliding along lamination and shearing of rock material, with the type occurring in a particular situation depending
strongly on the lamination orientation angles with respect to the major principal stress. According to the findings, it is strongly
recommended that the effect of anisotropy and water content on the strength and deformation behavior of the rock must be
considered in ground control designs.

1. Introduction

Shale is one of themost abundant rockmaterials in coalmines
and forms the bulk of the roofs and floors of underground
coal mines. Consequently, most cases of ground control
failure are associated with shale. Among the 36 cases with
detailed descriptions of geological conditions depicted by
Peng [1], there were 32 cases with the immediate roof being
shale, and all 9 roof fall cases occurred in shale strata.

Being the weakest part of shale, laminations play a key
role in many kinds of ground control failures but its role
in controlling rock mass behavior has been mostly ignored
by researchers and engineers of the coal mining industry
[2]. Current research on ground control design and analysis
of the causes of ground control failures using computer

modeling and physical simulation are largely based on the
assumption that the mechanical response of shale is isotropic
[3]. However, because of the presence of laminations, the
behavior of sedimentary rock is anisotropic. During mining,
the stresses in the roof strata redistribute continuously. The
orientation of the major principal stress (𝜎

1
) with respect

to the laminations or foliation of sedimentary rock may
not be in the vertical or horizontal directions, and the
failure strength of the rock mass is highly dependent on
the anisotropic properties of the sedimentary rock. Hence,
anisotropy must be taken into consideration in the dynamic
analysis of geologic structure or in the prediction of dynamic
disasters in engineering projects [4].

In the past few decades, the strength anisotropy of many
kinds of rock has been investigated, such as shale and slates
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2 Shock and Vibration

in [4–8], gneisses and schists in [9–11], phyllites in [12],
sandstone in [7, 13], and artificial transversely isotropic rock
in [14–16]. Their works demonstrate that the failure strength
of anisotropic material is related to the inclination angle (𝛽)
of the specimen laminations with respect to the direction of
the major principal stress. Ramamurthy [12] stated that the
maximum failure compressive strength is at 𝛽 = 0∘ or 𝛽 = 90∘
and the minimum value is around 𝛽 = 30∘. Meanwhile,
several investigators [8, 12, 16–19] have proposed a series of
failure criteria to predict the strength of anisotropic rocks.
By observing the failure processes and modes, several failure
mechanisms have been proposed by researchers on different
kinds of rock [5, 8, 14]. In spite of those attempts to investigate
the mechanical properties of shale, the anisotropic strength
and deformation behavior, especially the failure mechanism
and the postfailure behavior of coal measure shale, remain
obscure.

In addition to the presence of laminations, another
important factor controlling shale behavior in coal mines is
water content, including liquid water (manmade or natural,
e.g., water inrush from the roof and flooding) and high
moisture content ventilation air. It must be pointed out that
because of the abundance of roof water, this issue is more
serious in Chinese coal mines [20–22] than those in most
other countries. In the past, some researchers [6, 23–26] have
investigated the impact of ventilation air moisture on shale.
Their work demonstrated that the properties of shale changed
greatly as the water content increased. However, those studies
dealt with the special situation when the rock surface was
exposed to moisture carried by ventilation air, instead of
the more general case where underground shale tends to
be immersed in water most of the time. Furthermore, the
detrimental effects of high water content on the mechanical
properties of different types of rock have been investigated
in [27–33]. But most of these tests were conducted under
unconfined conditions, and few tests were performed on
shale, especially coal measure shale, and none of them
considered the effect of water content on rock anisotropy.
Hence, it is of great value to conduct triaxial tests on the water
saturated samples to evaluate the effect of water.

In this research, the uniaxial and triaxial compression
tests were conducted with the confinement in the range of
engineering interests to study the transverse anisotropy
behavior of coal measure shale over the entire range of 𝛽
under either the room dried or the saturated conditions.

2. Coal Measure Shale

A well laminated shale block was obtained from the roof
strata of Pittsburgh Seam of a surface mine in Frostburg,
Maryland, USA. To minimize variations in the natural
moisture content of shale samples and in order to obtain
conditions similar to in-situ, the samples were kept wrapped
in plastic sheets until specimen preparation. The procedure
used for preparation followed the ASTM Standard D7012-10
[34]. Cylindrical specimens 50mm in diameter with length-
to-diameter ratio of 2 were cored at different angles (𝛽 = 0∘,
15∘, 30∘, 45∘, 60∘, 75∘, and 90∘) to the lamination.
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Figure 1: The moisture content increment of the specimens in the
water saturated group.

Two groups of tests, room dried and water saturated,
were performed at different values of 𝛽 (0∘, 15∘, 30∘, 45∘,
60∘, 75∘, and 90∘). With respect to the confining pressure
applied to the samples during testing, Brady and Brown [35]
collected data for about 900 in situ stresses measured by
various investigators in various parts of the world and found
that themaximumhorizontal stress was 30MPa for depths up
to 1000m. Sincemost coalmines in theUSA andChina range
from 101 to 1000m in depth, a maximum confining pressure
of 30MPa should cover the stress conditions encountered.
Hence, the confining pressure applied to the specimens for
this research was no more than 30MPa, that is, 0MPa,
10MPa, 20MPa, and 30MPa for room dried specimens.

Although the shale blocks were wrapped with plastic
sheets during transport from the site to the laboratory, the
specimens were unavoidably watered during the coring, cut-
ting, and grinding processes. Hence, before the tests started,
all the specimens in the room dried group were placed in
the laboratory at room temperature for at least 2 weeks
to release most of the moisture absorbed during specimen
preparation. The moisture content for the specimens in the
roomdried groupwas obtained by performing standard tests.
Small pieces of sample were dried at a temperature of 110∘C ±
5∘ for at least 16 h. By dividing the mass of lost moisture by
themass of solid particles, themoisture content was obtained.
The test results show that the moisture content for the ready-
to-test specimens in the room dried group was 0.79%.

All the specimens in thewater saturated group underwent
the same procedure as those in the air-dry group before they
were immersed in water for about 36 days. For the specimens
in this group, the moisture content increased to 3.79–4.23%
due to immersion in water (Figure 1). Note that the terms
“saturated” or “saturation” in this paper simply refer to the
state achieved by immersing the specimens as described in
this paper; it is difficult to achieve a full water saturation in
this way.
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3. Apparatus and Testing Procedures

The tests were carried out with the GCTS triaxial rock test
system (RTX-1500) (Figure 2) housed in the Department of
Mining Engineering of West Virginia University, Morgan-
town, WV, The United States. The testing system is equipped
with two loading subsystems, a servo-controlled vertical
loading subsystem with capacity of 1500 kN, and a servo-
controlled confining pressure subsystem with capacity of
200MPa. The stiffness of the testing frame is 1750 kN/mm.

The axial and lateral strains were determined from data
obtained by the linear variable differential transformers
(LVDTs) shown in Figure 3. The LVDT 1 and LVDT 2 were
used to measure the axial displacements and LVDT 3 was
a circumferential lateral deformation measurement device
using a chain to measure the lateral/circumferential strain of
the specimens. All 3 LVDTs were calibrated before testing.

Before testing, the sample was placed between the base
cap and the top end cap inside the triaxial cell and jacketed
with the polyolefin heat shrink tube to seal the sample from
the confining fluid. Then, LVDTs and various sensors were

installed and the triaxial cell was placed onto the testing
platform. A small differential stress (𝜎

1
− 𝜎
3
) of 0.5MPa was

applied to ensure that the sample was in good contact with
the upper platen. In other words, in the initial part of loading
sequence, the axial stress is consistently 0.5MPa larger than
the gradually increased confining pressure until reaching the
planned level of confining pressure. During this period, the
axial load was applied from a hydraulic pumpwith a constant
strain rate of 0.002%/s until the test was finished.

4. Test Results

Figure 4 presents the variations of axial strain (𝜀
𝑎
) and lateral

strain (𝜀
𝑟
) versus the differential stress (𝜎

1
−𝜎
3
) of room dried

specimens (RD) under confining pressures of 0MPa, 10MPa,
20MPa, and 30MPa for different orientation angles (𝛽).
The complete stress-strain curves corresponding to the water
saturated specimens (WS) are also shown in Figure 4 marked
with pink dots. For different orientation angles, the stress-
strain curves, including both the prefailure and postfailure
stages, exhibit different characteristics. The jagged portion
of the stress-strain curves will be discussed in Section 5.4.
Figure 4 shows that the water saturated samples have a lower
compressive strength and Young’s modulus as compared to
the room dried ones.

5. Discussion

5.1. Effect of Anisotropy andConfining Pressure onCompressive
Strength of Room Dried Samples

5.1.1. Peak Compressive Strength. Figure 5 shows the variation
of the differential stress at failure (𝜎

1
−𝜎
3
) and the correspond-

ing sample orientation (𝛽) at different confining pressures
(𝜎
3
) for room dried specimens. The compressive strength of

shale is anisotropic and depends on its orientation angle (𝛽).
It reaches the maximum at 𝛽 = 0∘ for confining pressures
10MPa and 20MPa and at 𝛽 = 90∘ for confining pressure
0MPa and 30MPa. The minimum strength always occurs
for samples with 𝛽 between 30∘ and 45∘ under all confining
pressures except uniaxial compressive tests. Similar results
have been obtained by several researchers [5, 8] for other
kinds of rock.

Nasseri et al. [10] defined the intensity of anisotropy for
the strength of transversely isotropic materials with the fol-
lowing two parameters:

𝑘
1
=
(𝜎
1
− 𝜎
3
)max

(𝜎
1
− 𝜎
3
)min

𝑘
2
=
(𝜎
1
− 𝜎
3
) 11

(𝜎
1
− 𝜎
3
) ⊥
,

(1)

where 𝑘
1
defines the ratio of the maximum to the minimum

strength and 𝑘
2
is the ratio of the failure stress for the samples

parallel to the laminations to those perpendicular to the
laminations.
𝑘
1
is 3.5, 2.93, 2.45, and 2.14 for confining pressures 0,

10, 20, and 30MPa, respectively (Figure 6). In other words,
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Figure 4:The complete stress-strain curves of dry and saturated shale samples of various angles (𝛽), tested under different confining pressures.
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) versus 𝛽 at different

confining pressures (𝜎
3
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strength anisotropy decreases continuously as the confining
pressure increases. Meanwhile, Figure 6 also shows that the
relationship between 𝑘

1
and the confining pressure is linear

and that the anisotropic effect of the failure strength will
disappear at a sufficiently high confining pressure. When
the confining pressure increases, rocks become more ductile,
thereby inhibiting rock anisotropy. The same trend was also
noted by other researchers [5, 8]. For confining pressures
0, 10, 20, and 30MPa, 𝑘

2
is 0.84, 0.97, 0.96, and 1.07,

respectively. Hence, the anisotropy of the samples parallel
to the laminations is not markedly different to that of
those perpendicular to the laminations. Figure 7 shows that
the differential stress increases linearly with the confining
pressure 𝜎

3
for all correlation coefficients (𝑅2) more than 0.9.

5.1.2. The Mohr-Coulomb Failure Criterion. The Mohr-Cou-
lomb failure criterion is widely used in ground control design
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) at various orientation angles (𝛽).

[23]. The cohesion (𝑐) and internal friction angle (𝜑) can be
determined using (2) [35] as shown below:

tan𝜓 =
1 + sin𝜑
1 − sin𝜑

𝜎
𝑐
=
2𝑐 cos𝜑
1 − sin𝜑

,

(2)

where tan𝜓 = the slope of Mohr’s envelope and 𝜎
𝑐
= the

uniaxial compressive strength.
The slope and intercept of the lines in Figure 7 were

used to determine the cohesion (𝑐) and internal friction angle
(𝜑) of room dried samples with different 𝛽. The results are
plotted in Figure 8. Based on the constructedMohr-Coulomb
curves, the peak strength envelope of normal stress (𝜎) and
shear stress (𝜏) for different 𝛽 was obtained and shown
below. It can be seen from Figure 8 that cohesion exhibits
obvious anisotropic behavior and strongly depends on the
loading orientation. Specifically, the cohesion of samples with
𝛽 between 15∘ and 45∘ is much smaller than others. This is
because the failure mode of samples with 𝛽 between 15∘ and
45∘ is shearing along the laminations (Section 5.4). Obviously,
the required force of shearing failure along the rock material
is higher than that of shearing along the laminations.

Figure 8 indicates that the internal friction angle follows
a “W-shaped” curve, which is neither consistent with the
concave curve nor remaining constant as reported in [4, 8].
The internal friction angle is anomalously high for 𝛽 = 45∘.
After a closer examination of the fracture planes for 𝛽 = 45∘,
the discrepancy could be attributed to differences in rock
material variability even over a very short distance, even
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Figure 8: The friction angle and cohesion at various orientation
angles were determined by plotting the linear Mohr-Coulomb fail-
ure envelopes.

though all specimens were drilled from the same block. Tiny
sandstone streaks were found on the main fracture planes for
𝛽 = 45∘ and the granularity of sandstone is coarser than that
of shale. Consider

For 𝛽 = 0∘, 𝜏 = 𝜎 tan 30.73∘ + 25.4,

For 𝛽 = 15∘, 𝜏 = 𝜎 tan 20.39∘ + 11.05,

For 𝛽 = 30∘, 𝜏 = 𝜎 tan 12.64∘ + 15.97,

For 𝛽 = 45∘, 𝜏 = 𝜎 tan 23.88∘ + 7.4,

For 𝛽 = 60∘, 𝜏 = 𝜎 tan 14.86∘ + 28.5,

For 𝛽 = 75∘, 𝜏 = 𝜎 tan 12.09∘ + 33.83,

For 𝛽 = 90∘, 𝜏 = 𝜎 tan 22.14∘ + 35.55.

(3)

5.2. Effect of Anisotropy and Confining Pressure on
Deformability of Room Dried Samples

5.2.1. Young’s Modulus. In accordance with the recom-
mended method by ASTM [34], the tangent Young modulus
(𝐸
𝑡
) was calculated using the average slope of the axial stress-

axial strain curve (Figure 4) at 50% of the peak strength.
The relationship between the tangent Youngmodulus and the
corresponding orientation (𝛽) at different confining pressures
(𝜎
3
) for room dried specimens is presented in Figure 9. Note

that the highest Young’s modulus was always obtained at 𝛽 =
0∘ nomatter what confining pressurewas applied, while lower
values of Young’s modulus occurred for samples with 𝛽 in
the range of 45∘–75∘. This is because the axial deformation
for specimens in that angle range is mainly controlled by the
laminations.

Similar to the relationship between the peak strength and
the orientation angle of the laminations (i.e., 𝛽), a correlation
has been obtained between Young’s modulus and 𝛽, as shown
in Figure 9. As the confining pressure increases, Young’s
modulus fluctuates only slightly overall.
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5.2.2. Poisson’s Ratio. Poisson’s ratio was calculated from (4)
based on the ASTM Standard [34], as shown in Figure 10.
Most of the ratios range from 0.3 to 0.4 with small variations
exceptwhen𝛽 = 30∘ and 45∘. It can be seen that Poisson’s ratio
does not exhibit apparent anisotropic behaviorwith respect to
the orientation angle within the range of confining pressures
tested. In fact, the ratio tends to vary only slightly. In addition,
it also can be seen from Figure 10 that Poisson’s ratio of the
water saturated samples is generally smaller than that of room
dried specimens except for those with 𝛽 = 75∘:

] = −
slope of axail curve
slope of lateral curve

= −
𝐸
𝑡

slope of lateral curve
,

(4)
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where the slope of the lateral curve of the complete stress-
strain curve (Figure 4) is determined in the same manner as
was done for tangent Young’s modulus, 𝐸

𝑡
.

5.2.3. Volumetric Strain. Figure 11 shows the variation of dif-
ferential stress versus volumetric strain of room dried and
saturated specimens under different confining pressures.
When the axial load is initially applied, specimen tends to
be compressed. As the differential stress approaches or just
reaches the peak strength, the volume of the specimen starts
to increase due to internal fracturing. This phenomenon is
called specimen dilation. Shortly after the peak strength is
reached, the net volumetric strain of the specimen becomes
negative, which means the dilation continues in the postpeak
stage. Note that, for the two specimens with 𝛽 = 75∘ and
𝛽 = 90∘ and both tested under confining pressure = 10MPa,
the result is invalid because the lateral deformation measure-
ment device (LVDT 3) failed during tests. Meanwhile, since
small cracks are gradually closed with the applied confining
pressure, the amount of volume compression for specimens
in triaxial compression is much smaller than that of the
specimens in uniaxial compression.

5.3. Effect of Water Content on Anisotropic Strength and
Deformation Behavior. Figure 12 shows compressive strength
curves plotted against the orientation at confining pressure
20MPa for the room dried and saturated specimens. The
cohesion and internal friction angle could not be determined
directly for the water saturated specimens because tests were
performed at a single confining pressure of 20MPa.

In comparison to the room dried specimens, the intensity
of anisotropy is obviously suppressed for water saturated
specimens.The curve for the saturated specimens in Figure 12
is flat instead of shoulder-shaped. The compressive strength
is maximum at 𝛽 = 90∘, followed by 75∘, and the minimum
is at 𝛽 = 45∘. Figure 12 also indicates that water has some
impact on the compressive strength of shale. The average
compressive strength of saturated specimens is 28.9% lower
than that of the room dried specimens. The largest reduction
of 54% occurs at 𝛽 = 0∘. Similar results were reported in
[25, 27, 28, 30]. In addition, it is quite interesting to note that
strength reduction is sensitive to the orientation angle (𝛽);
that is, water content has the greatest effect on compressive
strength when the load is applied perpendicular and parallel
to the laminations, while the minimum effect occurs when
the orientation angle is around 30∘.

Figure 13 compares Young’s modulus of the room dried
and saturated specimens under confining pressure of 20MPa.
The average and maximum reductions in Young’s modulus
of the water saturated samples are 26.1% and 62% (at 𝛽 =
90∘), respectively. Similar to the effect of water content
on compressive strength, the proportion of reduction of
Young’s modulus (i.e., shadow area in Figure 13) is related
to the orientation angle (𝛽) of specimen laminations; that
is, reduction in Young’s modulus increases gradually from
the middle (𝛽 = 45∘) to both ends (𝛽 = 0∘ and 90∘). In
other words, water has the largest effect on stiffness of shale
specimenwhen the applied load is perpendicular and parallel

to the laminations, but it has the minimum effect when the
orientation angle is around 45∘.

Li et al. [31] claimed that although various hypothe-
ses including fracture energy reduction, capillary tension
decrease, frictional reduction, chemical and corrosive dete-
rioration, and effective stress decrease due to pore pressure
have been put forward in an attempt to interpret the effect of
water content, none of them provides a reliable and quantita-
tive approach to the problem. Based on Li’s theory, when rock
contains sufficient water-sensitive constituents such as clay
and silt, both cohesive strength and internal friction anglewill
be reduced due to the presence of water, whichmeans that the
shear strength of the potential failure plane decreases. Hence,
the water saturated specimen will fail at a lower compressive
strength than that of the dry specimen. van Eeckhout and
Peng [6] stated that water enrichment in ground strata could
have a profound effect on coal mine roofs. More specifically,
when the water is absorbed into the roof shale, the shale
will relax because of decreased elasticity. These might be
the reason why compressive strength and Young’s modulus
decrease under the water saturated condition. Nevertheless,
themechanisms behind the phenomena that the higher water
content of specimens reduces the anisotropic effect and the
rationale behind it are still unclear.

5.4. Failure Mechanism and Postfailure Behavior

5.4.1. Failure Modes. As stated in the previous sections, the
mechanical properties of shale (i.e., compressive strength,
Young’s modulus, and axial strain at peak strength) exhibit
obvious anisotropic characteristics, which are believed to be
related to the failure mechanisms in shale. It was observed
that brittle fractures are deformation characteristics of all
specimens at all three confining pressures. Generally speak-
ing, the fracture planes develop in two modes of brittle
fractures, that is, sliding along laminations and shearing of
rockmaterial. Since themaximumconfining pressure applied
in this research was 30MPa, which is insufficiently high to
translate the failure mode from brittle to plastic flow or kink
flow as reported in [4, 8]. Figure 14 shows all the samples
after testing, whereas Figure 15 illustrates two typical modes
of specimen failure.

(1) Types of Fracture. There are two types of fracture (Fig-
ure 16). In the first type (Figure 16(a)), the laminations
intersect one or both of the end surfaces of the specimen.
In this case, when a fracture along the laminations occurs,
it intersects one or both interfaces between the specimen end
and the platen. As the test continues, the postfailure stress-
strain curve fluctuates without losing strength (Figures 4(a),
4(b), and 4(f)). It finally drops down gradually as the test
continues further. In the second type (Figure 16(b)), fractures
occur in the shale matrix or along the laminations. In this
case, both ends of the fracture are located on the free surface
of the specimen without the constraint of the interface
between the specimen ends and the platen. Consequently, its
postfailure curve is a very rapid and sudden drop of strength
(Figures 4(d) and 4(e)) is observed.
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Figure 11: Continued.
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Figure 11: The differential stress-volumetric strain curves of dry and saturated shale samples of various angles, 𝛽, tested under different
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(2) Fracture Developed along the Laminations. For samples
with 𝛽 between 15 and 45∘ (Figures 4, 14, and 15(a)), spec-
imens always failed suddenly along the lamination, because
at failure the shear stress acting on the laminations exceeds
their shear strength. Hence, the strength of samples with 𝛽
between 15 and 45∘ was dictated by the shear strength of the
laminations.

(3) Fracture Developed across Rock Material. For samples
with 𝛽 = 0∘ and between 60 and 90∘ (Figures 4, 14, and
15(b)), fractures developed in the rock material, which can
be attributed to the fact that the shear stress acting on
the laminations was smaller than the shear strength along
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Figure 13: Comparison of the tangent Young modulus of the room
dried and saturated specimens.

the laminations. Consequently, failure was dictated by the
shale matrix instead of the laminations.

6. Conclusion

Coal measure shale is one of the most widely distributed
rock materials in underground coal mines, and most ground
control failures are related to coal measure shale. Although
lots of research work have been done on the anisotropic
behavior of different types of rocks or artificial materials,
more detailed laboratory work on anisotropic strength and
deformation behavior of coalmeasure shale, especially taking
into consideration the effect of water content, is still needed
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Figure 14: Photos of room dried samples at different 𝛽 under various confining pressures after testing.

in order to understand better the mechanisms of many
ground control failures. In this study, the uniaxial and triaxial
compression tests have been conducted on samples of coal
measure shale, under both room dried and water saturated
conditions, to study the effect of anisotropy andwater content

on the strength, deformability, and failure modes of coal
measure shale.

Results of tests show that the strength and deformation
behavior of room dried samples are strongly affected by the
direction of the laminations with respect to that of the major
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principal stress. The maximum strength always occurs at
𝛽 = 0∘ or 𝛽 = 90∘. Meanwhile, the minimum strength
always occurs for samples with 𝛽 between 30∘ and 45∘. As
the confining pressure increases, the compressive strength
increases uniformlywhereas the anisotropic effect of strength
decreases. Based on the Mohr-Coulomb failure criterion,
the cohesion ranges from 7.4 to 35.5MPa with the higher
values being found among samples with 𝛽 = 60∘–90∘. The
tangent Young modulus also exhibits anisotropic behavior
with respect to 𝛽 with the maximum being for 𝛽 = 0∘.
Furthermore, as the confining pressure increases, Young’s
modulus only fluctuates slightly.

On the other hand, the impact of water content on com-
pressive strength anddeformation behavior is very evident. In
comparison to room dried samples, the average compressive
strength and Young’s modulus reductions of water saturated
samples are 28.9% and 26.1%, respectively, whereas the max-
imum reductions are 54% and 62%, respectively. Meanwhile,
test results also indicate that these reductions are strongly
related to the orientation angle (𝛽). Water content has more
effect on strength andYoung’smoduluswhen the applied load
is perpendicular and parallel to the lamination orientation
and has minimum effect when the orientation angle falls in
the range of 30∘–45∘. Furthermore, compared to room dried
samples, the anisotropy of compressive strength and Young’s
modulus of water saturated samples is clearly reduced.

There are two types of failure mechanisms for shale:
sliding along laminations and shearing of rock matrix. The
two types of postfailure stress-strain curve are strongly
dependent on the failure mechanism. One is a sudden and
rapid drop down, while the other fluctuates before slopping
down gently to the residual strength.
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In the tunnel and underground space engineering, the blasting wave will attenuate from shock wave to stress wave to elastic seismic
wave in the host rock. Also, the host rock will form crushed zone, fractured zone, and elastic seismic zone under the blasting loading
and waves. In this paper, an accurate mathematical dynamic loading model was built. And the crushed zone as well as fractured
zone was considered as the blasting vibration source thus deducting the partial energy for cutting host rock. So this complicated
dynamic problem of segmented differential blasting was regarded as an equivalent elastic boundary problem by taking advantage
of Saint-Venant’sTheorem. At last, a 3D model in finite element software FLAC3D accepted the constitutive parameters, uniformly
distributed mutative loading, and the cylindrical attenuation law to predict the velocity curves and effective tensile curves for
calculating safety criterion formulas of surrounding rock and tunnel liner after verifying well with the in situ monitoring data.

1. Introduction

With the rapid infrastructure development in China, the
improvement of control level on the blasting technique, and
the well adaptability in various engineering, the blasting
construction are used more and more widely; also, the drill
and blast method has been becoming the most primary
method in tunneling and underground space construction;
in China, there are more than 95% mountain tunnel con-
structions which adopt the drill and blast method [1]. Also,
the blasting is producing huge help on the engineering yet
generating many adverse effects on existing structures. Also,
many scholars have done a lot of researches on adverse effects
[2–4]. Hence, predicting the vibration safety criterion has
become an important and effective method for analyzing
the adverse effects. Jiang and Zhou used the safety criterion
method to analyze tunnel liner structure [5]. Karadogan et
al. gave a damage criteria norm for blast-induced ground
vibrations in Turkey [6]. Yang et al. studied the safety distance
for secondary shotcrete in Jinping-II deep-buried tunnels [7].

Thoughmanyworks have been done by all theworld scholars,
the most attempts were based on the monitoring data to
summarize the empirical equation [8–18], which is restricted
for the real engineering blasting vibration. At the same time,
some new methods are used to analyze the blasting problem,
such as the soft computing method [19], artificial neural
networks method [20], MEMS-based commutation module,
[21] and RES-based model [22]. But it should be based on
large number of in situ monitoring data, not considering the
effect of vibration frequency and duration.

The numerical simulation has become an important pre-
diction method in the engineering, due to its high accuracy
and less cost, as well as the fast development computer
technique, to make many scholar use such ads ANSYS/LS-
DYNA finite element software to solve the blasting vibra-
tion problems [23–29]. However, most models accepted the
simplified triangle dynamic load, trapezoid dynamic load, or
simplified data table which are not accurate enough for the
blasting loading.
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2 Shock and Vibration

In blasting, the gas pressure in hole reached 50 to 100
thousand times atmosphere. The high gas pressure could
crush the host rock around blast hole to form the crushed
zone. And because of higher dynamic compressive strength,
the crushed zone will consume large partial energy to make
the shock wave attenuate very fast. After propagating a
distance, the pressure cannot crush the host rock anymore, to
make the shock wave attenuate as stress wave. Then the sur-
rounding rock would suffer radial compression to generate a
strong radial movement to lead the rock shell expansion to
cause the circular tensile stress. Also, the tensile stress tends
to be greater than critical dynamic tensile strength which is
usually less than 1/10 compression strength of rock masses,
to lead to the radial fractures formed. After those radial
fractures connectedwith crushed zone, the blasting gaswhich
looked like a wedge entered the radial fractures tomake them
enlarge. Hence, the fractured zone would be formed which
also could consume some energy to make the vibration wave
attenuate as elastic seismic wave whose impact region was the
elastic seismic zone.

In this paper, the accuratemathematicalmodel of blasting
loading was established on the analysis of the blasting
pressure change, the blast hole volume expansion, the fracture
development, and the blasting gas motion. All the blasting
energy transformed to the kinetic energy of the host rock
without considering energy loss, this energy was used to form
the crushed zone and fractured zone, and the residual energy
was used to produce the vibration in elastic seismic zone
to propagate out. So the crushed zone and fractured zone
were also regarded as the blasting vibration source by taking
advantage of the unified mechanical and continuum damage
mechanics thus deducting this partial energy for cutting host
rock, and regarding the vibration wave on the elastic seismic
zone as the cylindrical elastic seismic wave to attenuate along
with radius direction [30].

For the far field vibration analysis, the separate blasting
loading of each hole could meet Saint-Venant’s theorem to
be regarded as the uniformly distributed loading on its own
segmentation cutting zone. Hence the complicated dynamic
problem in segmented differential blasting turned into an
initial equivalent elastic boundary problem alongside the
uniformly distributed and the attenuation law. At last, a
3D model in finite element software FLAC3D accepted the
parameters to predict the velocity curve and effective tensile
curve for confirming safety criterion after verifying well with
the in situ monitoring data.

2. Equivalent Boundary of
Elastic Seismic Loading

Based on above analysis, for the far field vibration, after a
distance propagating, the blasting wave would attenuate as
the elastic seismicwave, and this elastic seismicwave followed
a circular attenuation law along the radius direction. Also, the
crushed zone and fractured zone were considered as blasting
vibration source boundary by taking advantage of continuum
damage mechanics theory and unified constitutive theory
[30].

2.1. Seismic Elastic Velocity. During the blasting, assuming
the host rock as non-compressible linear media, and all
the blasting energy would transform to kinetic energy of
host rock without any energy loss. So, according to dynamic
gradient theory in the semi-infinite medium, the formula of
the velocity can be shown as [31]
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For a single blast hole in semi-infinite medium, the

mainly destructional formof the crushed zonewith the radius
𝑟
1
and for the fractured zone with radius 𝑟

2
, so the formula

can be expressed as [32]

𝑟
1

= (
𝜌
𝑟
𝑐2
𝑝

5𝜎
𝑐

)

1/2

(
𝑃

𝜎
∗

)
1/4

𝑟
0
,

𝑟
2

= [
𝜐𝑃

(1 − 𝜐) 𝜎
𝑡

]
1/𝛼

𝑟
0
,

(3)

where 𝜐 is Poisson’s ratio, 𝑐
𝑝
is the P-wave of rockmass, 𝜎

𝑐
and

𝜎
𝑡
are, respectively, the dynamic compressive strength and

dynamic tensile strength of rock, 𝜎
∗
is the static compressive

strength, 𝑃 is the blasting loading on the blast hole wall, and
𝛼 is the attenuation coefficient of blasting vibration wave.

In above,

𝑐2
𝑝

=
𝜆 + 2𝐺

𝜌
𝑟

, 𝜆 =
2𝐺𝜐

1 − 2𝜐
, (4)

where 𝐺 is the shear modulus and 𝜌
𝑟
is the density of rock

mass.
Experimental study showed that the radius of crushed

zone is 3 to 5 times blast hole radius and 10 to 15 times for
fractured zone [33].

2.2. Seismic Elastic Loading on Equivalent Boundary. For the
elastic seismic loading, the attenuation functions of shock
wave and stresswavewith the time and displacement, tomake
the blasting loading 𝑃(𝑥, 𝑡) worked on the blast hole wall was
shown as [34]

𝑃
𝑎

(𝑥, 𝑡) = 𝑃 (𝑥, 𝑡) (
𝑟
0

𝑟
)
𝛼

, (5)

where 𝑃
𝑎
(𝑥, 𝑡) is the blasting loading after attenuating along

with distance in radius and 𝛼 is the attenuation coefficient of
vibration wave; in above formula, for the shock wave

𝛼 = 2 +
𝜐

1 − 𝜐
, and for stress wave 𝛼 = 2 −

𝜐

1 − 𝜐
. (6)
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Figure 1: Initial cut hole with cutting surface.

For the underground space and tunneling blasting construc-
tion, there are, respectively, the initial cut hole, destruction
rock hole, peripheral hole, and bottom hole arranged on the
cutting surface, among, the initial cut holes were the inclined
hole located in the center of cut surface, and the other holes
were vertical hole surrounded the initial cut holes. Hence
the blasting vibration must be a multiple and superimposed
waves on cutting surface.

(1) The Equivalent Blasting Loading of Initial Cut Zone.
According to the above formula, for elastic dynamic loading
of single blast hole, for the initial cut hole with ignoring the
overlapping influence and energy loss, the equivalent elastic
loading can be shown as

𝑃
𝑒𝑠

(𝑥, 𝑡) = 𝑃 (𝑥, 𝑡) (
𝑟
0

𝑟
1

)
2+𝜐/(1−𝜐)

(
𝑟
1

𝑟
2

)
2−𝜐/(1−𝜐)

, (7)

where 𝑃
𝑒𝑠

(𝑥, 𝑡) is dynamic load of single initial cut hole.
Assuming the angle between initial cut hole and cut

surface is 𝜃, so the projection of blast hole on the cut surface is
ellipse with long radius 𝑟

𝑒
and the short radius 𝑟

0
(the radius

of blast hole), as shown in Figure 1.
From the above relationship, we can know 𝑟

𝑒
= 𝑟
0
/ sin 𝜃.

Usually, the initial cut hole was the first blasting segment, so
the equivalent elastic dynamic load of initial cut section with
considering the crushed zone and fractured zone as dynamic
loading boundary was shown in Figure 2.

The equivalent elastic loading of all the initial cut holes by
taking advantage of Saint-Venant’s principle was shown as

𝑃
𝑒
(𝑥, 𝑡) =

𝑘
1
𝑆
𝑒

𝑆
𝑒𝑞

𝑃 (𝑥, 𝑡) (
𝑟
0

𝑟
1

)
2+𝜐/(1−𝜐)

(
𝑟
1

𝑟
2

)
2−𝜐/(1−𝜐)

, (8)

where 𝑃
𝑒
(𝑥, 𝑡) is equivalent elastic loading of all the initial cut

holes, 𝑘
1
is the number of holes, 𝑆

𝑒
is the area of a single

elliptic fractured zone with taking the 10 to 15 times blast
hole’s projection radius, and 𝑆

𝑒𝑞
is the area of whole initial

cut section.

(2)The Equivalent Blasting Loading of Other Segments. Except
the initial cut holes, therewas a free face due to last segmented
blasting for other segments. And the free face make this
segmented blasting could cut the whole rock mass between

Equivalent boundaryFractured boundary

Figure 2: Equivalent boundary of initial cut zone.

Crushed boundary Fractured boundary Equivalent boundary

lk

Figure 3: Equivalent boundary of other segments.

this segment and last segment, as shown in Figure 3. So taking
𝑟
2

= 𝑙
𝑘
, the formula is carried out as below:

𝑃
𝑒
(𝑥, 𝑡) =

𝑆
0

𝑆 − 𝑆
𝑒𝑞

𝑃 (𝑥, 𝑡) (
𝑟
0

𝑟
1

)
2+𝜐/(1−𝜐)

(
𝑟
1

𝑙
𝑘

)
2−𝜐/(1−𝜐)

, (9)

where 𝑆
0
is the area of a segmented blasting, 𝑆 is the area of

whole cut surface, and 𝑙
𝑘
is width of 𝑘th segmented blasting.

Based on the time interval of two segments, the total
equivalent elastic loading of other segments was shown as

𝑃
𝑡
(𝑥, 𝑡)

=
𝑘=𝑛

∑
𝑚=1

𝑆
0

𝑆 − 𝑆
𝑒𝑞

𝑃 (𝑥, 𝑡 + 𝜏
𝑘
) (

𝑟
0

𝑟
1

)
2+𝜐/(1−𝜐)

(
𝑟
1

𝑙
𝑘

)
2−𝜐/(1−𝜐)

,

(10)

where 𝑛 is the number of segments and 𝜏
𝑘
is the time interval

between two segments.

3. Continuum Damage Mechanics

For the host rock of tunnel, there was a damage zone due
to internal stress redistribution and fracture extension. This
damage made constitutive parameter become lower, which
also generated impact on vibration wave propagation. The
Canadian scholarsmeasured that themain fracture extension
depth is 0.5m, and the maximum depth could reach 1.0m
with using in situ ultrasonic wave velocity testing technology
[35]. So according to continuum damage mechanics theory,
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the effective stress under damage condition can be expressed
as [36]

𝜎∗
𝑖𝑗

= 𝜎
𝑖𝑗

(1 − 𝐷) , (11)

where 𝜎∗
𝑖𝑗
is the effective stress under damage condition,

𝜎
𝑖𝑗
is effective stress of protolith, 𝐷 is the scalar of damage

condition, which can be carried out by Mazar damage model
with two scalars being, respectively, tensile damage 𝐷

𝑡
and

compression damage 𝐷
𝑐
, shown as [37]

𝐷
𝑐
(𝜀
𝑐
) = 1 − 𝑒−𝛼𝑐(𝜀𝑐−𝜀𝑐0)/𝜀𝑐0 , (12a)

𝐷
𝑡
(𝜀
𝑡
) = 1 − 𝑒−𝛼𝑡(𝜀𝑡−𝜀𝑡0)/𝜀𝑡0 , (12b)

where 𝛼
𝑐
and 𝛼

𝑡
are, respectively, compression and tensile

coefficients, which depended on the material properties,
for the rock, their value is usually 0.5, and 𝜀

𝑐0
and 𝜀

𝑡0

are, respectively, uniaxial compression and uniaxial tensile
critical strain value. As shown below:

𝜀
𝑐

= √ ∑
𝑖=1,3

(𝜀−
𝑖
)
2

, (13a)

𝜀
𝑡

= √ ∑
𝑖=1,3

(𝜀+
𝑖
)
2

, (13b)

𝜀−
𝑖
, 𝜀+
𝑖
are, respectively, the negative and positive strains.

So, the damage scalar is the superposition of compression
and tensile:

𝐷 = 𝐴
𝑐
𝐷
𝑐

+ 𝐴
𝑡
𝐷
𝑡
, 𝐴

𝑐
+ 𝐴
𝑡

= 1, (14)

𝐴
𝑐

= ∑
𝑖=1,3

𝐻
𝑖
[𝜀−
𝑖

(𝜀−
𝑖

+ 𝜀+
𝑖
)]

𝜀2
𝑖

, (15a)

𝐴
𝑡

= ∑
𝑖=1,3

𝐻
𝑖
[𝜀+
𝑖

(𝜀−
𝑖

+ 𝜀+
𝑖
)]

𝜀2
𝑖

, (15b)

where 𝜀2
𝑖

= ∑
𝑖=1,3

(𝜀−
𝑖

+ 𝜀+
𝑖
)2 is the effective strain, and when

𝑥 < 0, 𝐻[𝑥] = 0, and when 𝑥 > 0, 𝐻[𝑥] = 𝑥.
Based on above analysis, in the damage host rock,

the formula of Young modulus between damage rock and
original rock is

𝐸𝑑 = 𝐸
0

(1 − 𝐷) , (16)

where 𝐸𝑑 is the Young modulus under damage rock and 𝐸
0
is

Young modulus under original rock.

4. Equivalent Process of Blasting Loading

After blasting, the dynamic loading on the blast hole wall
can make the volume of blast hole enlarged and the fracture
expanded; also, the gas pressure and dynamic loading must
be reduced with volume enlargement. At last, the explosion
gas rapidly overflowed and the applied force decayed to zero
with fracture development to connect each other.

Based on blasting mechanism, the process of blasting
loading can be divided into four stages.

(1) The first stage: the dynamic loading will increase with
time till reaching the peak intensity of blasting.

(2) The second stage: the blasting pressurewill be reduced
by the fracture expending, the fillingsmoving, and the
volume increasing before the filling was ejected from
the hole.

(3) The third stage: the explosive gas erupts quickly from
the blast hole to lead to lower pressure after the filling
was ejected.

(4) The fourth stage: the explosive gas rapidly overflowed
and the applied force decayed to zero when fractures
develop to connect together.

4.1. The First Stage of Blasting. The dynamic loading will
increase with time till reaching the peak intensity of blasting
when the detonation gas wave propagated to the bottom sec-
tion of blast hole after exploding. Many research works show
that the initial peak blasting loading must have relationship
to detonation wave pressure, and according to the Chapman-
Jouguet model, the detonation wave pressure in an explosion
can be guided by the widely known equation [34]

𝑃
𝐷

=
1

𝛾 + 1
𝜌
0
𝑉
𝐷

, (17)

where 𝑃
𝐷
is the largest detonation wave pressure, 𝜌

0
is the

density of explosive, 𝑉
𝐷
is detonation velocity, and 𝛾 is the

ratio of the specific heats for the detonation gases; in this
formula 𝛾 = 3.0.

The initial explosion pressure which was the explosion
gas acted on the blast hole wall just after detonation is
approximately the half of the detonation pressure for the
coupled charge:

𝑃
1

=
𝜌
0
𝑉
𝐷

2 (𝛾 + 1)
. (18)

For decoupled charges, the initial explosion pressure also
had the relationship to the proportion between the blast hole
diameter and the charge diameter, so the formula is

𝑃
1

=
𝜌
0
𝑉
𝐷

2 (𝛾 + 1)
(

𝑎

𝑏
)
2𝛾

, (19)

where 𝑎 is the charge diameter and 𝑏 is the blast hole diameter.
The rising time of loading was shown as

𝑡
1

=
𝐿

𝑉
𝐷

, (20)

where 𝐿 is the length of blast hole.

4.2. The Second Stage of Blasting. The blasting pressure will
reduce with the fracture expending, the filling moving, and
the volume increasing of blast hole before the filling was
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Figure 4: The equivalent structure of third stage.

ejected from the hole. So the volume of detonation gas with
time can be expressed as

Δ𝑉 (𝑡) = 2𝜋𝑟 (𝑡) 𝑢 (𝑡) 𝐿𝑑𝑡 + 2𝐿 ∫
𝐿
𝑎

0

𝜔 (𝜂) 𝑑𝜂 +
1

4
𝜋𝑟 (𝑡)
2 𝑦 (𝑡) ,

(21)

where 𝑟(𝑡) is the blast hole radius with time, 𝑢(𝑡) is the
expansion velocity of blast hole wall, 𝜔(𝜂) is the width of
fracture, and 𝑦(𝑡) is displacement of filling with time.

According to gas law, gas pressure with volume changed
in detonation cavity can be shown as [5]

𝑃
2

= 𝐴 (1 −
𝜔

𝑅
1
𝑉

) 𝑒−𝑅1𝑉 + 𝐵 (1 −
𝜔

𝑅
2
𝑉

) 𝑒−𝑅2𝑉 +
𝜔𝐸
0

(𝑉)
.

(22)

Put the formula (21) into formula (22):

𝑃
2

(𝑡) = 𝐴 (1 −
𝜔

𝑅
1

(𝑉
0

+ Δ𝑉 (𝑡))
) 𝑒−𝑅1(𝑉0+Δ𝑉(𝑡))

+ 𝐵 (1 −
𝜔

𝑅
2

(𝑉
0

+ Δ𝑉 (𝑡))
) 𝑒−𝑅2(𝑉0+Δ𝑉(𝑡))

+
𝜔𝐸
0

(𝑉
0

+ Δ𝑉 (𝑡))
,

(23)

where 𝑉
0
is the initial volume of blast hole, 𝐴, 𝐵, 𝑅

1
, 𝑅
2
, and

𝜔 are all the explosive material parameter, and 𝐸
0
is initial

energy of explosive.

4.3. The Third Stage of Blasting. The explosive gas erupts
quickly out from the blast hole to lead to pressure getting
lower after the filling was ejected or no filling blasting;
according to gas dynamics theory, the blast hole in this period
can be looked at as a bottle structure which follows the
next assumptions, (a) because of the volume of blast hole
was enlarged in last stage, which make the section of exit is
smaller than inside, the shape of blast hole looks like a bottle;
(b) because of very short time of reaction and better heat-
insulating property of rock, the whole process are assumed
as adiabatic process; (c) because of the very slow speed of
volume expansion during last stage, the initial velocity of gas
is zero at the beginning of this stage, so V

0
= 0, as shown in

Figure 4.
In Figure 4, 𝑉

0
, 𝑃
0
, 𝜌
0
, 𝑇
0
, and V

0
are, respectively, the

initial volume, pressure, density, temperature, and velocity.
Also, 𝑃

𝑒
, 𝜌
𝑒
, 𝑇
𝑒
, and V

𝑒
are, respectively, the pressure, density,

temperature, and velocity at the section of exit.

For this bottle structure, the inner pressure change of blast
hole had the relationship with gas erupted statement; when
𝑃cr/𝑃
𝑎

= 1, the exit statement was critical condition, and the
velocity of gas erupted was sound velocity; when 𝑃cr/𝑃

𝑎
< 1,

the exit statement was subcritical condition, and the pressure
at the exit was equal to air pressure 𝑃

𝑒
= 𝑃
𝑎
; when 𝑃cr/𝑃

𝑎
>

1, the exit statement was supercritical statement, and there
was congested phenomenon at exit to make the velocity of
gas also the sound velocity, 𝑀𝑎 = Vcr/V𝑠 = 1, where 𝑃cr, Vcr
are, respectively, critical statement of pressure and velocity.

According to isentropic gas formula, 𝑃cr/𝑃
0

= (𝑇cr/

𝑇
0
)𝛾/(𝛾−1) = (2/(𝛾 + 1))𝛾/(𝛾−1) to determine critical pressure

value𝑃cr, where𝑇cr is the critical temperature, 𝛾 is the specific
heat ratio of the gas, and 𝑅 = 297 J/(kg⋅K) is the gas constant,
so

𝑃cr
𝑃
0

= 0.3536. (24)

Usually, the gas pressure in blast hole can reach𝑝
0

= (50000∼
10000) 𝑝

𝑎
, so the critical pressure 𝑝cr ≫ 𝑝

𝑎
, which was

supercritical statement to make the velocity of erupted gas be
sound velocity.

Based on above analysis, the gas flow formula at the
supercritical statement was

𝑞mcr = 𝐴 (
2

𝛾 + 1
)
(𝛾+1)/2(𝛾−1)

√𝛾𝑃
0
𝜌
0
. (25)

From time 𝑡 to 𝑡 + 𝑑𝑡, based on the first law of thermodynam-
ics with taking advantage of adiabatic process of gas in blast
hole,

𝑃

𝜌𝛾
= const. (26)

So,

𝑃
𝑒
(𝑡)

𝜌
𝑒
(𝑡)𝛾

=
𝑝
𝑒
(𝑡 + 𝑑𝑡)

𝜌
𝑒
(𝑡 + 𝑑𝑡)𝛾

. (27)

Put the formula (25) into formula (27):

𝑃
𝑒
(𝑡)

𝜌
𝑒
(𝑡)𝛾

=
𝑃
𝑒
(𝑡 + 𝑑𝑡)

(𝜌
𝑒
(𝑡)−(𝐴/𝑉

0
) (2/(𝛾+1))

(𝛾+1)/2(𝛾−1)

√𝛾𝑃
0
𝜌
0
𝑑𝑡)
𝛾
.

(28)

So,

𝑃
𝑒
(𝑡 + 𝑑𝑡)

=𝑃
𝑒
(𝑡) (

𝜌
𝑒
(𝑡)−(𝐴/𝑉) (2/ (𝛾+1))

(𝛾+1)/2(𝛾−1)

√𝛾𝑃
0
𝜌
0
𝑑𝑡

𝜌
𝑒
(𝑡)

)

𝛾

.

(29)

So, the formula of gas pressure change was

𝑃
3

(𝑡 + 𝑑𝑡) = 𝑃
𝑒
(𝑡 + 𝑑𝑡)

= 𝑃
𝑒
(𝑡) (1 −

𝐴

𝑉
(

2

𝛾 + 1
)
(𝛾+1)/2(𝛾−1) √𝛾𝑃

0
𝜌
0

𝜌
𝑒
(𝑡)

𝑑𝑡)

𝛾

.

(30)
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Figure 5: Blasting loading model.

4.4. The Fourth Stage of Blasting. The explosive gas rapidly
overflows and the applied force decays to zero fast with
fractures development to connect.

4.5.TheDiscipline of Loading. According the above separated
analysis of blasting process, the blasting loading curve was
shown as in Figure 5.

In Figure 5, 𝑡
0
is the beginning of blasting time, so 𝑡

0
=

0; the initial dynamic loading 𝑃
0

= 0; 𝑡
1
is the maximum

blasting loading time, 𝑃
1
is the maximum blasting loading, 𝑡

2

is the time of fillings ejected,𝑃
2
is the loading on the blast hole

wall at that time, 𝑡
3
is the time just before fractures connect

each other,𝑃
3
is the loading on the blast hole wall at that time,

𝑡
4
is the end time of blasting, and 𝑃

4
= 0 is the gas pressure.

5. Project of Case Study

5.1. Engineering Introduction. The Chen-Chi West Connec-
tion Line Highway Tunnel, which was designed as a separate
double tunnel each containing two lanes, was chosen as the
case to be studied. The lengths of two tunnels are 1075m and
1185m, and the distance between them is between 18m and
20m.The cavern on the foothill region is 14m wide and 12m
high. In this tunnel blasting, No. 2 rock emulsion explosive
with diameter is 32mm, length is 200mm, and weight is
150 g was used. And positive multistage differential blasting
method was taken by initial cut holes, destruction rock holes,
peripheral holes, and bottom holes on the cutting surface.
In working surface the distance between the holes was from
0.5m to 0.7m, the depth of the blast hole was 3.0m, the
charge length was 2.5m without fillings, and the detonating
cord across through the whole hole from opening to bottom.
The blasting parameters were shown in Table 1, and the form
of segments was shown in Figure 6 and interval time was
shown in Table 2.

5.2. Constitutive Parameter. The formation lithology rock in
the tunnel area is conglomerate, which belongs to the late
Jurassic conglomerate, color is purple and structure is gravel
with the diameter from 2mm to 60mm, and the gravels
are cemented together with fillings to form the thick block
layer. The compositions of the gravels are andesite, welded

MS1
Initial 

area

MS3

MS5

MS13

MS9

MS9

MS11 MS11

MS7

cut

Figure 6: Blasting segmented situation.

Block group

Initial cut zone
Other blasting hole

Figure 7: 3D model in numerical simulation.

tuff, rhyolite, and siliceous rocks, and for the fillings they are
debris of rock, fine sand, quartz, feldspar, and some other
stable mineral sand. The constitutive parameters are shown
in Table 3.

6. Numerical Simulation Analysis

6.1. Simulation Model. Based on the actual engineering geol-
ogy and structures, a 3Dmodel was built in the finite element
software of FLAC3D to accept the constitutive parameters,
blasting load, and wave propagation parameters, as shown
in Figure 7. The geometrical dimensions are length 228m
(𝑋 direction), width 203m (𝑌 direction), and height 159m
(𝑍 direction). The finite element mesh consists of 386527
nodes and 372200 elements. And for the blasting zone, the
group was between 100m and 103m (𝑌 direction) after the
cutting length 100m, the initial cut hole zone was meshed
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Table 1: Blasting parameters.

Charge diameter (mm) Blast hole diameter (mm) Holes number Explosive density (kg/m3) Detonation velocity (m/s)
32 40 80 1000 3200
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Figure 8: Simulated velocity curves in surrounding rock.
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Figure 9: Monitored velocity curves in surrounding rock.

Table 2: The time interval of every multistage.

MS1 MS3 MS5 MS7 MS9 MS11 MS13
0ms 50ms 110ms 200ms 310ms 460ms 650ms

as 192 elements (brownish zone) and other worked zone was
meshed as 606 elements (orange zone), also, as shown in
Figure 7.

6.2. Dynamic Loading in Simulation. For the decoupled
charge blasting, every stage pressure and arrival time were
calculated by using above formulas. The detail values were
shown in Table 4.

In the numerical simulation, it is difficult to determine
the dumping of the rockmass directly, so, the fieldmonitoring
and calculation is necessary; in this paper, the dumpingwhich
was input into model was 0.015 based on the field monitoring
and calculation repeatedly.

6.3. Verification of Simulation. In this simulation, the solve
time was set to 2 s, and after 1284933 calculation steps, the
curves of velocity were predicted from the model compared
with 9 times field monitoring data at the same location. The
simulation data and monitoring data were shown in Table 5,
and the typical velocity curves were shown in Figures 8 and 9.
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Figure 10: Velocity curves in surrounding rock.
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Figure 11: Tensile stress curves in surrounding rock.

As shown in Figure 8, the predicted peak velocity was
2.505 cm/s compared with monitored peak velocity 2.51 cm/s
which was obtained from Figure 9, so, the error rate is 2%;
also, for those two curves, they had similar arrival time from
0.3 s to 0.7 s. From the error rate and similar arrival time,
the simulation result in the surrounding rock was accurate
enough for analysis. Also, for the other group data in Table 4,
the error rates are from 0.5% to 23.1%, which all show that the
simulation had the higher accurate results.

6.4. Predicted Results Analysis. After the simulation, the
velocity curves and effective tensile stress curves with the
distances 10m, 20m, 30m, 50m, and 80m from the blasting
point in surrounding rock and tunnel liner were obtained.
The typical curves were shown in Figures 10–13.

For the surrounding rock, as shown in Figure 10, the peak
velocity is 7.099. And the maximum effective tensile stress is
0.4502, which was shown in Figure 11. Also, for the tunnel
liner, it is easy to learn that the peak velocity is 2.719 and
maximum effective tensile stress is 0.7434 from Figures 12
and 13.

6.5. Conforming with Safety Criterion. The peak velocity and
maximum effective stress can be obtained from the simulated
model, which were shown in Table 6.
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Table 3: Constitutive parameters of the rock.

Density
(Kg/m3)

Compressive
strength
(MPa)

Tensile
strength
(MPa)

Poisson’s
ratio

Cohesion
(MPa)

Friction angle
(MPa)

Compressive
hardening
coefficient
(MPa)

Tensile
hardening
coefficient
(MPa)

2820 75.5 3.0 0.2 4.5 38 0.26 0.33

Table 4: The detail value of every stage pressure and arrival time.

𝑃
𝐷
(MPa) 𝑃

𝐿
(MPa) 𝑃

0
(MPa) 𝑃

1
(MPa) 𝑃

2
(MPa) 𝑃

3
(MPa) 𝑃

4
(MPa)

Initial cut zone 2560 335.5 0 18.73 18.73 2.02 0
Other zones 2560 335.5 0 34.22 34.22 6.45 0
Arrival time (s) 𝑡

0
= 0 𝑡

1
= 0.01 𝑡

2
= 0.01 𝑡

3
= 0.122 𝑡

4
= 0.122
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Figure 12: Velocity curves in tunnel liner.
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Figure 13: Tensile stress curves in tunnel liner.

Summarizing data in Table 6, the relationships between
the effective tensile stress and peak velocity curves are,
respectively, the safety criterion for the surrounding rock and
tunnel liner, which were shown in Figures 14 and 15.

As shown in Figure 14, the safety criterion formula of the
surrounding rock was

𝜎
𝑡

= 0.0363 (PPV)
2 − 0.25PPV + 0.4878, 𝑅2 = 0.991.

(31)

In this case study, the rock dynamic tensile strength is 4MPa,
so after calculating, when the PPV in the surrounding rock
at the junction of tunnel arch and wall reaches 13.865 cm/s,
the effective tensile stress will approach the maximum tensile
strength.
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Figure 14: Safety criterion in surrounding rock.
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Figure 15: Safety criterion in tunnel liner.

As shown in Figure 15, the safety criterion formula was

𝜎
𝑡

= 0.0721 (PPV)
2 + 0.0593PPV + 0.1089, 𝑅2 = 0.988.

(32)
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Table 5: The simulation and monitoring data of blasting vibration.

Date Total charge
(kg) Distance (m) Measured vertical PPV

(cm/s)
Predicted vertical PPV

(cm/s) Error rate (%)

2013.5.18 240 64.3 1.263 1.293 +2.3
2013.5.22 240 58.8 1.519 1.644 +8.2
2013.5.24 240 57.2 1.705 1.771 +3.8
2013.5.27 240 54.8 1.999 1.998 −0.5
2013.6.02 240 50.0 2.505 2.510 +2
2013.6.03 240 53.2 2.248 2.176 −3.2
2013.6.11 240 57.2 2.304 1.771 −23.1
2013.6.12 240 58.8 1.582 1.641 +3.7
2013.6.14 240 62.3 1.747 1.403 −19.6

Table 6: Safety criterion data.

Distance (m)
Surrounding rock Tunnel liner

Peak velocity
(cm/s)

Maximum effective
tensile stress (MPa)

Peak velocity
(cm/s)

Maximum effective
tensile stress (MPa)

10 11.33 2.337 3.162 1.050
20 7.099 0.4502 2.719 0.7434
30 3.370 0.1795 1.918 0.5172
50 2.505 0.1233 1.057 0.2677
80 1.455 0.1111 0.7643 0.1784

Also, for the tunnel liner, because there was a damage
zone caused by excavated stress resilience and before blasts,
the damage scale was 𝐷 = 0.2 which was calculated byMazar
damage model based on the field fracture surveyed, so the
safety criterion formula of the damage tunnel liner is

𝜎∗
𝑡

=
0.0721 (PPV)2 + 0.0593PPV + 0.1089

(1 − 𝐷)
. (33)

The damage dynamic tensile strength was 3.2MPa with the
damage scale of 𝐷 = 0.2, so, when the PPV in the tunnel lin-
ear at the junction of tunnel arch and wall reaches 6.213 cm/s,
the effective tensile stress will approach the maximum tensile
strength.

7. Conclusion

For the far field vibration analysis, based on the unified
theory, the crushed zone and fractured zone can be regarded
as blasting vibration source. Also, the wave propagation was
essentially elastic. It was proved to be very accurate after
comparing between the simulated velocity curves and the
field monitoring data.

The accurate mathematic loading model was carried out
by the analysis of the blasting pressure change, blast hole
volume expansion, the fracture development, and the blasting
gasmotion; afterwell verification, this dynamic loading curve
wasmore realistic andmore accurate to the real loading, than
other simplified loadings.

For the far field vibration analysis, the separated blasting
loadings of each hole were regarded as uniformly distributed
loading on its own segmented zone by taking advantage of

Saint-Venant theorem; it also met the requirement of analysis
by comparing the monitoring data.

Based on the predicted velocity curves and effective
tensile stress curves in surrounding rock and tunnel linear,
the safety criterion field can be carried out to analyze the
safety and stability of every point in field. And through
adopting the continuumdamagemechanics theory, the safety
criterion of tunnel linear was more corresponding to the real
situation.
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This paper puts forward the concept of key strata in immediate roof (KSIF) and studied the dynamic effect and control mechanism
of KSIF. The results show that KSIR controls the caving of its upper immediate roof strata; the break of KSIR has direct dynamic
impact on its lower strata and this impact increases along with the increase of the thickness and hardness of the KSIR and the
decrease of the distance to the working seam. The KSIR and main roof can easily form the bilayer structure “Cantilever-Masonry
beam.” Support work load is affected by the position, thickness, and hardness of KSIR. The support work load increased on the
condition of increase of the thickness and hardness of KSIR and the decrease of the distance to the face.

1. Introduction

In 2013, the coal production in China accounted for almost
1/2 of the total coal output in the world, and its coal
production extracted from thick coal seams accounts for
40%∼50% of national coal production. However, China is
also the country with the largest number of mining disasters
in all around the world [1, 2].The number of people who died
because of coal mine disasters is 1067, and 30.5% of those
disasters are roof accidents. This situation means that it is
quite important to control the mining safety in thick coal
seams, especially about the control of roof stability because
it significantly affects the safety of mining workers and
equipment [3]. The common mining methods for thick coal
seam with thickness more than 3.5 meters mining are fully
mechanized mining with top coal caving (FMMTCC) and
FMMLMH. Practice shows that recovery rates in FMMLMH
are 10%∼15% higher than FMMTCC. In recent years, with the
development of mining equipment, FMMLMH technology
has been widely applied in thick coal seam mining. As a type
of high recovery ratio of mining technology with a promising
future, FMMLMH has become a trend for coal seams less
than 7.0m thick [4].

Many problems exist in FMMLMH face such as large
mining and caving height, intense ground pressure, poor coal
wall stability, and difficulty in controlling rib spalling, and
these problems have hindered the application of FMMLMH
technology [5, 6].

Scholars have already done much work on roof structure
characteristic of fully mechanized face and FMMTCC face,
but research on roof structure characteristic of FMMLMH
face is not sufficient [7]. Besides, the structure is always
considered as a single layer structure of broken main roof.
For example, the relation between mining height and caving
zone, fractured zone has been studied [8]; analysis on the
stability of main roof first break has been performed [9],
the relationship between overlying movement and support
has been studied [10], and how mining height affects the
overlying structure has been analyzed [11]. With the increase
of mining height, overlying fractured zone increases and
bilayer structure forms in overlying structure have already
drawn many scholars interests. Therefore, this paper puts
forward the concept of key strata in immediate roof (KSIR)
and its discrimination method. Reasonable support work
load and dynamic effect of KSIR break have been studied and
achieved several beneficial conclusions.
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2. Dynamic Effect of KSIR in FMMLMH

2.1. Concept of KSIR. Figure 1 shows the occurrence charac-
teristics of thick coal seams of several mining areas in China.
In most cases, mudstone or mudstone strata above coal seam
forms immediate roof; the thickness of these strata is almost
equivalent to that of the coal seam. Above the immediate
roof is the main roof. The overlying caving height increased
with the increase of mining height. That is, the overlying
caving height can reach 20m when the mining height is 6m.
Therefore, under the condition of normal mining height, the
break of main roof caves in gob and thus it cannot form a
stable structure to bear the overlying weight. The position
of stable structure is higher with the increase of mining
height whichmeans that, under the condition of normal fully
mechanized mining and FMMTCC, the main roof cannot
serve its function. Thus, we define that the strata between
the stable masonry beam and the coal seam are immediate
roof after mining the coal seam; the main roof is the strata
that can form stable structure above the immediate roof. The
thick hard strata that exist in the immediate roof and control
the whole or part of the caving strata in FMMLMH face are
KSIR.

2.2. Discrimination of KSIR

2.2.1. DiscriminationMethod and Procedure. Thediscrimina-
tion method of KSIR is based on the definition of KSIR and
Key StrataTheory.Thederivation procedure of KSIR is shown
in Figure 2.

(1) Estimation of Caving Height 𝐻
𝑘
.𝐻
𝑘
is calculated with the

following equation [12] under gently inclined and inclined
coal seams:

𝐻
𝑘
=

𝑀

𝐾
𝑘
− 1
, (1)

where 𝑀 is mining height, m; 𝐾
𝑘
is average coefficients of

bulk increase, 1.25∼1.5.

(2) Determination of Immediate Roof Height ℎ
𝑧
. ℎ
𝑧
is approx-

imate calculated according to the caving height:

ℎ
𝑧
= 𝐻
𝑘
− Δ
𝑧
, (2)

where Δ
𝑧
is the space height between caving zone and stable

structure, 1∼3m [13].

(3) KSIR Positioning. Assuming that immediate roof consists
of 𝑛 strata, based on the definition of immediate roof and
article [14], the existence and position of KSIR are determined
by the following process.

A Positioning the Hard Strata. This step starts with the
first immediate roof stratum, from bottom to above, and
calculates each stratum according to 𝐸

𝑚+1
ℎ2
𝑚+1

∑
𝑚

𝑖=1
ℎ
𝑖
𝛾
𝑖
and

𝛾
𝑚+1

∑
𝑚

𝑖=1
𝐸
𝑖
ℎ3
𝑖
. If the result is in accord with (3), calculation

stops; then from the first layer to the above, the 𝑚 + 1
stratum is the first hard stratum. From the first hard stratum,

calculation continues with the above method to determine
the second hard stratum; the rest can be done in the same
methoduntil the topmost hard stratum is positioned.One has

𝐸
𝑚+1
ℎ2
𝑚+1

𝑚

∑
𝑖=1

ℎ
𝑖
𝛾
𝑖
> 𝛾
𝑚+1

𝑚

∑
𝑖=1

𝐸
𝑖
ℎ3
𝑖
. (3)

If 𝑚 + 1 > 𝑛, the calculation stops, which means KSIR
does not exist; if𝑚 + 1 ≤ 𝑛, continue the following step.

B Examining the Hard Strata to DetermineWhetherThey Are
KSIR or Not. According to the concept of KSIR, if there are 𝑗
strata above the immediate roof deform synchronously, then
the load which the 𝑗 + 1 stratum imposes on the first hard
stratum is

𝑞
1

𝑗 =
𝐸
1
ℎ3
1
∑
𝑗+1

𝑖=1
𝛾
𝑖
ℎ
𝑖

∑
𝑗+1

𝑖=1
𝐸
𝑖
ℎ3
𝑖

, (4)

where 𝐸
1
and 𝐸

𝑖
are the first and the 𝑖 immediate roof

stratum elasticity modulus, respectively, Mpa; ℎ
1
and ℎ

𝑖
are

the thickness of the first and the 𝑖 immediate roof stratum,
respectively, m; 𝛾

𝑖
is the volume-weight of the 𝑖 layer, kN/m3.

Consider

If 𝑞
1

𝑗+1 < 𝑞1
𝑗 . (5)

Then the 𝑗 (𝑗 + 𝑚 ⩽ 𝑛) immediate roof stratum is the
KSIR, where 𝑞

1
|
𝑗+1

and 𝑞
1
|
𝑗
are the load imposed on the first

layer from the calculation of the first layer to the 𝑗+1 and the
𝑗 layer.

KSIR does not exist if (5) cannot be established.

2.2.2. Application. The average mining height of No. 15104
working face in Shijiazhuang coal mine, Yangmei group,
is 5.5m. The overlying is mudstone, fine sandstone, and
limestone. The caving height is 16.5m according to (1) (𝐾

𝑘
=

1.3). Considering deflection of themain roof,Δ
𝑧
= 1.5m; the

thickness of immediate roof is 15m according to (2). Based on
the geogram of No. 15104 face, the immediate roof consists
of three layers; their rock mechanics parameters are listed
in Table 1. According to the above calculation methods, the
second stratum is the hard stratum and also the KSIR.

2.3. Influence of KSIR on Roof Break. Based on No. 15104
face, influence of KSIR on roof break is studied by means of
physical modelling.

2.3.1. Design of Physical Model

(1) Similar Materials and Their Proportion. The average coal
seam thickness and its buried depth are 5.5m and 480m,
respectively. Physical dimension of the model is Length ×
width × height = 2.5m × 0.2m × 1.3m. The rest of overlying
is replaced by water pressure, 0.06Mpa. Based on the similar
laws, geometric similarity ratio is 𝛼

𝑙
= 100, volume-weight

similarity ratio is 𝛼
𝑟
= 1.67, time similarity ratio is 𝛼

𝑡
= 10,

and intensity similar ratio is 𝛼
𝑅
= 𝛼
𝑙
× 𝛼
𝑟
= 167. The

mainmodellingmaterial is sand, and cementingmaterials are
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Table 1: Rock mechanics parameters of 15104 face.

Stratum
number Lithology Thickness/m Accumulated

height/m
Elasticity

modulus/Gpa
Unit

weight/kN⋅m−3 𝐸
𝑚+1
ℎ2
𝑚+1

𝑚

∑
𝑖=1

ℎ
𝑖
𝛾
𝑖

𝛾
𝑚+1

𝑚

∑
𝑖=1

𝐸
𝑖
ℎ3
𝑖

4 Packsand 2 17 22.8 27.1 36334.1 175286.1

3 Sandy
mudstone 3 15 7.24 26.2 20838.2 164343.2

2 Packsand 6 12 22.8 27.1 129029.8 36526.5
1 Mudstone 6 6 6.24 26.2

Table 2: Modelling material ratio.

Lithology Accumulated
height/cm

Model
height/cm

Layer
volume/cm3

Sand
weight/kg

Gypsum
weight/kg

CaCO3
weight/kg

Water
weight/kg

Packsand 140 4.5 22500 32.8 3.9 2.2 4.6
Medium sandstone 135.5 5 25000 36.4 3.6 3 5.1
Sandy mudstone 130.5 6 30000 44.6 4.5 2.6 6
Packsand 124.5 4 20000 29.1 3.5 1.9 4.1
Medium sandstone 120.5 2 10000 14.6 1.5 1.2 2
Sandy mudstone 118.5 4 20000 29.8 3 1.7 4
Mudstone 114.5 7.5 37500 55.8 4.8 4 7.5
Coal 107 1 5000 7.4 0.5 0.6 1
Sandy mudstone 106 5.5 27500 40.9 4.1 2.4 5.5
Packsand 100.5 1 5000 7.3 0.9 0.5 1
Mudstone 99.5 10 50000 74.4 6.3 5.3 10
Coal 89.5 1.5 7500 11.2 0.8 1.0 1.5
Sandy mudstone 88 7.5 37500 55.8 5.7 3.2 7.5
Medium sandstone 80.5 5 25000 36.4 3.6 3 5.1
Limestone 75.5 3 15000 21.3 2.6 2.1 3.6
Sandy mudstone 72.5 6.5 32500 48.4 4.9 2.8 6.5
Packsand 66 5.5 27500 40.1 4.8 2.7 5.6
Mudstone 60.5 4.5 22500 33.5 2.9 2.4 4.5
Limestone 56 6 30000 42.5 5.1 4.3 7.3
Coal 50 1 5000 7.4 0.5 0.6 1
Sandy mudstone 49 6 30000 44.6 4.5 2.6 6
Mudstone 43 4.5 22500 33.5 2.9 2.4 4.5
Limestone 38.5 5 25000 35.4 4.3 3.5 6.1
Mudstone 33.5 6 30000 44.6 3.8 3.2 6
Packsand 27.5 2 10000 14.6 1.7 1 2
Sandy mudstone 25.5 3 15000 22.3 2.3 1.3 3
Packsand 22.5 6 30000 43.7 5.2 2.9 6.1
Mudstone 16.5 6 30000 44.6 3.8 3.2 6
15# coal 10.5 5.5 27500 40 4 2.6 5.2
Sandy mudstone 5 5 25000 37.3 3.6 2.5 4.7

CaCO
3
and gypsum.Mica powder is used between each layer

to ensure bed separation.Themodellingmaterial ratio of each
layer is shown in Table 2.

(2) Model Design and Measurement Point Arrangement. In
order to analyze the roof break, stress distribution, and
displacement characteristic, seven displacement meters are

installed in the fourth and eighth layer, respectively; eleven
pressure cells are installed in the fifth and the twelfth layer,
respectively. The arrangement is shown in Figure 3. Vertical
stress is recorded by pressure cells; vertical displacement
is recorded by YHD-50 displacement meters. This record
equipment is monitored by TS3890A static resistance strain
indicator.
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Figure 1: Typical thick coal seam occurrence characteristics in four mining areas.
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Figure 2: Derivation procedure of KSIR.

2.3.2. Modelling Results Analysis

(1) Movement Characteristics of Overlying Strata. Figure 4
shows the overlying movement characteristics along with the
advancement. Figure 5 shows the height of caving zone and
fractured zone along with the advancement.

Conclusions can be drawn from the above as follows.
A As the face advanced, caving height increased. When the
advance distance is 75m, caving height reached its peak, at
approximate of 17m; layers labeled 3∼6 are in the caving zone.

Fractured height still increased as the face advanced. When
the advance distance is 120m, fractured height reached its
peak, at about 77m.B Layers in caving zone are controlled by
KSIR labeled number 4; when the advance distance is 70m,
layers number 5 and number 6 caved along with the break of
KSIR and the caving has dynamic impact on the number 3
mudstone layer below the KSIR.

(2) Overlying Displacement Characteristics. Figure 6 shows
the vertical displacement characteristics of different roof
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Figure 3: Model design and measurement point arrangement.

(a) Advancing 70m (b) Advancing 150m

Figure 4: Overlying movement characteristics.

0
20
40
60
80

100

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

H
ei

gh
t (

m
)

Advancement (m)

Caving zone
Fracture zone

Figure 5: Height of caving zone and fractured zone along with the
advancement.

layers. According to the figure, vertical displacement shows
salutatory increase with the break of roof. The increase
intervals of each point are in accordwith its layer period break
intervals. The displacement of middle measurement points is
larger than that of the side points.

(3) Stress Distribution Characteristics. Figure 7 shows the
mining-induced stress variation of each measurement point
along with the advancement (points numbers 4, 8, 10, 13, and
17 are not included because of malfunction).

According to Figure 7,A stress of points numbers 1, 11, 12,
and 22 increased with face advancement and the higher the
point position is, the larger the increase of the stress is. These

points are not in the caving zone;B stress of points numbers
2∼9 increased to the peak and then declined gradually. The
peaking period is short. These points are in the fractured
zone; C numbers 14∼21 points are in the caving zone. The
stress of these points increased to the peak and then declined
gradually. The peaking period is relatively long. For example,
stress peaking duration of numbers 16 and 21 points is 20m
and 10m, respectively. This is because when KSIR broke,
upper layers of numbers 5 and 6 caved into the gob; dynamic
impact is strong and lasting.

2.3.3. Effect on Distribution of Abutment Pressure of KSIR.
Effect on distribution of abutment pressure of KSIR is studied
by means of numerical simulations using UDEC2D3.1. The
existence of KSIR, the thickness of KSIR, and the position
and hardness of KSIR are simulated to study the abutment
pressure distribution with mining height of 5.5m. According
to (1), when mining height is 5.5m, caving height is about
17m. In order to facilitate comparison, the thickness of imme-
diate roof and the main roof is 15m and 5m, respectively;
the length and height of the models are 200m and 56m,
respectively.The buried depth is 480m. Since the model does
not extend to the ground surface, vertical load of 10.85MPa
is applied to the model top to simulate the overburden up to
the ground surface. The models are simulated using Mohr-
Coulomb elements. Mechanical properties of each layer are
presented in Table 3.
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Figure 6: Roof vertical displacement along with advancement.
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Figure 7: Vertical stress variation along with face advancement.

Figure 8 shows the effect of existence of KSIR on the
distribution of abutment pressure when advancing 50m.
Figure 9(a) shows that the existence of KSIR increases the
peak of abutment pressure, but it does not much affect the
distance between peak stress position and coal wall and the
influence scope of peak stress.

The thickness of KSIR in themodel is 6m.Three different
positions of KSIR are simulated, and they are KSIR in the
lower part of immediate roof (distance to the top of coal seam
is 0m), KSIR in the middle part of immediate roof (distance
to the top of coal seam is 6m), and KSIR in the upper part of
immediate roof (distance to the top of coal seam is 12m). Face
advancement is 50m. The distribution of abutment pressure
is shown in Figure 8. According to Figure 9(b), A the lower
the KSIR position is, the larger the peak of abutment pressure
is and the smaller the distance between peak position and
coal wall is; B if KSIR is in the lower part of immediate
roof, there are no soft layers acting as cushion layer between
KSIR and coal seam when extracting the coal seam.Thus, the

distribution of abutment pressure shows high-low oscillation
because of KSIR break.Therefore, when extracting these coal
seams, support should have antidynamic impact ability with
certain yielding support columns.

Three different hardness coefficients (𝑓 = 3, 𝑓 = 9,
and 𝑓 = 15) of KSIR models are simulated when KSIR is
in the middle part of immediate roof. The distribution of
abutment pressure under these three conditions is shown
in Figure 9(c). With the increase of hardness coefficient, the
peak of abutment pressure and the affected scope of abutment
pressure increased. This phenomenon is in accord with site
circumstance that the harder the roof is, the greater the strata
behaviors are.

Three different thicknesses (3m, 6m, and 12m) of KSIR
models are simulated when KSIR is in the middle part of
immediate roof.The distribution of abutment pressure under
these three conditions is shown in Figure 9(d). With the
increase of thickness, the peak of abutment pressure and
the affected scope of abutment pressure increased. When



Shock and Vibration 7

Table 3: Mechanical properties of numerical model.

Coal and rock mass Bulk modulus
K/GPa

Shear modulus
G/GPa

Density
d/kg⋅m−3

Friction
angle/∘

Cohesive
force/MPa

Tensile
strength/MPa

Overlying rock 3 2.3 2200 30 2 2
Main roof 10.1 8.2 2700 33 5.9 3
KISR 5.1 4.2 2500 33 3.9 3
Immediate roof 1.85 1.64 2000 24 1.1 1.19
15# coal seam 2.05 1.84 1400 25 1.85 0.89
Floor 10 8 2500 30 7 5

Floor

Coal

Immediate roof

Main roof

(a) Without KSIF

Main roof

Floor

Coal

Lower immediate roof

Upper immediate roof

KSIF

(b) With KSIF

Figure 8: Simulation model of the exsitence of KSIR.
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Figure 10: Dynamic load calculation model of KSIR.

the thickness of KSIR is 12m, abutment pressure shows
oscillation distribution.

3. Control of Dynamic Effect in
FMMLMH Face

“Suspended roof ” tends to be formed in FMMLMH face
because of the existence of hard and thick KSIR. KSIR
forms the cantilever beam structure. The break of KSIR and
main roof can easily form the bilayer structure “Cantilever-
Masonry beam.” The instability of cantilever beam structure
causes dynamic impact of support; thus support accidents
such as support pushed down can easily happen. Therefore,
determination of support work load in FMMLMH should
take KSIR dynamic impact into consideration, as is shown in
Figure 10.

Take the most dangerous circumstance; for example, the
crack of KSIR and main roof is on the coal wall. When KSIR
breaks, from the position which the distance to the lower
immediate roof isΔ

2
, KSIR doeswork to the lower immediate

roof and support system. Under the dynamic impact, the
sinkage of the lower immediate roof and support system is
Δ
1
; load (𝑃) imposed on the support is

𝑃 = 𝑄
1
+ 𝑄
2
+ 𝑄
3
, (6)

where 𝑄
1
is static load of immediate roof, kN; 𝑄

2
is addition

load of main roof, kN; 𝑄
3
is dynamic load of KSIR, kN.

3.1. Static Load of Immediate Roof. Static load of immediate
roof (𝑄

1
) is the immediate roof strata load beneath the KSIR;

𝑄
1
is calculated with the following:

𝑄
1
= 𝛾𝐵𝑙
𝑘
ℎ
01
, (7)

where ℎ
01

is the thickness of immediate roof strata beneath
the KSIR, m.

3.2. Addition Load ofMain Roof. As the position ofmain roof
is relatively far from the support and there are soft strata in

main roof which can absorb energy, these soft strata have
poor ability of transporting energy. Thus, most of energy
generated during the break of main roof has been absorbed.
The addition load of main roof (𝑄

2
) is generally calculated

with multiple immediate roof loads. 𝑄
2
can be represented

by
𝑄
2
= (𝑛 − 1) 𝛾𝑙

𝑘
𝐵ℎ
𝑧
. (8)

3.3. Dynamic Load of KSIR. Dynamic impact is a com-
plicated physical process. Many aspects should be taken
into account such as short action time, concentration and
consumption of sound, and thermoenergy; if the dynamic
impact is precisely analyzed, propagation effect of stress wave
should be also considered. Thus, the calculation process is
quite complicated and is difficult to the actual application.
Therefore, we simplified several conditions as follows.AThe
time between KSIR breaks and upper immediate roof breaks
is 0.BThere is no springback when the broken KSIR touches
the lower immediate roof.CThere is no dissipation energy of
sound and heat during impact process; the impact transports
instantly through impacted body, and the impacted body
obeys Hook’s law.

Based on the law of conservation of mechanical energy,
kinetic energy 𝐸

𝑘
and potential energy 𝐸

𝑝
during the impact

of KSIR break are all transferred into deformation energy 𝑉
of the lower immediate roof. Consider

𝐸
𝑘
+ 𝐸
𝑝
= 𝑉. (9)

The impact process does not affect the overlying move-
ment above main roof; thus these overlying loads can be
neglected. When lower immediate roof reaches its lowest
position, the shrinking potential energy of KSIR is

𝐸
𝑝
= 𝑄
𝑘𝑧
(Δ
1
+ Δ
2
) , (10)

where 𝑄
𝑘𝑧
is the weight of KSIR and upper immediate roof.

Initial velocity and final velocity of lower immediate roof
during dynamic impact of KSIR break are the same, at 0. One
has

𝐸
𝑘
= 0. (11)
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As the impacted body obeys Hook law, the increased
strain energy 𝑉 can be represented as

𝑉 =
1

2
𝑄
3
Δ
2
. (12)

For the lower immediate roof, the relation between 𝑄
3

and Δ
2
is

𝑄
3
=
𝐸𝐴

ℎ
01

Δ
2
, (13)

where 𝐸 is elastic modulus of the lower immediate roof, MPa;
𝐴 is hang areas of the lower immediate roof, m2.

Combined with (10), (11), (12), and (13), (9) can be
transformed into

𝐸𝐴

2ℎ
01

Δ2
2
− 𝑄
𝑘𝑧
Δ
2
− 𝑄
𝑘𝑧
Δ
1
= 0. (14)

Under the impact of KSIR break and static load of upper
immediate roof, compression of the lower immediate roof
(Δ
0
) is

Δ
0
=
𝑄
𝑘𝑧
ℎ
01

𝐸𝐴
. (15)

Combining (14) with (15),

Δ2
2
− 2Δ
0
Δ
2
− 2Δ
0
Δ
1
= 0. (16)

Solve the Δ
2
and neglect the negative root as follows:

Δ
2
= Δ
0
(1 + √1 +

2Δ
1

Δ
0

) . (17)

Combining (15) and (17) with (13),

𝑄
3
= 𝑄
𝑘𝑧
(1 + √1 +

2Δ
1

Δ
0

) . (18)

Label the 𝐶
𝑑
as

𝐶
𝑑
= 1 + √1 +

2Δ
1

Δ
0

. (19)

𝐶
𝑑
is considered as the impact dynamic load coefficient

[15, 16]; it means the increased load multiple of the impacted
body during the roof descending process.

Combining (7), (8), (18), and (19) with (6),

𝑃 = 𝛾𝐵 [ℎ
01
𝑙
𝑘
+ (𝑛 − 1) ℎ

𝑧
𝑙
𝑘
+ 𝐶
𝑑
(ℎ
𝑧
− ℎ
01
) (𝑙
0
+ 𝑙
𝑘
)] , (20)

where 𝑙
0
is the hanging length of KSIR.

3.4. Discussion. Based on (19), when Δ
0
= 0.2m, the

relation between 𝐶
𝑑
and Δ

1
is shown in Figure 11(a); when

Δ
1
= 0.1m, the relation between 𝐾

𝑑
and Δ

0
is shown in

Figure 11(b). According to Figure 10, dynamic impact can be
alleviated by reducing the descending height of broken KSIR
and by increasing the compressibility of support column.

In field practice, increasing the setting load can reduce the
separation between the lower part of immediate roof and
KSIF; if there is no separation at all, Δ

1
= 0 and 𝐶

𝑑
= 2.

Actually, part of the impact energy is consumed because
of the existence of the lower part of immediate roof and the
compressible elastic characteristic of support. Thus, dynamic
impact is alleviated. Generally, the value of 𝐶

𝑑
is 1∼2. The

harder the KSIF and the closer the distance to the support
are, the greater the dynamic impacts of the broken KSIR are,
and vice versa.

(1) Effect of the Hanging Length of KSIF. Based on (20), the
relation between support force and the hanging length of
KSIR is shown in Figure 11 when 𝑙

𝑘
= 5.5m, ℎ

01
= 6m,

ℎ
𝑧
= 15m, 𝑛 = 1.5, 𝛾 = 25 kN/m3, and 𝐵 = 1.75m.
Figure 12 indicates that, with the increase of 𝑙

0
, dynamic

impact to the lower part of immediate roof increased; thus
greater support resistance is needed. When the hanging
length is 10m, support withworking resistance over 10000 kN
can also be crushed. Therefore, hanging length should be
controlled to protect support under the circumstances that
the roof is relatively hard or the immediate roof is thin.

(2) Effect of the Position of KSIF

(a) When ℎ
𝑧
= ℎ
01
, KSIF is the main roof, which means

there are no hard strata in immediate roof. Support
work force is calculated with (7).

(b) When ℎ
01
= 0, the lower part of immediate roof does

not exist. Supports contact with KISR directly, which
equals mining under hard roof. Equation (20) can be
transformed into

𝑃 = 𝛾𝐵ℎ
𝑧
[(𝑛 − 1) 𝑙

𝑘
+ 𝐶
𝑑
(𝑙
0
+ 𝑙
𝑘
)] . (21)

Equation (21) shows that the support load is mainly
affected by the hanging length of KSIF.

(c) When ℎ
01
= 𝑚ℎ
𝑧
(0 < 𝑚 < 1), this means KSIF exist

in immediate roof. Consider

𝑃 = 𝛾𝐵ℎ
𝑧
[𝑚𝑙
𝑘
+ (𝑛 − 1) 𝑙

𝑘
+ 𝐶
𝑑
(1 − 𝑚) (𝑙

0
+ 𝑙
𝑘
)] . (22)

Equation (22) shows that the support load is mainly
affected by the position and the hanging length of
KSIF.

4. Application

Based on the working conditions of No. 15104 working face of
Shijiazhuang coal mine, support work force can be achieved
(𝑃 = 7382.8 kN) according to (20) when 𝑙

𝑘
= 5.5m, 𝑙

0
= 2m,

𝑙
𝑧
= 15m, ℎ

01
= 6, 𝑛 = 1.5, 𝛾 = 25 kN/m3, and 𝐵 = 1.75m.

ZY8000/26/56 shield hydraulic support is adopted in the face.
The mine pressure behavior is shown in Figure 13.

Conclusions can be drawn from Figure 12 thatA the first
weighing steps in lower part, middle part, and upper part of
working face are 36m, 34m, and 38m; the average periodic
weighting intervals are 17m, 17m, and 19m; the average
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weighing distances are 4.3m, 3.7m, and 3.8m; the average
dynamic load factors are 1.43, 1.53, and 1.48, respectively; B
the average dynamic load of the working face is 1.48. Overall,
the selection of support in this face is reasonable although
there are some safety valves in upper face supports activated
due to roof fall caused by the crushed gas tail roadway.

5. Conclusion

(1) Large mining and caving height are the basic char-
acteristics of FMMLMH face. The strata between
masonry beam structure and coal seam are defined
as immediate roof; the main roof is the strata which
can form the stable structure above the immediate
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Figure 13: Support work force of No. 15104 face.

roof. This paper defines KSIF as the strata which can
control the caving of the immediate roof and also puts
forward the discrimination methods and procedures.

(2) KSIR controls the movement of the upper immediate
roof and has dynamic impact on the lower part of
immediate roof when it breaks. The dynamic impact
increases along with the increase of the thickness and
hardness of KSIR and the decrease of the distance to
the working seam.

(3) With the existence of KSIR, KSIR and main roof can
easily form the bilayer structure “Cantilever-Masonry
beam” in FMMLMH face. Support work load under
this condition is affected by the position, thickness,
and hardness of KSIR. Based on (20), the above
achievements are successfully applied in the support
selection in No. 15104 face of Shijiazhuang coal mine.
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Many sudden disasters (such as rock burst) by mining extraction originate in crack initiation and propagation. Meanwhile a large
number of shock waves are produced by rock deformation and failure. With the purpose of investigating crack coalescence and
failure mechanism in rock, experimental research of rock-like materials with two preexisting flaws was performed. Moreover, the
AE technique and photographic monitoring were adopted to clarify further the procedure of the crack coalescence and failure. It
reveals that AE location technique can record the moments of crack occurrences and follow the crack growth until final failure.
Finally, the influence of different flaw geometries on crack initiation strength is analyzed in detail. This research provides increased
understanding of the fracture mechanism of mining-induced disasters.

1. Introduction

With the development of underground engineering excavat-
ing technology, more and more new equipment and new
strategies are applied into mining industry. However, the
capacity of mining disaster prevention andmitigation cannot
meet the productivity demands.Many sudden disasters (such
as rock burst) by mining extraction originate in the linkage
of preexisting flaws due to the initiation, propagation, and
interaction of new cracks and existing fractures. Meanwhile
a large number of shock waves are produced by rock defor-
mation and failure.Therefore, it is very urgent and important
to understand the mining-induced shock waves during crack
initiation, coalescence, and failure of rock material.

Many experimental investigations [1–4] have been carried
out on enhancing the understanding of crack coalescence.
The experimental results indicated that the mechanical
behaviors of rock failure were closely bound up with the
geometries of flaws. Meanwhile, the coalescence behavior of
cracks is of great importance and difficulty. Following the
development of test research, rock-like materials gain more
attention and have been widely studied.

Vásárhelyi and Bobet [5], Sagong and Bobet [6], Zhou
et al. [7], and Zhu et al. [8] have investigated the crack
coalescence behavior by loading rock-like materials with
different flaw geometries. Wong and Einstein [9] carried out
an experimental study on cracking and coalescence behavior
with molded gypsum and marble samples, which showed
that the cracking processes and macroscopic deformation
were bound up with the underlying microscopic change.
Based on the combination of numerical simulations and
experiments, Haeri et al. [10] have investigated the crack
coalescence mechanism and propagation paths according to
Mode I and Mode II stress intensity factors. In order to
research the effect of flaw angle and distribution density on
the failure characteristics, Pu and Cao [11] have performed
experimental study on rock-like samples with prefabricated
closed multiflaws. In accordance with cracking behaviors in
modeled gypsum and Carrara marble samples, Wong and
Einstein [12] have obtained seven different crack types. The
reason for choosing rock-like materials is threefold: first, a
large number of samples can be easily prepared; second, a
wide range of brittle rocks can be represented; third, many
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Figure 1: Sample with two flaws. (a) Overall view and (b) geometry of the flaws.

of previous experimental results can be compared with the
current investigation.

Acoustic emission technique (AE) has the capability to
efficiently reflect the initiation and coalescence of cracks by
tracing the mining-induced shock waves, which has been
widely applied tomany studies [13, 14] of crack behavior in the
rockmaterial.With the purpose of better understanding frost
weathering mechanisms of rocks, Duca et al. [15] conducted
an experimental study on the stored elastic energy by AE
technique, which was released accompanied by the growth
of microcracks during freezing tests. A series of AE location
tests were carried out by Ting et al. [16] under unloading
conditions, which indicated that energy increasing rate and
AE space-time evolvement rules during strength failure
process were dependent on the unloading rates. Jouniaux
et al. [17] studied the fracturing and slip behaviors of the
samples containing a preexisting macroscopic healed joint,
which showed that precursory localization of microfractures
in the final rupture plane had been observed in the early
stage of deformation by AE technique. Based on the analysis
of AE parameters in microcracking activity, Vidya Sagar et
al. [18] found the AE behavior characteristics of each stage
were linked closely with the number and distribution of
microcracks. In order to identify the characteristics of crack
coalescence behaviors in sandstone samples, Yang et al. [19–
21] adopted the AE technique to record the real-time crack
coalescence process of the samples in the whole loading
course. All studies show that AE has the capacity to efficiently
highlight the moments of crack occurrences and follow the
crack growth until final failure.

With the purpose of figuring out the strength failure
mechanism and crack coalescence behavior in rockmaterials,
AE technique and photographic monitoring were used in
the uniaxial compression tests for samples containing two
parallel flaws. Moreover, the whole process of the real-time
crack coalescence was also recorded by tracing mining-
induced shock waves in the whole loading course, which

was not carried out in rock-like materials previously. In this
paper, the researching emphasis centralizes in investigating
the effect of the geometry (flaw angle and ligament angle) on
the strength failure mechanism of rock-like materials and in
studying real-time crack coalescence process under uniaxial
compression on the foundation of photographic monitoring
and AE technique combination.

2. Sample Materials and
Experimental Techniques

2.1. Sample Preparation. The samples were made of high-
strength gypsum and water-cement ratio is 1. The size and
flaw geometry of the samples are shown in Figure 1. Each
sample was cast in a mold with internal dimensions of
60mm × 40mm × 120mm. Meanwhile, the open flaws
were produced with different-sized metallic shims, which
are 0.2mm in thickness, 60mm in length, and 10–30mm
in width. In order to further investigate the influence of
flaw geometry on the crack coalescence behavior, different
geometries of two parallel flaws were chosen, which were
set by varying inclination angle (𝛼 and 𝛽) while keeping
two constants (2𝑎 = 14mm and 2𝑏 = 16mm). Two flaw
inclination angles were used: 45∘ and 75∘; six ligament angles
were used: 45∘, 60∘, 75∘, 90∘, 105∘, and 120∘.

To obtain the physicomechanical parameters of the rock-
like materials, uniaxial and biaxial compression tests were
done with the standard cylindrical samples of 50mm in
diameter and 100mm in length and Brazilian splitting tests
were done with the samples of 50mm in diameter and
50mm in length.Thephysicomechanical parameters of intact
samples are shown in Table 1.

2.2. Test Equipment. A servo-controlled hydraulic testing
machine, namely, RMT-150C (Figure 2(a)), was used in the
experiment, which can perform well in load or displacement
control. The maximum capacity of RMT-150C was 1MN and
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Table 1: The physicomechanical parameters of intact samples.

𝜎
𝑐
(MPa) 𝜎

𝑡
(MPa) 𝐸 (GPa) 𝑐 𝜑 (∘) 𝜌 (g/cm3) P-wave velocity (m/s) S-wave velocity (m/s)

5.45 0.90 1.30 2.44 9.03 0.84 3123 2657
Note: 𝜎𝑐 = uniaxial compressive strength, 𝜎𝑡 = tensile strength, 𝜑 = internal friction angle, 𝑐 = cohesive force, and 𝜌 = density.

(a) RMT-150C (b) Experimental setup for the
sample

Figure 2: RMT-150C testing system and experimental setup of samples.

all the real-time data were recorded and analyzed in time.
The samples were loaded in the displacement-controlled
condition and the stain rate was set as 1 × 10−3mm/s. In
addition, two rigid steel blocks were placed between the
testing samples and loading frame. With the purpose of
decreasing the influence of the friction effects and obtaining
more accurate testing results, plastic cushions were placed
between the end face of samples and rigid steel blocks, as
shown in Figure 2(b).

A multichannel, high-speed AE testing system, namely,
PCI-2, was used to acquire the real-time AE information,
which was manufactured by American Physical Acous-
tic Corporation (Figure 3(a)). The AE system has become
mature as a technique for monitoring the crack growth
in rock materials, which is composed of AE transducers,
preamplifier, signal acquisition, and so on. In this study, AE
signals were amplified by 40 dB, and the amplitude threshold,
the sampling frequency, and the sampling length were set at
18mV, 2.5MHz, and 8192, respectively. Eight Nano-30 type
sensors are used to acquire AE signals, of which the operating
frequency is 100–400 kHz. Each sensor was equipped with a
1220A-AST type preamplifier. The sensors were fixed on rock
faces by plastic tapes and Vaseline was used for coupling,
as shown in Figure 3(b). Before the test, a pencil lead break
(PLB) was conducted to check out coupling quality of the
acoustic emission sensor with the specimen and correct the
AE location system, shown in Figure 3(b). If the amplitude
value tested by one AE sensor was above 95 dB, the sensor
could be considered to have a good coupling quality with the
specimen. If the location of the AE event tested by AE setup
was close to the actual location, this system could achieve the
demand of position control. Otherwise the PLB tests should

be repeated and setup parameters should be modified until
the location has met the requirements. Besides, the velocity
of longitudinal wave and transverse wave is 3123m/s and
2657m/s, respectively.

3. Strength and Deformation Behavior

Take flaw angles 𝛼 = 45∘ and 𝛼 = 75∘, for example; the uniaxial
compression curves for the samples containing two flaws are
shown in Figure 4. It can be found that flaw angle 𝛼 and
ligament angle 𝛽 make a great difference in the strength
and deformation properties of rock-like materials, and the
detailed influence will be analyzed in the following.

3.1. Relationship between Stress and Strain for the Samples with
Different Flaw Geometries. The relationship between stress
and strain for the samples containing two parallel flaws can
go through approximately four classic stages, that is, flaw
closure, elastic deformation, crack initiation andpropagation,
and strain-softening.

At the initial stage of the stress-strain curves, the down-
ward concave and nonlinear characteristics are clearly
observed, which result from the closure of some primary
pores and voids at low stress levels and are defined as flaw
closure. Moreover the better consistency of the rigidity for
all samples at this stage lies in the better homogeneity of
tested materials. With the increase of stress, the relationship
of stress and strain is at the stage where the linear stress-
strain behavior of flawed samples keeps unchanged although
there are some irrecoverable processes, which is defined as
elastic deformation. Moreover, the slope of the line at elastic
deformation stage is dependent distinctly on ligament angle
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Figure 3: AE PCI-2 acoustic emission system.
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Figure 4: Axial stress-strain curves of the samples, in which (a) and (b), respectively, show the flaw angles 𝛼 = 45∘ and 𝛼 = 75∘ (𝜎
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stress and 𝜀
1
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angle 𝛽, resp.).

𝛽. In accordance with Figure 4, it is clear that the slope
of the line increases with the increase of ligament angle 𝛽.
Nevertheless, at the stage of crack initiation and propagation,
new cracks will initiate and propagate from the tips of the
preexisting flaws, which result from stress concentration.
Therefore the stress-strain curve shows distinctly nonlinear
deformation before peak strength point. From Figure 4, it is
clear that the peak strength of samples with ligament angle 𝛽
= 105∘ or 120∘ is obviously greater than that of others, so one
can conclude that it is more difficult to fail for overlapping
flaw geometries (𝛽 ⩾ 90∘) than nonoverlapping ones (𝛽 ⩽
90∘). When the relationship of stress and strain develops into
the strain-softening stage, the macroscopic crack occurs and
then the postpeak behavior shows a slower fall.

3.2. Effect of Different Flaw Geometries on Mechanical Param-
eters of Samples. In order to investigate the influence of

different flaw geometries on the strength and deformation
behaviors, the mechanical parameters of the samples under
uniaxial compression are discussed in detail, which are shown
in Figure 5.

The uniaxial compressive strength of intact sample is
5.450MPa. Corresponding to the uniaxial strength of the
integrity sample, for the samples with 𝛼 = 45∘ or 𝛼 = 75∘,
the average reduction extent of uniaxial compressive strength
is 32.02% or 12.76%, respectively. According to Figure 5(a),
the uniaxial compressive strength of the samples containing
flaw angle 𝛼 = 75∘ is greater than that of samples containing
flaw angle 𝛼 = 45∘; therefore, one can conclude that the
samples with flaw angle 𝛼 = 75∘ have the ability to bear greater
pressure. Moreover, when the 𝛽 angle is increased from 45 to
75 degrees and from 45 to 90 degrees for 𝛼 angles of 75 and 45
degrees, respectively, the uniaxial compressive strength keeps
almost unchanged.Then it begins to increase with increasing
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Figure 5: Effect of flaw angle and ligament angle on mechanical parameters of samples.

𝜎1 = 2.25MPa 𝜎1 = 2.25∼3.152MPa 𝜎1 = 3.152MPa 𝜎1 = 3.178MPa 𝜎1 = 3.357MPa 𝜎1 = 3.518MPa

Figure 6: Real-time recording of crack coalescence process for flawed sample (𝛼 = 45∘ and 𝛽 = 75∘).

of ligament angle and the demarcation point is 𝛽 = 90∘ for 𝛼
= 45∘ and 𝛽 = 75∘ for 𝛼 = 75∘.

In accordance with Figure 5(b), the change rule of the
elastic modulus is different from that of uniaxial compressive
strength shown in Figure 5(a). For the samples with 𝛼 =
45∘, there is a distinct valley when 𝛽 = 75∘; then the
elastic modulus increases with the increasing ligament angle.
However, the elastic modulus of the samples with 𝛼 = 75∘
keeps an increasing trend from beginning to end, which has
a demarcation point at 𝛽 = 60∘ because of the different slope
of increase.

From the above analysis, one can conclude that the
mechanical parameters of the samples with 𝛼 = 75∘ are
greater than those with 𝛼 = 45∘, which shows that the
flaw angle makes a significant difference on the strength
and deformation behaviors. In addition, when 𝛽 ⩾ 90∘,
all mechanical parameters increase with increasing ligament
angle, which shows that the overlapping flaw geometries have
contributed more to the stability of the samples.

4. Real-Time Recording and Analysis of Crack
Coalescence Process for Flawed Samples

Besides AE energy technique, the AE location-based tech-
nology and photographic monitoring were also adopted to
illuminate further the characteristics of crack coalescence
behaviors in flawed samples under uniaxial compression. It is
generally known that the locatedAE events directly reflect the
time-space distribution of the catastrophic fracture within
the samples. Based on the combined results, the real-time
recording and analysis of crack coalescence process for flawed
samples are shown in detail as in Figure 6.

In accordance with Figures 6, 7, and 8, the crack coales-
cence process of the sample containing two preexisting flaws
(𝛼=45∘ and𝛽=75∘) in real timewas analyzed in detail. Before
point A (𝜎

1
= 2.25MPa = 64% 𝜎

𝑐
) as shown in Figures

7 and 8, the stress concentration is too small to reach the
material strength, so that there is no crack initiation at the tips
of flaws. For the moment, the average modulus is 1.09GPa.



6 Shock and Vibration

0 100 200 300 400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0

500

1000

1500

2000

2500

3000

3500

4000

4500

A

FEDCB

A
xi

al
 st

re
ss
𝜎
1

(M
Pa

)

Time (s)

A
E 

en
er

gy
 (×

1
0
0

) r
at

e

Axial stress 𝜎1
AE energy (100)

Figure 7: Relation between AE energy rate and time of flawed
sample (𝛼 = 45∘ and 𝛽 = 75∘).
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But a wing crack begins to initiate from the outer tips of the
preexisting flaws as soon as the sample is loaded to point A,
which is identified by AE energy shown in Figure 7. With
the axial stress increasing, the wing crack further lengthens
and continues to expand along the direction of loading.
Due to some minor damage of structural supports inside
the material, the average modulus (1.0 GPa) becomes a little
lower than the elastic modulus 1.09GPa. When the sample
is loaded to the first yielding point B (𝜎

1
= 3.152MPa =

89.6% 𝜎
𝑐
), a vertical tensile crack occurs rapidly in the bridge

in one second, which can be observed from the AE energy
shown in Figure 7. At this time, the axial stress undergoes
a minor drop to 3.074MPa from 3.152MPa. However it is
more and more difficult for the wing crack to continue
propagating because of the limitation of sample boundary.
As time grows, the axial supporting capacity of the sample
becomes increasingly great. At the moment of axial stress
loaded to point C (𝜎

1
= 3.178MPa = 90.3% 𝜎

𝑐
), the second

wing crack initiates from the outer tip of the upper flaw.What
is more, the average modulus (∼0.262GPa) becomes signif-
icantly lower than previous elastic modulus, which results
from the serious damage of structural supports inside the
materials.When the samplewas loaded to the second yielding
point D (𝜎

1
= 3.357MPa = 95.4% 𝜎

𝑐
), two shear cracks

emanate concurrently from the internal tips of two flaws,
which indicates that the coalescence occurs. This moment is
captured by the AE technology, as shown in Figure 7. During
this loading process, it is much in evidence that the axial
supporting capacity turns into growing slowly compared to
previous period. In addition, the critical decline of average
modulus (∼0.096GPa) is largely due to serious damage of
structural supports inside the materials. Afterwards, with the
sample being loaded to 3.465MPa (98.5%𝜎

𝑐
), surface spalling

starts to appear on the surface of the sample, which can be
obviously observed fromFigure 6.When the sample is loaded
to 3.518MPa (100% 𝜎

𝑐
), at this moment, the first wing crack

develops rapidly to the edge of the sample in one second,
which leads to the strength failure. At the same time, the axial
supporting capacity reduces to 2.035MPa.

The crack coalescence process of flawed sample in real
time can be confirmed and characterized by virtue of AE
location technique as well, as shown in Figure 9. At the
beginning of load, the AE events are so little that no rules
can be obtained. When the sample is loaded to 2.25MPa
(point A), more AE events are observed at the outer tips of
preexisting flaws, indicating that wing crack occurs. At the
moment, the number of AE events only accounts for 6.9% of
the total. Afterwards, with the increasing axial stress, a red
zone can be distinctly observed in the bridge, which indicates
the vertical tensile crack occurs. However the continuous
increasing stress leads the AE events to increase rapidly.
At this moment of about 406 s (corresponding axial stress
is 3.357MPa), the coalescence occurs, which is shown in
Figure 9(e). Meanwhile, the proportion of AE events has
risen to 79.3%. When the sample is loaded to 3.518MPa
(corresponding time is 425 s), a vertical red zone can be
observed through the whole sample, which results from the
failure of the sample (Figure 9(g)).

By adopting the combination of photographicmonitoring
and AE technique, the crack coalescence behavior and failure
process of all other samples with different flaw geometries
were also recorded in real time. One can conclude that
each bigger elastic modulus decline in all the compression
curves signifies a bigger crack initiation, which is also
accompanied by greater amplifying AE energy and more AE
location events. Figure 10 summarizes the stress of first crack
initiation, which also is called crack initiation strength.

According to Figure 10, we can draw the conclusion that
the crack initiation strength is linked closely with flaw angle
and ligament angle. To explain in concrete terms, the crack
initiation strength in the sample with 𝛼 = 75∘ is higher than
that with 𝛼 = 45∘ for each ligament angle except 𝛽 = 45∘;
that is, the initiation of first crack in the sample with 𝛼 =
45∘ is easier than that with 𝛼 = 75∘. In addition, for the
sample with 𝛼 = 45∘, the crack initiation strength showed
a trend of fluctuations when the ligament angle was lower
than 90∘. When the ligament angle increased from 45∘ to 60∘,
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Figure 9: The AE location for cracks initiating and propagating in flawed sample (𝛼 = 45∘ and 𝛽 = 75∘).

the crack initiation strength increased from 3.1MPa to
3.25MPa. Then it decreased to 3.17MPa at 𝛽 = 75∘ and
3.12MPa at 𝛽 = 90∘. After that the crack initiation strength
increased with the increase of ligament angle. Similarly, for
the sample with 𝛼 = 75∘, the crack initiation strength was
4.52MPa at 𝛽 = 60∘. Then it decreased to 3.8MPa at 𝛽 = 75∘.
After that it increased to the maximum value of 5.15MPa at
𝛽 = 120∘. What is more, we can come to a conclusion that the
first crack in the sample with smaller ligament angle is easier
to initiate than that with larger ligament angle on the whole.
Particularly for the sample with overlapping flaw geometries
(𝛽 ⩾ 90∘), the crack initiation strength is distinctly higher
than that of nonoverlapping flaw geometries (𝛽 ⩽ 90∘).

5. Conclusions

This study focused on the influence of the geometry (flaw
angle and ligament angle) on the strength failure mechanism

of rock-like materials and analyzed real-time crack coales-
cence process by tracing mining-induced shock waves on
basis of AE technique. It provides better understanding of the
fracture mechanism of mining-induced disasters. The main
conclusions of this study are the following.

(1) Compared with intact sample, the flawed samples
fail with lower strengths, which is closely related to
the flaw angle 𝛼 and ligament 𝛽. The mechanical
parameters of the samples with 𝛼 = 75∘ are greater
than those with 𝛼 = 45∘.When𝛽 ⩾ 90∘, all mechanical
parameters increase with increasing ligament angle,
which shows that the overlapping flaw geometries
have contributed more to the stability of the samples.

(2) The crack coalescence behavior and strength failure
process of the samples with different flaw geometries
are recorded in real time by tracing induced shock
waves. Each bigger elastic modulus decline in all the
compression curves signifies a bigger crack initiation,
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Figure 10: Crack initiation strength of the samples with different
geometries.

which is also accompanied by greater amplifying AE
energy and more AE location events.

(3) The crack initiation strength is linked closely with
flaw angle and ligament angle. The crack initiation
strength in the sample with 𝛼 = 75∘ is higher than that
with 𝛼 = 45∘ for each ligament angle except 𝛽 = 45∘;
that is, the initiation of first crack in the sample with
𝛼 = 45∘ is easier than that with 𝛼 = 75∘. Moreover,
the initiation of first crack in the sample with smaller
ligament angle is easier than that with larger ligament
angle on the whole. Particularly for the sample with
overlapping flaw geometries (𝛽 ⩾ 90∘), the crack
initiation strength is distinctly higher than that of
nonoverlapping flaw geometries (𝛽 ⩽ 90∘).
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